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ADSTRAQD

The conbined approach of gravity and seilsmio ra-
fraction exploration was used to determine devths of the
Cenozole aaetionﬂand to study the fault pattern in the
Jolorado Delta region. ISasement depths nessurad varied
fron about 2200 feet to a uinimum depth of 15,400 feet
along the international border, east of Calexico., A
study of the selsnloity of the reglen shows that the
groatest selsmic activity over the past 60 years has
been along the San Jacinto fault system. OContlauity of
gpecific major faults isg Aifficult to ostablish usiaz
gravity methodg alone bacause of the lack of indiecated
vertieal throw on the faults. Ho conclusive evidence is
pregented for establishing the continuity of the [ission
Creelk - Ganning fault soulhward lato tha present area
of iavestizatlon, slthough geophyslcal evidencs 1s presented

for a fault preosent bdeneath the Sand 1ille {(Algodones bunes),
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TATRILDUCEION

The Colorads Delts reglon is part of the complex
struotural trough which contianues northwesterly from
the Gulf of California, sedimentatlon has occurred in
thie part of ths trough intermittently sinee Mlocvene
time, yet surprisingly little is imown of the thiokness or
conflguration of the Cenozolc rocics, Siace the Cenozole
gection rests upon pre-Tertiary fgnsous and metamorphlc
rocks 4in sonme ayreas and 8 in fault contact with the DPre~
Tertiary rocks in other areas, a kaowledge of the thick-
ne88 of the Cenozolo sectlon 1s necessary for decliphering
the structural and atratizraphic history ia the delta
reglon. BHecause of the lack of geologle outerops one nust
turn to gsophysics as.a means of investizsation.

As part of a continulng program, the lalifornia
Inatitute of Technology has been involved In a study of
basin structures in the California-yevada reglon by utilizing
the doumbilned approack of gravity and seismic exploration.

About 1200 gravity odservations wére obtained in
the delta region and elght selsnlic refraction profiles were
shot. These results coupled with avallable wall data are
used to determine depths of the Cenozoic sectlon and to

study the fault pattern in the delta Teglon.



General Geologic Sebtbting

The area investigated In this study is part of the
Gulf of Califorals structural province aad axtends from
about 32° 00' to 33° 10' north latitude (Fig, 1). We
refaor to this reoglon a3 the Colorado Delta ares hecause
the structural trough that extends nortavest from the
culf of Callifornis ie here f£illed by the combined fan
and delta of the Colorado River. The apex of this great
deltaic cone ip at the eastern adge of the trough near
Yuma, Arlzona, and the delta forms a natural dan that preveats
marine watsrs of the Gulf of Califorala fron flooding the
derrassed Jalbton Sea area north of the delia, Wilthin recent
geologio history, the Cplorada River has taken various paths
across its deltaic cone, at tines suptying into the Gulf of
Salifornla and at times enptying into the lande~lgeked Salton
3em, The sediments and wellepreserved shorelines of the
reglon reveal a complex physiographio~depesitional history
that has been especially studled by Sykes (19357), Hubbs
and ¥iller {1943), and Longwell (1954). The praseant 3alton
Jea dates from acoldental diverslion of the Colorade River
in 1905«1207, although the lake 18 now sustalned by
drainage waters from irrication. The lateat marine lacurw
slon into the Salton Sea area was in niddls Flaiatocane

time (Towas and Joodard, 1961}, and sarlier intermittent



marine lncursioas evideatly took place at least as long
ago 83 Late ‘iocvsns tine.

n aldition to the mowntain ranges walch bound the
delte region {Fige 1), several small dut rTuszed rasges
are found within the ares of luvestigation, Thess ine
clude the superstlition Mouuteins, the Jargoe ruchacho
Yountalns, the 3ierra de los Cucapas, the 3lerra “ayor
and the 3lisrra 2inta, A prominent landmark in the region
south of Hexlicall is Cerrp °riseto, a large volcanic cone
incated east of thé (uoapas rising froa tns alluvial
plain vhich surrounds it. Laguas Salada, a large lake
bed lying velow sea level betwseen the 3lerva Julrez and
the Stlerra de los Cucapas, connects to the tidal flats of
the Gulf of Californis and is occasionally flooded by a
combluatlon of tidal effects and backwast from the
Colorado River. Several volcanlc domes of pumice and
obeldlian are found at the scuthern end of the 3alton 3ea
and rise to an elevation cof 100 feet above the valley
floor.

Alake (1357, 1914) made an early systematic study of
the region north of the intermatlonal beundary and this
work was followed by sugur {13823), who discussed ths oil
posslibilitlies and histerical geolopgy of the Imperial Yalley.
Brown (1322) and {oble {192€) discussmed the fault features
in the region. Henshaw (1042) studied the geology of the
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Cargo huchacho Hountalus. Interest in the oil possibile
itien of the Imperial Valley has been interuittent and

hag led to detalled mapping of the west side of the

valley (Tarbet and Holman, 15443 Tarbet, 1951}. iiood
(1942, 1942) has studled the selemicity of the Imperial
VYalley. DTibblee (1954) glves an excellent sumuary of

the stratigraphyAand areal geology of southwestern Imperisl
Valley. ZIsoently “oedard (1961) hes suggested revision of
the atratigraphic seotion ou the southwest side of the
Imperial valley.

The area south of the international boundary is
littls known, Cosby (1929) sbtudied the geography of
laguna Salada, Xniffen (1932) and sykes (1937) discussed
the physlography and geomorpholegy of the daslta region
south of the international boundary. .o adequate geologlc
napping has been done in this portlon of 3aja Lalifornias
and any field work iz hindered by the lack of base maps
for control. Deal (1948) briefiy summarizes some oarly

reconnalssance work in this reglon.



-5“

Rockg of the Area

A more complete description of the stratigraphy of
the Imperial Valley reglon than that given here may be
found in Tarbvet (1951) and Dibblae (1954) together with
the recent work of Woodard (1961), Durham and Allison (1961),
and Downs and Woodard (1961).

The Peninsular Ravges and theix southern coatinuation,
the 3ierra Juﬁiez. are -underlain by crystalline rocks of
the great mid«Cretaceous batholith of southern California
and Baja California, tegether with pre-batholithic metae
sedimentary and metavolcanic rocks. The prinoipal rock
types present in the bhatholith are gabbro, tonalite and
granodiorite (Larsen, 1948).

The sediments within ths Cenozoloc section, in the
southwestern Imperial Vallsy region along the adgs of the
sedimentary basin, can be divided into five formations.
The Split Xountain formation (¥Mlocene?), composed of non=
narine fanglomerates and dlorite breccla, varies in thicke
ness from 0 to 2700 feet and rests direoctly on the basee
nent complex.

The Alverson Canyon formation (Miocene?). which may
bs equivalent in age %o the Split Mountaln formation,
congiats of none-narine aandetcnes and conglomerates and
andesitic lava,.

The Imperilal formation (Late Klocene or Esrly Pliocens)
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i1s the nmoat inportant formation deposlited under a marine
enviroanent and uaconfdrmably ovaerlies all the older roocks.
It 43 conpomed of sandstones, mudstonss, siltetones and
fozgiliferous reefs and has a maxinmum exposed thiciness

of about 3600 feet.

Terregtrial sandstones and red clays of the Paln
Spring formation {Pliocens-Tlelstocene) everlie the Inperial
formation. The maximua exposed thioknegss is at leaats GLOC
feet, Souo merine foseils are found in the Paln Spring
Poraation (Tarved, 1951; Downs and Woodawrd, 1061) sugges-
ting that the formation grades laterally into marine sedie
agnts.

tnconformably overlying sll the older formatlona is
the Dorreps formation of Plioccene or ?lelistocene aga. The
Borrege formatlon 48 conposed of sandstonssn, mudstones,
clays and conglomarates and hos a mazimun exposed thlck-
nens of at leaat 5600 Lfeet,

It is iaportant to polnt out that the siratigraphic
gection describad adbove is that exposed along the southwast
adge of inperial Valley, where the meotlon is upturned at
the edge of the depositional basin, In the central part
of the valley the sectlon may de complicated by popssible
interfingering with deltalc sedinents of the Colorado River
asd by the effects of mujor strikee-slip faults. 3avernl

Gdeep walle wers Arilled in the central part of Imperial



Valley and passed through a successzion of non-marine
sandstones and shales identified as helonging elther to

the Palm Spring or dorrego Formation. I% 12 interesting

to note that the presence of the narine Imperial formation
nas not heretofors hean demonstrated in the ocentral part

of Imperial Valley. However, i. T. Van Hulsen (personal
commmication) racently raports that marine fauna identiw
fied as belonging to the Imperial formation wore found in
his sSardi well and his Sinclair well (Keat Imperial 01l Co.),
west of Callpatria., The Imperial formation was also identis
fied 1n the Pederal 1 well (mee Table 1) south of Yuua,
hAriaana.

Since the region south of the international doundary
is imperfectly Imown, little can be stated concerning the
rook types present. The Sierra de loe Owoapas 1s mainly
composad of plutonic rookn and pre-batholithlce netasedimene
tary rocks, inCluding abundant marbles and quartzites. Pree
batholithic amphibolltlc schlste and Cenozole voleanio
rooks underlie the Sierra Plata southeast of lapguns Salada,

Pumice and obsldlian domes (Pleiatocene) are found just
south of the 3alton Sea. Cerrc Prieto, the large voloeanic
cong located south of Yexicall, 18 probably ‘uaternary in
age 28 is avidenced by i1ts crater shape and its asasceciated
mid velcances. TFleiptocene and Recant alluvium cover nmost

§f the provinoce.
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sizucture

Many early writers (Brown, 1922; KNoble, 1926; éaed,
1933; willis, 1938; Beal, 1948) have already discussed
the obviocus dominance of faults of the San Andreas syatem
in the delta region, Shown in Pigure 2 are the primary
faults of the region evidenced from the surface geology.

Cne 1s immedlately lmpressed by the overall northe
westerly trend of faults in the rogién. This fact haa led
many geologiste tacitly to assume that the reglon is nmerely
a goquenoss of downdropped fault blooks, The type and
anount of movement on tanltﬁ'of the San Andreas system 4in
the provinoe ars often diffioult to establish; moast evidence
points to rightelateral movement (Dibblee, 1954).

As pointed out by Allen (1957), southeast of San
Gorgonlo Pass 1% is not olear which fault trace should be
termed the Ban Andreas fault, TFor this reason the author
algo prefers to call the fault along the east slde of the
Salton Sea the HMigssion (reek~Banning fault and not the San
Andreas fault as preferred by Didbblee, The fault is vertioal
in this region and shows evidence of right-lateral 4isplacse
ment, The southeastern sxtension of this fault past the
Salton Sea has not been definitely estadlished, but gspeous
latlon has been made that it continues into the 3and Hills
region.

Faults of the San Jacinto zone, whioh includes the



faults of the Superstition Mountains, are parallel to the
Mission Creek-~Borning fault dut the zone 1is muoh mors complex,
The faults sre vertical, and promiunent scarpe are visible
(Dibblee, 1954), Continuity of the 3an Jascinto fault zone
into Baja California has not been definitely established,
dut the fault trace ocontinuing southeasterly into the head
of the Gulf of Californin (see Plgure 2) appears to be
aligned with the San Jacinto fault zone %o the ngrth, as was
firest pointed out by Imiffen (1932). Evidence of Recent
movenent on foults of the 3an Jaointo zone includes fould
sonrps in the alluvium, earthguake epicenters, hot springs
and mud voloanoges. NHorthwest of the area of thie study,
offset stream channals testify to a recent history of
right-lateral displacement along the 3Jan Jacinto fault,

The thivd majoy fault zone in the reglon 1 the
Feinore fault sone, 7The Valleolio«Fish COreek Mountalns
and the Coyote Mounitalns were elevated slong thie couplex
fanlt zone gad the Flginore fault forms the southwest margin
of this fault zons {Didbdblee, 1954)., The Lagune 3alada fault,
on the western eide of the slerrs de los Cucapas, appears to
be the Bouthern oantinuation of the Elsinore fault., Fresh
sesrps, evidence of movement in Recent time, are visible on
the lLegune Salads fault, but the very striking feult on the
gast side of the Cucapas surprisingly does not show any
physiographic evidence for Recent movement., This fault is
herewith named the Cuoaps fault.
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The linear and continuous eastern face of the Sierra
Jué%ez was yecoguized as & fault scarp by Lindegrsn (1888)
but evidence for Receat movenent on this fault is not
abundant (Allen gt al., 1960).

dany investigations have been mede of the 1940 dise
placement on the Imperial fault (Ulrich, 1941: Suwalda
and Richter, 1941). All evidence polnts to right~lataral
novement with little or no vertical displacement. A
maxinun displacement of 19 feet {righie-hand sirike-slip)
was measured by Richter (1958, p. 491).



Yany wells have baen drilled near the Salton Sea 1n
the Imperial ocarbon dioxide gas field. However, sinoce
these wells seldom exoeeded 1500 feet in dapth thaey
provide 1little information on the depth to the basement,
(Baoement 13 herewlith defined as the igneous and/or
netamoyrphic rooks of mide(retacecus age and Aoldar that
form the bedrook of the area). All 6:2 the information on
the well deptha were taken frozm raporta of the California
Division of Mines and the dsaily unger Ollogram. The usee
ful avallable well data are summariged in Tadle 1, and The
locations of the wells aye shown on Plate l. Ths bhasement
depths will bs used as contol pointas for the gravity and
seiamic xafraction data.
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SEISIVITY

4 waluabdble addition to the information concerning the
tectonic framework of the novthern part of the Gulf of
California stiructursl province including the Colorado
Selta reglion is that pyovideld by sarthquakes,. Harthquakes
of magnitude 4.5 or greater on the Rlchter scale have been
plottad on Flgure 3 for the perioed Qt 1504 through *larch
1960, Zarthquakes prior %o 1974 have boen %taken from
fubenberg and Richter (1949}, The aepicenters from 1934 to
1960 were tmken from the locsl bulletins of the 3Jelsmologioal
Laboratory in Pagadens. A megnitude of 4.5 was selected as
a lower limit not bacause data are unavaillible for smallex
gize shiocks but to aveld cluttering the map. Furthermore,
eplcenters are in genernl more nrecisely located the greater
the magnitude of the shoolt,

The aplcenters selected are provodbly incomplete in themw
salves, but all shooks were used fLfor whiah epicenters were
deternined by the Selsmoloziocsl Laboratory. In referring %o
the map 1t should be kept iIn mind that epicenter locations
in lMexloo are in general noor because all of the seismosraph
stations of the SoutherniCalifeornia netuwori are in the same
general azimuih to shooks gouth of the international
boundary. Sone of the eplcenters in Dajle aal;fornia nay bhe

in evror by as muoch as 10 niles so that caution must be used
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baefore visualizing any 'trend', The epilcenters north of
the international boundary are in general much better
located and with the additlion of more favorabdly located
stations in recent years, some epicenters are located
within 5 km.

An examlnation of Flgure 3 reveals the dominant northe
west grain or tfend of sarthquake epicenters in the region
marking the overall trend of the San Andreas fault zone.
Also shown in Pigure 3 are the locatlons of the known faults
in the reglon evidenced either on ths ground from geologic
features or from aerial photographs.

By far the greatest selsmic activity of the region, at
least in the past 60 years, appears to have béen along the
San Jacinto fault system., ZIZSven with the lack of control
on the location of earthquake epicenters in this region 1t
is hardly conceivable that this predominance of epilcenters
along the San Jacinto fault would be due to consistent
errors in eplcenter location. The lack of epicenters along
the apparent continuatlon of the San Andreas fault (Mission
Creek-Banning fault) leads one to speculate whether thils
major fault has Just been accumulating stress over the past
60 years or is truly now relatively inactive.

Fault plane solutions of earthquakss in this reglon are
not avallable because of the lack of shocks of sufficient

magnitude in recent years which would allow the use of a
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world wide network of seismograph stations.

The most widely publiocired earthquake in the Colorade
Delta reglon was ths 1940 sheok desoribed by Ulrioh (1941)
and Buwalda and Rishter {1941). 7The fault had a recognizable
trace on the ground for a dlstance of 40 miles, The pube
1ished magnitude of this sheok is 6,7, mut recent revision
givas 7.1 as s nore apprepriste value (Richter, 1953, p.489).
Traces of the fault are stil) recognimable today in sona
arees, and the writer visited the railrosd statien in
Cuoapas Baja California, in Devcemder, 1960, where an
8 foot horizontal rightelateral offeet was stil) in the
telephone pols lina.

Other large and damagling earthquakes in the delta
reglon ooouryed in June, 1918, and November, 1913, which
ware attributed %o movement along the San Jacinto foult
(Benl, 1915; Anonymous, 1916). Thesa shocks wers
assiémd magnitudes of 6% and T.1, respectively
(Riohter, 1958, p. 469). In Decsmber, 1934, a shock of
magnitude 7.t having 1tas eploenter in the Laguna fSalada
srea (Wood and Heok, 19513 Sykes, 1937, Plate 5) caused
sxtensive danage in the delta reglen.
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GEOPHYSICAL SURVEY

Ganeral Statement

The earliest published geophysical investigation in
the Colorado Delta reglon is the magnetometer measurenent
of the Salton volcanio domes by Kelley and Soske (1936).
Dusrkeen {1943) reported on pendulum gravity measurements
at Niland, California, El Centro, Californla,and-~fuma,.
Arizona. Tests of an airborne grovity meter were made in
tha Imperial Velley region by Hetileton gf al. (1960) and
the gravity data wers compared %o s free alr gravity map
based on sperse gravity data of G. Pe Woollaxd, A Tecone
nalpsgance gravity lins made by ths author in 1959 across
iae delta reglon at the latitude of the international
boundary showed a steep gravity gradient assocliated with
the eagtern froné of the Peninsular Ranges and led to the
speculation that a oombinad gravity and seismle study
would yleld valuabdle information on the sitructural frange
worls of the dsalta reglon and, in addition, would give
tnformation on sedimentary thioknesses.

Since much of the delta region is iu lNexice, it was
necsasary to extend the gravity observations south of the

International boundary. With the cooperation of the Institute
of Geophysios of tha University of Hexico approximately 400

grevity observations were taken in 3aja California in the
gunners of 1960 and 196L.
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The selsmlo refractlon work was dons 1n the spring
of 1661 in the imperial Velley region by the Selamelogloal
Laboratory of the Calliforania Institute of Technology,



Selgmic FPleld Jorx and Reduction of Data

Eight seisnic refraction proflles were obtained
in the Tuperial Valley reglon (see Plate 1 for locations).
A method of refraction orofiling was used winicn glives
a rapid reconnalssance measurerent of the selsmic
gsectlon. The metinod used was to xeep the geophoas
spread flxed aand to move the shotpolut away from the
spreai. The apparent veloclity of a refracted arrival
across the spread is then compared with tae velocity of
the‘arrival retween the shotpolnt and the first geophone
tnterchanged. This method of refraction siooting gives
true reversal information provided there are no dip
reversals or complicated structures between the shotpoint
and geophone spread., A dipplng bed is recognized by an
en echelon pattern or "shingling® of arrivals on the time-
distance graph.

A contract drilling crew was used to drill shot noles
to an average depth of 60 feet., However, it was fouad,
particularly on the east side of the Imperial Valley, that
excellsent selismic records could be obtalned with small
charges placed in hand drilled holes 5 feet velow the surface.
In this region, when shooting near canals, the water table
was about 5«6 feet below the surface in sandy material, and
excellent energy coupling was obtained., The slze of the

charge used was extrezely variable but 1t was generally
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fouad Loy shot to detector dlstances greatey @han about

& wiles that 30«30 1lba, of Vibrogel 35 wers nacessary. {n
the averaze, the uzazimun depthr seustratel was about 0,3 to
Oo% timas the horizontal distance between shotjpoint and
geophone spraad,

The raw travel tixes were first corrscted for the
depth of tae shot by correctiag the raw travel tines so
that the shotuoint was moved back to the surfacs, Jecause
of the relatively flat terra’n aloag the refraction
profiles, tne shet and detestor were then effectively at
the cone elevations This correction is sufficlent for a
reconnalasasce refractlon proflils, Conveatlonal iatercept
tiae methods were thea used on the time~distance curvsas to

determise velociltles and layer thicknesses.
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2eismlc Refraction Frofileg

r———

The location of the selsmic profiles is shown on
the accompanying gravity map (Plate 1), The solsmle
results are summarized in Table 2. Saxple selszoprans
from Profile 6 are shown in Plgure 4. Figures 5 to 10
show the travel time graphs and deduced selumic sections.
DHOFILE L (Fig. 5): This profile was chet aloag the
Ogilby=~dlamis road on the east splde 6: the Band [{ills
(Algodones Dunes). The depth to basenment iz about
2200 feet. The SFT70 £%/v80 layer gave o vary strong arrival
or: the seisaograms which persisted as a strons second
arzival. The abaence of sedimentary velooliles oreoster
than 6970 £t/s8¢ probably indieates that s oudbstantial
portion of the Cenozolc section present elsevhare in the
valley is abeent in this vegiom,

EROFILE 2 (Fige 6): This profile wase shot along the
Goachella Jenal on the west side of the Send Hiils. he
depth to basenent 15 about 93570 feet. 3elow sthe 6270 f£t/sec
layer are three layera with veleoitles of 7300 £4/seo0,

B8TT0 £%/s0c and 11,050 £/sec within the Cenozoic section,
in a2lternnte lnterpretation would boe to combine the

7300 £1/sec layer with the 0770 f£4/sec loysr. Howsver,

this intarpretation pglves an almoat identionl depth to
bagsnent ag that determined with the 7300 £4/sec laysr

present. A conparison of the basenont depthso betwsen
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profiles 1 and 2 shows the rapid deepening of basemsnt
acrosg the Sand Hills,

PROFILE 3 (Plge T): This northe-south profile 1s located
along the East idighline Canal on the east margin of the
cuitivated area of the Imperial Valley, Balow the
weathered layer the arrivals show layers with velocities
of 5750 £4/sec, 7620 £t/sec, 8580 ft/sec and 12,500 f£t/sec,
The 8580 f£t/sec arrival was not present as a first arrival.
The velocity of 8580 f%/sec is only an average apparent
velocity since the first motion was véry\aifticult to
determinge on this second arrival, Purthermore, & slight
vghingling" of the arrivals indicates a southerly dip of
this layer. Neglecting the pressence of the 8550 £t/sec
 ;aynr has only & negligidle effect on the éalculatad depth
éb vasement, Because of the importance of obtaining an
acouﬁﬁtt\peasurc&ant of the dapth to the basement, this
profile wéa shot to & distance of over 44,000 feet to bhe
certain that the 18,000 £3/sec arrival was definitely o
vasement arrival. The depth to bapement is 10,050 feet.
Very strong second arrivals having an apparent veloocity of
7620 fi/30c are also present and are shown on the travele
time graph. Since this second arrival has twice the
intercept time of the 7620 £t/sec layer as & first arrival,
1% 12 ldentified as a double refraction of the 7620 £v/880
layer,
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The Teéxas Company "Grupe-Engebretsont well, located
south of Holtville, Californla (Plate 1), was velooity
surveyed to 7827 feet. This well had a surface velocity
of about 1000 ft/sec and then 'broke' into a 5230 £t/sec
layer, The interval velocities ranged from 6580 ft/aec to
15,625 ft/sec and two small velocity reversals with depth
were found. A veloolty-depth function of V = S7T77 + 0.652D
wag determined from the interval velqcity log. Using this

veloclty-depth funotion a refraction travel time curve can
-l
2_ ok 0.652 X
0.652 2(57177)
where T is the time in seconds and X is the_aource to

.detector distance in feet (Dix, 1952, p. 248). This come

be computed from the relation T‘-‘-‘

pufed travel time curve is shown for comparison in Pigure

7. The refraction data agree well to a depth of 5500 feet
but then deviate strongly at the 12,500 ft/sec layer

from this computed travel-time ocurve based on a linear
increase of velocity with depth. However, it should be
pointed out that the Grupa-Engebretaon.well is looated

about 3 miles southeast of this profile and that a

12,500 ft/sec veloolty was not Adentified in the well velocity
survey. From 2800 feet to the bottom of the Grupee
Engebretson well were various rock types, all reportedly
belonging to the Borrego formation. Since the wide rangs of
veloclitles measured in this well was thought to be entirely
wlthin this formation it would not be profitable to attempt



to asslign stratigraphic horizoas to the velocity discone
tinuities revesled by the refraction measurements.
Puxthormore, a2 wide xange of veloclitiss is often

deternined for similar xock types, and similar velocities
are often determined for widely different lithologles,
Howsver, the abrupt veloclity change %o 12,500 ft/sec
indicated from the refraction data may de related to
sediments of some siratigraphic significance that were

not peneirated in the Grupe-Engebretson well,

PROFITES SB & 64 (Pig. 8): These two eastewest profiles
form one completely reversed refraction profile. Thls
profile 1s located directly south of Profile 3 about }

mile north of the intermational boundary. The average
velocities meagured are 6070 f£t/sec, 7580 £t/wec, 5520 ft/sec,
11,930 f£t/sec and 15,475 ft/sec, with almost negligidble

dip indlcated for the rsfracting horizons, 3trong second
arrivals ware present on nany of the uoisﬁegrama but all
were identified as doudle refractions. The total length

of this refraction 1line was about 5.5 miles yet only a veloce
1ty of 15,475 £4%/sec was reaeheé. The depth to the

15,475 ft/sec layer is abdbout 11,600 feet. 4n interesting
question is immadistely posed waether this 15,475 £1/sec
arrival is a basement arrival, It is not bellsved that this
is an arrival from the bagement since 15,475 f£t/sec 1s low
compared to the 18,000 ft/eec to 20,000 £t/sec basement

veloclity neasured elsewhere in the delta region. Assuming
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that the basement velooity is 18,000 ft/ssc and that the
velooity ilnmedistely *'breaks’ into a bosement arrival at
the nmost distent point on the trovel time graph, the ninipum
depth o baam'b is about 15,400 feet under this profile,
EROFILE T (Pige 9): Thias northwsouth profile was shot
along tha right of way of the private xallroad of the
Portland Cement Co. 3Becauss of f£isld dlffleculties, no neare
apread shols were fired so a suwrface layer of veloeity

1500 £%/sec was asouned %o Accomnt for the fmilure of the
6944 ft/sec layer to have a zers intervept. The depth to
bageanent la aboud 2750 feet, The offset in the basement
eryival &8 interpreted as an uplifted foult bdleock in the
dassment or a small basenant higim. The approximnte vertical
displacament, 2, may be computed fyom the relation 2=
_W% {Fettleton, 1940, P«273). mtn‘AfS 0.08 mea,

Vi = 6984 £1/sec, and V2 = 19,230 £1/vec, Z io approxzimasely
600 feot, A small graviiy high of ahogt 5 ngale ias found
over this basoment high, )
FROPILES 82 & AY (Pig., 10): Thees two coat-west profiles
forn one pardially reversed m!x"m%im profile in the
Suparetition J1llls area, Becauss of the sloping teyrain
between the sbotpoints and the detector, all travel times
ware reduced %o a datum of 100 feet below sen level using

o technigue described in Nettleton (1940, p. 30l). This




corrsction reduoced the observed travel times as 4f the
surface low velocity (1790 f£t/sec) layer were not present.,
In the absence of obsarved deta, a 6300 ft/sec srrivel wes
assumed in the west to east direotion (see FPig. 10).
Beneath the unconsolidated surface sediments, average
| velocities of 5650 ft/aec, 6900 £i/sec, 8400 ft/sec and
11,830 f£1/sec were measured. Approximately a l-2 degres
easterly dlp is indicated for the refracting horizens.
However, this is only aa apparent dip in the direction of
the profile and 1t is quite possible that the txus dip may
be greater than that indicated here. ZExcepiional efforts
wers made to obtaln basement arrivals by extending this
raefraction line to 44,000 feet (8.5 miles). Charges were
placed &t & depth of 60 feet in the baseoment oomplex of the
Superstitlon Mountains, located 44,000 feot west of the
geophone spread, IZven though large charges were fixred
{50 1bs), no detectable arrivals were received at the geophone
spread., Hawevar, these charges were fired close to the
Superstition Mountain fault and it 1s possible that the
energy transmission wes complicated by the presence of this
fault. If we assume that the basement veloclty is
18,000 ft/sec and that the veloclity immediately breaks into
2 basement arrival at the most distant arrival oan the
12,300 ft/sec layer, it can be statsd that the ninimum depth
to basement is about 11,500 faet under this profile.
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An exomination of the tine~dintance grapi shows that
in erossing the Superstition 71llas fault no large offeets
in the travel time data ars obsexrved. fThus, Lt appears
that large vertical displacement is not present on the
Superstition Hills :fmzlt ia this region. Nevertheleas, this
does not preclude vertical displacaments of 100200 feet,
whlaoh would bhe diffioult to detect LYy reconnaissance
refraciion surveying.
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Approximately 750 gravity obeervations were taken 1n
tha United States and Mexioco with a Worden gravimeter, In
addition, approxinately 400 gravity stations were kindly
furnished by Standard 011 Company of Californis. The gravisy
ohservations arg tled %o a network of gravimeteyr bese stations
in the Inperial Valley which by a succession of statlions
are %ied to the USCGS pendulum etation in Pomons, Califorals
{ruerkeen, 19389), Loop ties were mads every 2~3'haura to
detarming the combdbined tidal and instrument drift, Elevations
of statione in the United States wers cbtained from henoh
marks of the United 3tates JGeaoclogloeal Survey and the United
Stntes Purean of Reclamation, level survaey lines, and a few
gtations by altimeter, In Mexico gravimeter boss stations
wars eotablishel on bench marks of the Iantermational Boundary
and ¥ater Commiseion. The elevations of the remainder of
the greviiy stations in Mexioo were determined by altimeter.
The possible alevation orror in Mexlico is estimated to be 15
foot., Horizental location of the gravity statione in the
United Siates is prodably within 50 feet; in lexico decause
of the inndequate mape avallable, eone of the remute stations
in the Lagune Salads area may concelvebly be in ervor by ag
mwoh as 1000 feet of hoxrizontal distance. However, the
anjority of the stations in liexioo are prodably located to
¥vithin 500 feet of horisontal distance. The groavity
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observations wers corrected for drift, elewvation and
latitude uaing conventional techrniques. Considering all
these factors, the precision of the gravity observations

in the Unlted 3tates 1s estimated to be 0.2 mgal, whersas
in Mexico the prmeiaion is estinated to be 1 mgal, although
some statlouns could be in error by more than 1 mgal.

An elevation factor of 0,069 npal/foot was used
corresponding to a rock density of 2.0 gn/oe. This is the
average density of the surficial aliuvium in the jelta
reglon,s For stations above 1000 feet elevation on basement
in the Peninsular Ranges an elevation factor of
0.060 mgéls/foot was used, corresponding to a rock deansity of
2.67 gnfoc., In the TUnited States, terraln corrections were
made out through zone H (8,578 feet) using the terrain correce
tion tables of Hammer (1939)., Trall terrsin corrections for 8
few stations were carried out through zone ¥ (71,996 feet) but
these corrections did not significantly alter the gravity
plcture. Terrain corrections were not made for the gravity
stations in Mexlco because of the lack of topographic maps.
Since nmoat of the stations in maﬁico are in the broad alluvi-
ated delta reglon, fallure 4o make terrain corrections does
not have & algnificant oeffect on the majority of the atations.
Hear the Sierra de los Cucapas failure to make terrain corrsce-
tions could concelivadbly introduce errors of as much as 3 mgals.

The BDouguer anonaly values for stations near the Cucapas would
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be ralged relative to the values of the stations located
in the relstively level olluviated areas.

Gravity values were rsiuced to the camplete Bouguer
anomaly with respsct to the Intemational Hllipsoid,
1000 mgals were added to the gravity values so that the
gravity oomtours on the map ave all positive.



Lensity

A nuzmber of outcrop samples were collected in the
Tamperial and Coachella Valley region by the Standard 01l
Company of Californla. Bulk dry densities of the pre=-
Tertiary plutonic and metamorphic rocks ranged fron
2,58 gz/ce to 2,79 gm/ce. 18 samples were measured;
the average density was 2.67 gm/cc. Saturated bulk
densgsities (the density of rock filled with water, which
is the probable condition of nost deeply buried rocks)
were also determined for 31 samples of the pre-Tertiary
rocks. Densities ranged from 2.40 gm/cc to 2.81 gau/co;
the average density was 2.67 gm/cc. Representative -
samples of the plutonic and metamorphic rocks of the
Sierras de los Cucapas were collected by the author.
7 samples were measured; the densities ranged from
2.61 gz/ce to 2.80 gm/cc, with a mean bulk dry density of
2.70 gm/cc. Samples of the plutonlc rocks of the Peninsular
Ranges were also collected by the author., Bulk dry densities
of 7 samples from the La Posta pluton ranged from 2.64 gm/ce
to 2.66 zm/cc. Samples of the various plutonic rocks
aljacent to the La Posta pluton were collected from four
d1fferent localities and ranged ia denslty from 2,70 gm/cc to’
2,82 gn/cc,

For the extremely heterogeneous Cenozolc sedizentary

rocks saturated bulk densities were determined. Samples



ranged in dengity from L.05 mn/oe for o claystoung of the
Imparial formation to 2.57 gu/ece for & sondsione of the
Borrego formation. 23 samplen were necsured; the mean
density was 2.33 gn/ece.

Some voloonlce flows are found within the Jsnozole
deposits, parilculerly on the west side of the Imperial
Valley. Deansities ranged from 2,732 gm/fec for a Pleistocene
obsidian irom the Salton Voleanlic domes to 2,61 gn/ec for &
lave sample from the Alversen Canyon formation on the asouthe
west margin of the Imperial Vallsy. Sanples wore also collect-
ed fron Jerrs Trieto, the large volcanlce cone south of Uexlcall.
The andesltlic flow or ejecba sanples collected showed an
average bulk dry density of 1.9%4 gn/co.

Jaturated bulk density meapsuronments were also nade on
sanples from geveral wells in the delta reglon, An overall
goneral increass of density with depth was measured although
density reversals were present within the Dorrepgo formatlon.
In the Texms Company "Grupe-ingebretson® well densities
ranged from 2.06 gn/ce to 2.59 ga/ce.

for purposes of interpretation, o revresentative density
of 2.67 gm/ve 15 given to the pre-Tertiary rocks. Becouse of
the extreme heteropensity of the Cenogole sedimantary deposits
1t 48 very 4ifficult to assign a4 representative density to
thege denosliis. Decause 1t 18 recomized that densities
deternined fron surface ouberop samples con be misleadling and

£ail to take into accounit probable compaction of the sediments



with depth, & mean density of 2.40 gm/cc is assicned teo the
Cenozolic deposits for purposes of interpreiatioa in areas
waere no other contrel exists,

However, 1t is recosnized that the density contrast
may vary fron 0.4 gm/ce to ~0.2 m/ce owing to the varia-
bility of the densities of the Cenozolce deposits, known
denslty reverscls with depth wlihin the Borregoe formation,
and 2 geaexrsl inoreepe of deuslity with depth. Detween these
extrene demslity controsits, depths to basenant may sotually
vary froa TO per cent to 140 per cent from that computed on
the basis of the gra%&ty data alons. On the profiles anaw
lyzed here, where the gravity anomalies can de fanchored?
to contrel polints such 28 wells or selsnle refraction lines
8o that 2 fairly acourate appralsal of the density contrast
can bhe made, the cfloulated depihs bamed on gravity probabdbly

range from 50 per cent to 130 per cent of the true depih.
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Gravity Contour llap

The Bouguer gravity dotao are presented in Plates
1 and 2, The gravity data for the delio reglon in the
United 3tates sre shown in Plate 1L; 7Plate 2 plves the
gravity datae for the region south of the iunternatlional
boundaxry.

A casual inspection of the Bourmuer gravity field
shows that the overall tread of the lLzogal contours 1s
northvesterly, in ogreenent with the overall trend of the
tectonic featurss ian the repion. The Dowmer gravity ronges
from 990 menls to 920 menls. (Since 1000 nmalg were added
to the final 3oumier gravity values, all gravity values
are actuclly negotive with respect to the Imternational
ELlipsoid.)

3ince the graviity wvolues on basement ouberops ot
S4pnal Yountain, the Superstition llountolns and Pllot Xaoed
are approximately equal, this suggests that the eastewest
resional gradient As zero within the area bordered by these
bosenent outcorops. IHowaver, opproachiing the plubtonlc rocks
of the Peninsular Ranges, to the west of the delita reglon,
the gravitationel f£leld becomes systenabtleally more negative.
In foot, the eastern froat of the Penlnsular Ranges shows a
negative Souzuer ancomaly conpared with the alluviated delts
reglon to the east., This negative gravity anomely will bve
discucsed leter under gravity profile A-At, hich lg a

190 mile castewest gravity profile from San Dleso, Callifornia



to Tuma, Axrisona,

A very preovounced gravity ninimum is assooclated with
leguna Salada, Bacause of insocceseibvlliity snd looatien
difficulties, the shape ¢f this anomaly is not well dafined,
Qaite poselibly, south of Denarats Well even lower gravity
values oould be found, The measured gravity relief from
the minfmum velue in Lagune Salada to the Sierra de los Oucapas
is adbout 65 mgals. From & simple computation using the formila
for the grovitational attzaction of an infinite horizontal
sheet and a density contrast of «0.27 gn/oo, a rough dapth of
19,000 feet 48 indicated fLor the Laguna Salada basin, Sinoe
the density of the sediments in Ilagmma Salads varies with
depth in an umimown manner, & refinensnt of the computation
15 not Juastified,

South of 3leryan del Mayoy, on the highway to San Felipe,
ths Bouguer gravity values drop off sharply by asbdout
10 mgals/mile orossing Laguna Salada and rise sharply by
about 10 mgals/mile approaching the Sierra Pinta, at the
southern end of the map, Theso siesp gradients undoudtedly
reflect bounding vertical faults alang which the Ounozolc
sediments »f Laguwna Salada and the pre~Tertiary roocks of the
Sierrs del Mayor and the Sierra Pinta are in fault contaot
{see grovity profile D«DH),

By far the dominant feature of the Bouguer gravity
field in HMexico {Plate 2) is the ateep gyavity gradient
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pragent on the west slde of the Sierrs de los Jucapas, ISven
though the nunber of gravity statlions 4s snmall in the reglon
and the gravity statlons are not precisely located, there is
no douht that ihia steep pradient existn. hin steey gradient
1s undoubtedly assocliated with the Lamms Jelada foanli,
luecnted on the west side of the Cucapas, From the indlocated
ateepnens of this gravity sradient (7 angpls/mile), the inter-
feos bdetween the sedinments of Lagna 3alada and the bogenent
roclks of the Cueapas ls probdably vertical or dips steeply
towerds the center of lagune Salada. This zone of steep
gravity gradient, whiich roughly varallels the Lagune 3Jalsde
 fault, can be followed into the United States {rlate 1) to
the Elsinove foault. Thus, it is believed on the basis of
$his gravity gradlent that the lLaguna Salada fault is the
gsouthern contimuation of the Blsinore fault,

A largs greavity mizlnunm is present in the Lowsr
Borreso Velley-3on Felipe Creek area {Plate 1), The Standard
041 Conmpoay "Southern Lond Co. 17 well (Table 1) waas drilled
about 4 niles north of this gravity ninimuws and bottomed in
bagenment at a depth of 4531 feet. The anplitude of this
grovity ninimun with respect to the Southarn Land Co. well
i8 about ~135 mgals. Saunples from this well, in the dspth
range of 1900 feet to 4462 feet, ronged in density from
2482 gnfee o 2.66 m/oce. Using thils basement depth and

=0.2 gm/oc as the averags density contrast between the
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sedinents and basenent, and treating the maass of sedinents
as an infinite slab, & depth of 9600 feset is indiceted for
the Lower Borreszo Vallay. O0f ecourge, this determined depth
is only wvalld provided thils gravity ninirmun ocon be satirely
attributed to o thickenlng of the sedizents, A small srroy
is made by treating the ness of the sediments as an infinlte
glab, and this approximation tends to wnderestinate the
thickness of the sedinmentis.

Toward the center of the Imperial Valley tha Souguer
gravity averages ahout «12 ngols $o ~20 ngale reladtive to
bedrock aress at the Superstition Howntalns and Sipnal
Hountgain. It is difficult to reosucile these IJougnay
gravity values with sedinentary thicknesses alone uslng
caloulations with 2 single sedimsmi-bamganent denslty cone
tragst. Regerdless of what density contrast is selected withe
in the broad ronge of ~D.2 gn/oe to ~0.5 gn/fos, an erronsous
bosement depth is obtained. Por ezxample, the gravity relief
between Signal Mowntain ond selsnmic profiles 5 & 6, along
the exican bordar, is about 22 mpsls. If we sationte the
bagenant depth uging this locnl anomaly and & contrast of
«0J,2 pn/ee, we obtain 8500 feot as the thilcknass of sedinents,
yobt seisnlic profile 5 indleates 2 minirmyr deptnh to boasonent
8l 15,400 feet. Density sanples of the assdimonts from the
noexby Grups-Ingebretson well showed a demsity of 2.50 gm/cc
at a dapth of 7000 fest =ud = denslty of 2,59 gu/oe at o



depth of about 11,300 feet., Je are thus lad to believe
that the observed Bouzuer gravity in the center of the
basin is seeing density contrasts within the Tertiary
section, rather than seeing only a sediment-basement
density contrast, This result is not unexpected in deep
and large sedimentary baslns where there is an increase of
density with depth within the sedimentary column because
of coupaction, so that the.deeper sediments have in situ
densities very close to basement densities (Vysko&il, 1956).
Superposed upon this Bouguer gravity field are almost
certainly the effects of lateral density variations within
the pre-Tertiary basement rocks. Iiear Brawley, California,
are two fairly syametrical gravity maxima. Since the
Bouguer gravity at these maxima is only =-10 agals to =15 mgals
relative to bedrock areas at the Superstition Mountains and
Signal douatain, 1t is again difficult to explain these
anomalies by a thickeniang of the sediments alone., If we
agsgume that the larger gravity maxlnuzn, east of Brawley, is
caused only by the gravity effect of a simple geometric form
such as a sphere, we can estinate the depth to the center of
the anomalous mass. From the width of this 8 ngal anomaly
at half aanplitude the depth to the center of the znomalous
mass is foun& to be 22,000 feet., Since seismic profile 3 on
the east flank of this gravity maxinum indicated a basement

depth of 10,000 feet, we can conclude that density variations
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witnin the basement are coatributing to the observed
gravity in tals region. This does aot preclude relief
onn the pasexent floor countributing to these observed
gravity maxima, but it is difficult to explain these
anomalies solely oa thne vasis of basement relief, In
the absence of magunetic data which would yield infor-
nation on variations within the basement rocks, a further
analysls is not Justified,

A zone of gravity gradient of about 4«5 mgals/aile
18 preseat whnere tne Superstition Hills fault and
Superstitioan :ouatalan fault appear to join to the north-
west 1f one would visually extend thelr fault traces in
this direction., It 1s believed that thls gradient suggests
the northwesterly convergeance of these two faults. Howe
ever, it is difficult to say, oan the basis of gravity
data aloane, whether these faults represent the southera
continuation of thé San Jacinto fault to the north. Thse
surficial trace of the San Jacinto fault 1s lost beneath
the alluvium of the Lower Borrego Valley and the isogal
contours in this region reflect an oval shaped sedimentary
basin rather than defining a gradient zone for a discrete
single fault. Hevertheless, 1f the San Jacinto fault were
present in this reglon, burled beneath thousands of feet of
gsediments and with 1ittle vertical displacement, it is ime
probable that a fault could be recognized by gravity methéds

alone. The seismicity map (Pigure 3) snows several earthe



- B0 w

quake eplocenters in this region; therefore, for lack of
batter evidenoe, it is ballieved that the Superstition
Mowntain feult end the Superstition Hills fault represent
the southern continunation of the San Jecinto fault sone,
which is probahly 4«6 miles wide in thia region.

Wast of Bl Centro 12 a large grevity ninimum which
oan be interpreted as csused by & thiskaning of the Cemogole
gedinments in the Sasaley Basin (see mravity pfaﬁle BeB?),
The inognl contours defining this looal minimum
 are bent or ‘ikinked® in the vioinity of EL Centro alomg the
projeoted strikes of the Superstition Hills fault and the
Buperstition Mountain foult.,. This distortion of the
gravitational f£ield indicates that thess twoe faults continue
at lesst as for south as Heber, Califomia, and prodably
converze into one fauwlt as thelyr projected strikes would
indieatae.

O ths northeast side of the Slerra de los Cucapas
(Plate 2) iz & northwestward trending 2one charaoctarised
by a falvly ateep gravity grodient., This grovity crodient
is & reficction of the rapid rise of the bagsenment towmrds
the Cnoapas, It le beliaved that this entire rapld rige
of bagement i1s a vefisotion of the San Jaointo fault Zone
vhich, 1f projected from the northwest, would pass through
thls gravity gradient zome. Howover, it 13 not poasible
to ldentify individual fault breaks within the fault zone

in this region. The Bouguer gravity moximum and the steep
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gradients agsoclated with the Cucapas show that this
nowntain range is uncompensated.

It hag been speculated that a najor northweste
southeast trending fault is present beneath the Sand Hills
which represents either the direct continuation of the
xiésion Creék-Banning fault (San Andreas) from the north
or 1s offset en ééhelon from thls fault. An examination
of the gravity map in this region shows that the total
gravity relief across the Sand Hills is not large. The
gravity relief across the Sand Hills along the Brawley-
Glamis road is abouf 6=7 mgals, between geismic profiles
1 and 2 about 6 mgals, and slong U. S. Highway 80 about
8 mgalse Thegse facts suggest that if a major fault 1s
present in this region, at least no major vertical dige
placement is evident. IJorth of the present area of
investigation the gravity gradient crossing the lssion
Creek-Ranning fault 1s adbout 8 mgals/mile.

Recognition of a buried fault ﬁhich is predominantly
strike-slip will, of course, be difficult by gravity
methods alone., Two selsnic refraction profiles (1 & 2)
were shot on opposite sides of the Sand Hills and indicate
a deepening of the basement by adbout 7000 feet across the
Sand Hills. Assuning a sedimentebasement density contrast

of =0.2 gn/ce, a 7000 feet deepening of the basement across
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the Sand Hills shoald produce about an 18 mgal anomaly.

A density ocontrast of -0,1 gn/oc would produce about a

9 mgal ansmaly. Thus, we are forced %o oconclude that

the mean sedinmmt-bagenent densiiy contrast zoross

the Sand Hills is almormally low, that there is o demaity
changs soross the Sand Hills osnteributing 4o the obeerved
pravity, or that the basement depths dotarmined by the
refraction mesgsurenents are incorrect. ¥We ghall exonine
thera possibilities in greator detall under gravity profile
T3t ,

In the vioinity of Yuma, Arizcon, are tuo very
pronounoed gravity maxima. The greyiiy maximm west of
Yume corresponds with the basement ousorep of Pillot Xnob,
In the gravily =maximum south of Yuma the Bouguer gravity
attains the nazimanm value for the delte repion. IEven though
no outerops of hasemant are found near this gravity maxie
mum, it 1s dDellieved that thls anomaly is a veflection of
a very shallow basemen® south of Tuma., Barly in 1920, &
dlamond drill h.,olé wes drilled Yy the Yuma Basin 011 and
Refining Cos, 5 miles south of Yuma, which sncoutered
granite at 750 fset (Butler.and Allen, 1921}, Pilot Knod
and this shollow basement neay Tume define the szatemn
1imi% of the Gult of California strootural dtrough in this

rogion,
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‘achine Computation Methods

Selected gravity profiles were analyzed using two
computational techniques programmed for the Bendlx Ge15D
digital computer., One technique was to compute tha
gravitatlional attraction of any irregular polygonal shaped
twow=dimensional body using 2 method of line integration
descrived earlier by Talwan! et al. (1960). By warylag
the shape of the two-dimensional body an attenpt was made
to metch the computed anomaly to the obgerved regionally
corrected gravity anomaly. To achieve the maximum accuracy
vossible, gravity profiles were selocted for which the
obgerved gravity anomaly could be anchored to well depths,
bagsement depths determined from the seismlic lines, or
basement onterops. Since one of the primary interests was
the thicimessof the sedimentary rocks in the delta veglon,
anchoxring the observed gravity anomaly to known depths
enables one to make an approximate determination of the
denslty contrast between the sedimentary and basement Tocka.
This method of direct integration was found to be a satisfac-
tory computational technique and permits the total gravi-
tatlional attractlon to be buillt up from ssveral contributing
masses of different densitlies. However, oven with the spesd
of a diglital computer the method is tedious since variations
in the snape of the two~dimensional body must be constantly

re-antered into the computer until the computed anomaly
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gsatisfoctorily agrees with the observed ancnaly.

The sscond computational technigus was a method of
automatic interpretation described by 3ottt (1960) and
programmed for the Bendlix G-15D by Healy (1961)., This
mathod is partlcularly applicable when a graviiy anomaly
can be entirely attributad to & gedimentary basin for which
the denslty contrast between the sediments and bhasement rocks
is falrly well known, The anomalous body is approximated by
narrow twowdimensionsl rectangles. After the observed
rezionally corrscied gravity anomaly is entered into the
conputer, the calculated ancmaly is matched to the observed
anomaly by an iterative trial and srror procedure., The depth
of the narrow vrectangles is constantly changed watil the theo=
retical anonmaly agrees with the observed anomaly to the de-

aired precision,.
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Profile AwA': PFlgure 11 shows the obsasrved Bouguer gravity
for a 190 mile sectlion along U.8. Highway 80 from 5 miles
saat of Yuﬁa, Arizona, to San Dilege, California, This sagte
west profile orocases bath the Imperial Valley province and
the Peninsular Ranges. The Bouguer gravity is about ~20 mgals
in the Yuna area, near dbagsement cutorops at Pilot Knod, and
drops off %o an average value of -40 mgals on the valley
fioor. Using Woollard's empirical curve (1959) relating
Bouguer anomaly to crustal thiokness, a -40 mgal anomaly
Yields a crustal thioimess of 35 km for the delta region, If
we use the empiriocsl curve relating surface elevation to -
orustal thickness, & mean alévatian of O kn for the delia
reglon yields a crustal thlokness of 32 km. Since thaere is

a thick layer of low density sediments presant in this region,
the Bouzuer anomaly valueg have probably incorporatsd this
geologioc contribution which, in gunpral. gives an overs
pstinate of crustal thiokness, For this reason, it is felt
that 32 km is probabdbly a better estimate of crustal thiokness
for the delta region. However, it cannct be %too strongly
exphaslized that without cruetel refraotion data fLor anchor
points 1t 1s not possible to determine from the observed
Bouguer anomaly wvalues what crustal ¢thickness and structure
actually 1ls present. The final enswer must wait for seismio
data,
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ieat of Plaster Oity the observed gravity gradient io
about 4 mgala/mile. At this point, U.S. Higaway 80 orosses
parpendiculay to the strike of the projectsd trace of the
Elpinore fault (mse¢e Plate 1), I% thus appears, on the hasig
of this steep gravity gradient and the general trend of the
isogal ocntours in this region, that gzood evidence is pre-
sented for aestablishing the continuilty of the Elsinore fault
%0 the Laguna Salads fault.,

By far the dominant feature of the gravity profile
is the sharp nagative anomaly associated with the Peninsular
Ranges., Between Pine Valley and the Jacumba area the Bouguer
gravity drops off gharply to a value of about ~80 mgals. The
observed gradient to this gravity minimam ie about
2«3 mgals/mile, It should be pointed out that this s.é only
the gravity gradient aes observed along U.8., Highway 80, It
is gquite probvadble that thess gravity observations were not
talten in the direction of maximum gradient so that the maxie
mum gradlent may actually be greater than that indicated
hevre.

Let us first assume thal this negative anomaly is dus
to looal crustal thiokening under the Peninsular Renges. Age
suming a orustemantle density contraat of «0.45 gm/ecc, a
vatep® in the Mehorovicic discondinuity from 35 km to 45 km
would onrly produce s maximanm gravity gradient of about
1.5 mgals/mile. Therefore, reasonable orustal thiokening
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alone cannot account forxr this sharp negative anomaly. Praess
(1956), using phase veloclty data fron Rayleigh waves, deter-
mined & normal continental thickness under the Peninsular
Ranges, An warsversed refraction line from Coxrona, Californias,
south to the Mexican border indicated a depth to the
liohorovicic discontinuity under the Peninsular Ranges of
about 30 km (Shor and Raitt, 1958). 3. Alexander (1961,
personal communication) using phase veloelty data in the
triangle with corners at Palos Verdes, !it. Palomar and
Barrett determined a crustal thickness of 35 kn for the
Peninasular Range provines, e are thus forced to look for a
mess deficlency higher in the crust to account for this negaw
tive anonaly. Between Pine Valley and the gravity mininum

at Tecate Divide, a distance of 23 miles (37 km), the Bouguer
gravity changes by abouit 53 mgals. Uslag the relation 2L
M -ix  log {t»zgoxmx/ gmx%» derived by Dullard and Cooper
(1948) we can arrive at a linmit to the depth that can bo age
suned for the material which produces the gravity anomaly.
Assuning that the anomaly is caused by a density conitrast

in the range of -0.25 ga/ec to =0.40 gm/co, o maximun depth
betwearn 17 m and 22 kn is indicated for the mass whish pro-

duces the gravity dlsturbance.

# is distance in Xu batween naximun and ninimum value
of &, p is density in gn/ec, k is the gravitetlonal constant,
# 13 the anomaly in gals, 2 1s the depth in Xm.



The assoclation of negative anomalies with Intrusive
nasses of silicic rock has been commonly observed (Botst,
1953; Oldham, 1958: Woollard gt al. 1960) and this
explanation of the gravity alnimum must be considered.

The batholith of southern California, made up of many
gseparate Plutons, occupies the core of the Peninsuiar Ranges.
An examination of the aresl geologic map along U.S. Highway
80 (Gastil and Bushee, 1961) shows that this gravity ninie
aum coincides with one particular plutone~ the La Posta
quartz diorite pluton. Representative rock samples were
collected along this gravity profile by the author. Bulk
dry densities of samples from the La Posta pluton from seven
-different localities ranged from 2.64 gm/cc to 2.66 gm/cc.
Various igneous and metamorphic rocks are found in contact
with the La Posta pluton., Samples of these rocks collected
from four different localities ranged in density from
2.70 gn/ce to 2.82 gn/cc. Uo density samples were collected
from the gabbros but 2.90 gm/cec to 3.00 gm/cec is a reasonable
density range to assume,

Zven though extensive sampling was not done in this
region, it is significant that samples from the La Posta
pluton are less dense than samples from any of the surrounding
plutons. Therefore, it is believed that this negative gravity
- anomaly is a result of the density contrast between the

La Posta pluton and the surrounding rocks.
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Shown In Figure 11 is a thsoretical anomaly based on
a simplified twowdinmenslonal configuration, which is in
agreenent wlith the observed Bouguer anomaly. The gravity
anomaly is anchored to the Texas Jo. DRrowme well, which
gives the depth to the sediment-hasement interface on the
west side of the Imperlal Valley. A mess sediment-basement
density contrast of -0.20 gn/ce, in agreement with density
samples from the Browne well (see gravity profile 3-51),
was chopen for the computations.

In the center part of the Imperial Valley we have
projected into our gravity »rofile the Texas Co. Grupew
Ingebretaon well, which bottomed at 12,300 feet in sedinents,
and seismic profiles S and 6, which indlcated a minimun
bagement depth of 15,400 feet. It 1s readily seen that
carrying the 2.47 gun/ce~-2.67 gn/ce interface, Wwhaich Tepre-
sents bazenent at the Drowne well, eastward into the ceater
of the valley givas a depth which does not agree with the
Grupe~Engebretoon well depth anor wiith the ninisum seilsmic
depth to basement. Therefore, it is believed that while the
2.47 gn/oe - 2,67 ga/co interface represonts bosenent at the
Srowme well, in the center of the valley this densiity Inter-
face is within ithe Tertiary section. Therefore, in this
reglion we have anchored our anomely curve to & depth of
15,400 feet where we have selected 2.84 gn/ce as the basee
ment denslty compatlble with an 185,180 £4/szec (6 kn/sec) %o

20,000 ft/sec (6.6 Im/sec) vasenment velocity measured in the



w 50 w

centexr part of the delta reagion.

Because of probadble lateral density variations within
the basement and ihe general increase of density with depth
withiz the sedinentary column towards the center of the
depositional basin, a complately erroneous plature would he
obtalned by only using a one layer density contrast compu=
tetlion in the center of the basin., The 2.47 gn/cec -

2.67 gn/ec interface shown ls meaningless in terms of de-
fining relief on the bagement floor in the center of the
bagin. Parthermore, the variations in the shape of the

2.47 gmfee ~ 2.67 gn/ce interface are probably not real

gsince our agsumptlons arse oversimplified, 3Jince our econtrol
is limited and.becausa the extent and amount of these lateral
denslty variations within the basement are unknown, a further
refinenent of our computations 18 not justified. lowever, o
suggestlion can be made that a possible basement density dis-
sontianlty exists crosseing the/San sacinto fault zone.

At the Elsinore fault zone the gstructural picture ip
very conplex causing severe adge offects on the obhserved
gravity. The computationsl medel shown is in falr agreement
with the nown gsologleal ploture (Dibhlee, 1954) and the
theoretical anomaly glives & falrly good £1%t to the obaerved
data.

Irofile Jent (F&g.‘la): This gravity profile is aachorad to
the Texms Co. Browne well which bottomed in "graniter at

7806 feet, Detween basement outereps at neardy Signal
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Mountain and thia well, the tetal graviiy relief is about
19«20 mgals, 8o an appropriate mean denaigy contragt of
«0,20 gun/oc, in agreement with demsity samples from the
Browns well, was seleoted between the Cenozolc sedliments

and the pre-Tertiary dbasenent in this reglon. iie can also
gpproxinate & gradual inorease of density with depth by
computing the gravity anomaly for a two-layer sediment
problem. Also shown in Figure 12 iag & twoelayer density
model, compatible with dsnsity measuremsnia in the Browne
well, which aleo gives a very good fit to the obaerved data.
The 4indiocated depth for the Seelsy Iasin is 12,900 feet for
the one layer problem and 11,800 feet for the two-layer
problam. This gravity profile oresses roughly at right
angles to the projected strike of the San Jacinteo fault

zone from the northwest. 4 small step in the obzerved
gravity is present acrass ths apparent continuation of the
San Jacinto fault seme. It is significant that a vertieal
displacement of adbout 1870 feet was necesasary in both models
in order to match thae observed anomaly across the San Jaolnto
fault zone iu this region, If basement density inoreases
eastward across this fault sone, then probably a greater
vertioal digriacement would be necessary. In view of proflle
A-A' whioch suggests density varlations within the bassment,
the indicated basement depth shown in PFlgure 12, east of the
San Jacinte fault zone, ia probably incorreot.
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Brofile C-0* (Fig. 13): This easte-west gravity profile is
tiad ot the west end 3o basement at the 3ierra de loa Cuocapas.
A signifioant gravity gvadient of adbout 4 mgals/mile is
visible orcasing the projsoted trace of the 3Jan Jaosinto

fault sone. Also shewn in Mgure 13 is the approximate
1aeation of 3 Recent fault bdreak viaidle on 1935 mm' photoe
graphs of the delta reglion ss a fuault scarp in the alluvium,
Under the aam:& density contrest of «0,27 gn/oo a vertical
displacement of about 6700 feet is indilocated oroasing this
foult zeme in this reglon. |

Exofile DeD' (Pigs 14): This northesouth gravidy profile
erogses the south end of Laguna Salada and i tied to bagement
outarops of the Sierra Mayasr and the 3ierras Pinta, Striking
evidence is shown on this gravity profile that this part of
Isguna Salada is & graban or dowme-dropped fsuli bleok bew
tween the Sisrrs Hayor and the Slierrs Pinta, Under the
agsigned density oontrast of »0.27 gn/cc the indicated vertie
cal displacement on the bownding fanlts lz aboud 15,000 feet.
Ixofile EeE' (Fig. 13): Pigure 15 shows the observed gravity
et § mile intervals aoross the Sand Hills along the Brawley-
Glamis road betwesn the Coechells Canal and Glamts, Seismic
profiles 1 and 2 woere shod on opposite sides of the Sand Hille,
about 8 miles southeasterly from this gravity prefile, 3Iince
gravity data were not obtained diresctly acroes the Sand Hills
betwaen these selsuic profiles, 5 compromise wes effected by
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'projectiinz' the basement depbths meanured on to the proflile
aloag the Bravley-Glamls road. sSince the seismic profiles
indicated egsentially no diy oa the basement, proﬁeoting
these deptis northward probably introduces na gross error

in the depdh to the basemsnt., Selsmic profile 1, on the
east gside of the Sand Hills, indlcated a depth to basenment
of about 2200 feet. One nay argue that nerhaps this ssismic
profile 4i1d not truly measure a basemenﬁ'velocity but moae
sured 4 algnh veloelty volcanic layer so that the basement
depth determnined is too shallow. However, the Ajax 0il Co.
#Puyllio® well was drilled about 8 miles northwest of Glamis
on the east flank of the Sand Hills and reached bhasenment at
a depth of 2004 feet, It 1s therefors felt that the selismic
depth messurement is correct.

In the two=dimesnsional coanfiguration shown in Pigure 15,
we have fixed the basement depth at 2200 fest on the east
glde of the Sand Hills and at 97372 feet on the west side, as
neasured by selsmlc profile 2. A first attempt was nmade to
explalin the observed anomaly using a gsedinment-basemnant cone
trast only. Using the basement configuration shown, with
tae hasement depth fized at bhoth ends of the profile =z gravity
anonaly was computed for & sgedimente~bacement cantrast of
0410 gm/eec. It is readily seen that a basement configue
rotion using a sedinent-basement coatrast of about -0.1 zm/ce

could presumably be computed that would give the observsd
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Bougaer snomaly. However, in view of the demsity measurew
nents made on the Terdisyy sedinants it is felt that such
2 low cmtrast seems wroascnabla,

ned us now asswme that o strmamaiip fault is pre-
pent under the Sand Hills whioh bringz into contaot dasew
ment rocks of different demsities. Ths solid curve in
Figure 15 shows the computed anomely for a sediment density
of 2.37 gn/ec and basement densities of 2,74 gm/co and
2.63 ga/oo in fault contact., The demsity varistion in the
bagament wog sseumed to extend 10 km baneath the surfaoce,
Since ths computations were made using density gonlra
the sselzned demaities ave only relative, and ne attampt
should be made to assign spoolfic yook types to these
densities, However, this denslty ootrast of 0.1l e/ ve
within the bosemend iz not geolepgloally wnreagonable, since .
gronives (p = 2462 « 2,65 gufoc) against grancdlorites
(p = 2468 = 2,74 gn/ce) coudd produce this contrast.

Ae can be meen in Figure 15 the solid surve gives an
¢3sallent £t to the observed ancualy. The gravity ine
ssrpeetation in terus of these mass anonalies is certainly
not unigue, For ezample, the depth to whioh & possldle
density veriation in the basement extends con only be assumed
and presunably other sediment and basement dencliy configue
retions could be uped. Puthermore, the deviation of soue of
the obseryed welues from the computed smooth curve
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strongly suggests that density variations, probably associated
with faulding, exist within the Tertlary sectlon across the
Sand Hills. In any event, it seems clear that we st cccepd
some sort of density verintion across the Send Hills or
accapt‘an abnornally low sediment-basement density contrast,
For this reason, we believe that a fault is present beneath
the Sand Hills, but because of the inheremt amblguities in a
gravity interpretation we cennot precisely locate this foault,
The extreme linsarity of the gsouthwestern sdge of the
Sand Hills (Algodones Dunes) has led many people tb Propose
faulting in this reglon. However, 1f our Interprstation is
valid, the maln foult break is much nearer the northeastern
adge of the Sand Hills than the southwestern edge. A fault
in the northeastern part of the Sand H4lls i1s less likely
to be a divect prolongation of the ssion Creek-Barming
fault than would be a fault on the southwest edge of the dunes,
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The overoll treand of the isogal conbours is north-
wegterly, in agreement with the major tectonic grain of
the culf of California structurcal province. Thus, additional
evidence 1s glven that the Colorado Delte reglon 1s indeed
a part of the Gulf provinoce.

In the central part of the Imperial Valley, gravity
data alone are not too useful for determining sedimentary
thicknesses. The gravity field is complicated by vertlcal
ond lateral density variations within the Tertlary section
and by lateral density varlations within the pre-~Tertiary
bagsement. O0n the other hand, the gelsnlc refroction
technique was very effective for measuring sedimentary
thicknesses in the delto region. Ilignetic daoto would une
doubtedly be useful for outlining anomalous hasement areas.

The gelamicity of the reglon i3 usefl ln defining
the overall trend of the San Andreas fault zone. wen with
the errors Iln epicenter location, the greatest selsmic
activity appears to have been along the San Jacinbo fault
gysten. ‘

Continulty of specific major faults in the delta
rezgion 1is difficult to establish using gravity methods
alone because of the lack of indlcated throw on the
Pulis. Zven where well exposed to the northwest, the San

Jacinto and Elsinore faults consist of wide zones of branche



- 57 =

ing and interlacing bdreaiks, so that the question is nore
one of continulty of fault zgnes rather than continuity
of individual single bresks through the delts reglion.
Jevertheless, continuilty of the Zlginore fault to the
Laguna Salads feult cau he estéblished because of the
steep gravity gradlent zone which can be traced along the
west side of the Cucapas to the Zlainore fault to the
north.

The Superstition Xountalna were elevated along the
faults of the San Jacinto zone. The Superstition Mountaln
fault and the Superstition Hille fault can be traced ab
leant as far south as Heber, Californla, using the gravity
data. For 50 miles goutheast from Cerro Prieto, & major
throughgoing fault, believed to belong to the San Jaciabo
zone, is visidble on 1935 aerial photographs of the delta
region a5 a fault scary in the alluviunm. Both northwest
and gsoutheast of Cerro Prieto a zone of steep gravity
gradient is present along the projected strike of the San
Jacinto zone fxom the north, and probably defines the fault
zone in this region, although it is not possible to define
gpeciflc breaks within this gone. 2ven thouzh continuity
of the 3an Jacinto fault zone through the delta reglon
cannot be flraly established in some areas with gravity dats
alone 1t gseems fairly certain that continulty of this fault
zone can be astablished by the additional data provided by
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Ho concluslve evidence is presented for establishing
the continulty of the “isslon Creek-Bauning fault southward
into the present area of Investigation. If our interpre-
tation 1s valid, a fault is present beneath the 3and Hills
(Algodones Dunes), although our limited dats indicate taat
the fault is cloger to the east edge of the dunes rather
than to the llnear west edge of the dunes. It ig difficult
to egtend the ission Creek-3Banning fault to the eastern
part of the Sand Hills unlese the fault plane curves to
the easgt,

On the west side of the delta region the siructural
ploture 1s very complicnted. A asiaple explanation that
only comsiders the valley floor foulted down relative to
the Penlnsular Ranges to the west 1s not in accoerd with the
knovn geologleal facts, The Pish Cresk Hountalns and the
Soyote Mountains were elevated along the ITlsinore fault
zone and then pilted northward, as pointed out by Dibblee
{(1954), Within thies feult zone the metasediments ars up-
ended and have a4 very steep dlp. In the vicinity of the
ilsinore fawlt zone (see ¥late 1 and gravity profile A-At)
the Pouguer gravity shows & loeal ninimm with gradients
approaching 5 mgels/mile. This grevity minimun appesrs to
be related to the known thiokness of Tertiary sediments

sxpossd in the Carrizo Valley-~Coyote Mountain area, although
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the gravity £ield in this reglon 18 undoubtedly affacted
by the large aass deficlency under the Peninsular Ronnes,
Because of the limited graviity data in the Peninsular
Ranges 1t is not posgible acourately to renmove the effect
of this mass deflcliency, so that one at present cannot
determine the anount of throw on the Zlsinore fault using
provity data.

About eight mlles north of Plaster City, opposite
Jerrizo Cresk, the selsmic data indlcate a2 basenent depth
of about 2700 feet. DBasement probably Jdeepens olightly
towoxrds the upthrust Superstition Hountain fault block
and then deepens rapldly eastward from this rangs. Zight
miles east of the Superstition Mountains, seismic data
indicate basement depths of at least 11,050 feet. Basew
ment deepens locally to about 12,000 feet in the Seeley
area, west of El Centro, and then is promlnently exposed
southward at Slgnal Hountaln. Scuthwest of Sizgual
Hountein is Laguna Salada, o graben lowered relotive to
the Cuaapas and the Slerra Juarez. Gravity data suggest
a depth of aboul 16,000 feet to the basanment floor in
Lagune Salade.

Hortheant of Holiville, Colifornlo, aldng the east
morgin of the cultlivated reglon, the depth to basement s
about 10,000 feet., The depth to the bedrock floor then
probably averages 9,000 -~ 10,000 feet castward to the
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Coachella Cansl. Orossing the Sand Fillg bhosenent shallows
rapldly 4o o depth of 2200 feet a2long the Ogllby-Glamis
road and ias then exposed eastward st the Cargo YMuchacho

and Choooclate Mountains,

Twelve miles eant of Calexirce along the international
border the depth to basement is at least 13,400 feet. Thus,
1t can be steted that the relief hotwsen the crest of the
Peninsular Ranges to the west and the subsurfoce bhedrock
floor approaches 20,000 feet in the central part of the
delta region.

Weat of ﬁha Superstition Hountalns and sast of the
Sand Hills, on the nmargins of the delta reglen, a layer
with & velooity range of 6040 £t/sec -~ 6070 ££/sec directly
ovarlies the pre~Tertlary basement. The absence of sedimens
tary valocitles greater than this 6940 f£t/sec - 6970 f£4/sec
range probably indloates that a gubstantisl portien of the
Tertiary sectlon, present elsevhere lun the bagin, 1s absent
in these marpginal arsas.

For the profiles shot in the central part of the
delta reglon, soveral consistent veloolty zZonas were present
overlying the pre~Tertiary bassment. A layer with a veloolty
range of 5650 £%/sec to 6270 ft/sec was present beneath the
surface sediments. Beneath the 5650 £i/seec to 6270 £i/sec
layer, velocities in the range of 6300 ft/sec to 8770 f£t/sec

were measured. ZExcept for profiles 5 and 6 along the
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international -border, the pre-Tertlary basement was overlain
by a layer with a velocity range of 11,050 f£it/sec to

12,500 £%/sec. In the central part of the Imperial Valley,
the travel tims curves show & gradual increase in velocity
with depth up %to the 12,000 f£t/sac layer rather than distinet
sharp breaks in the travel time curves. This abrupt velocity
change at the 12,000 f£t/sec loyer may be related to a reglon-
al stratigranhic changs thoat has not heen racagniaed fron
well data. On profiles S and 6, along the fexican border, 2
sedimentary velocity of 15,875 f£1/mec was detected beneath

an 11,930 £t/sac layer. Basement velocities ranged fronm
18,180 f£t/sec to 20,000 ft/sec.

Seionlc refraction date indicate & depth of about
21,000 feet to basemant near the head of the sulf of
Californisa, opposite San Pelipe (Shor, 1961). Our seisnic
resulis revesl basement depiths ranging from 10,000 feet to
15,000 fset Iin the Imperisl Valley region of the Colorade
Delta, with the greateat depths indicated near the intermaw
tional bowndary. It would thus be natural to assume that
the Gulf atructural trough, in ganaral,'dae@ans to the
south townrds the head of the Culf of Callformia, Hawever,
in the abgoence of auxliliary data, it is not possible to
deternine from the graviity dats alone whether any basement
shallowing dees oceur betwean tha international boundary and

the head of the Gulf of Californla.
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