
E@L@@B6CAL EX CUROt@NS m m I 
5@uTmnR CAMP@bnhA AMEA 

I 

%1 

J ~ I 
I / 

- NOTICE

THE ATTACHED FILES ARE OFFICIAL RECORDS OF THE 

Lk DIVISION OF DOCUMENT CONTROL. THEY HAVE BEEN 

CHARGED TO YOU FOR A LIMITED TIME PERIOD AND 

MUST BE RETURNEID TO. THE RECRSFCLT 

BRANCH :016. PES OO EDDCMN 

CHAGEDOUTTHRUGH THE MAIL. REMOVAL OF ANY 

C(S FRMDCMN O EPRODUCTION MUST 

ID BE REFERRED TO FILE PERSONNEL.  

TagusDEADLINE RETURN DATE 

E/ 

I "il 

AN.  

RECORDS FACILITY BRANCH 

Edited by Patrick L. Abbott 

80022 -03



GEOLOGICAL EXCURSIONS IN THE 

SOUTHERN CALIFORNIA AREA 

Original papers and field trip roadlogs prepared for the 
Geological Society of America Annual Meeting 

NOVEMBER, 1979 

Editor 
PATRICK L. ABBOTT 

Published by 
Department of Geological Sciences 

San Diego State University 
San Diego, California 92182



Most men will not swim before they are able to.  
Novalis (nom de plume for Friedrich von Hardenberg, student 

of Werner at Freiberg).  
Naturally they won't swim! They are born for the solid earth, not for the 

water. And naturally they won't think. They are made for life, not 
thought. Yes, and he who thinks, what's more, he who makes thought 
his business, he may go far in it, but he has bartered the solid earth 
for the water all the same, and one day he will drown.  

Herman Hesse in Steppenwolf 
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QUATERNARY MARINE SHORELINES AND CRUSTAL DEFORMATION, SAN DIEGO 
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INTRODUCTION DATING METHODS 

Sequences of emergent marine terraces and beach Uranium-series dates on corals provide the most 
ridaes record a series of Quaternary sea level high- reliable ages for emergent marine terraces, but corals 

stands superimposed on tectonically rising segments are uncommon in temperate latitudes. Therefore, only 
of the southern California coast between Santa Barbara two fossil localities on emergent marine terrace 
and San Diego (figs. I and 2). This coastal strip in- deposits along the California coast have been dated 

cludes parts of the Transverse Ranges tectonic pro- by these techniques, one at Cayucos (131 kA* by Veeh 
vince, dominated by east-west trending structures and and Valentine, 1967; recalculated to 124 kA by Ku 
north-south crustal compression, and the Peninsular and Kern, 1974), and the other at Point Loma in San 
Ranges tectonic province, dominated by right-lateral Diego (121 kA by Ku and Kern, 1974). The Point Loma 
horizontal crustal displacement (fig. 1). Determina- date (fig. 4) is particularly important because it 
tions of ages and elevations of marine terraces provides a means, together with the 14C dates from 

establish drastically different rates of vertical the Ventura area, of calibrating amino acid data in 
crustal deformation (uplift) in these two tectonically southern California, where they have been used for 
active areas. correlating and dating other shoreline features from 

San Diego to Goleta. Though uranium-series dates have 

ORIGIN OF MARINE TERRACES AND BEACH RIDGES not proved as reliable with mollusks as with corals 
(Kaufman and others, 1971), many reasonable ages from 

Marine terraces are erosional benches cut into southern California terraces are consistent with those 

relatively steep coastal slopes. The shoreline angle, provided by other techniques. Uranium-helium techni

line of intersection between the flat, gently seaward- ques on mollusks also yield several reasonable terrace 

dipping wave cut abrasion platform and the steep sea ages in this area (Fanale and Schaeffer, 1965).  
cliff, is a horizontal line usually within one or two 
vertical meters of the mean level of the associated Amino acid D-L ratios in bivalve mollusks, prim

sea. Most emergent marine terraces are capped, arily Saxidomus and Protothaca, from many localities 
commonly under thicker terrestrial deposits, by thin have been used both to correlate fossil faunas and 
veneers of marine, in some cases fossiliferous sands terraces along the coast and to provide age estimates 
and gravels left by the receding sea. The erosional (Wehmiller and others, 1977; Vehmiller and others, 
processes that form marine terraces are evident along 1978). Although the ratios are temperature- as well 

the modern shoreline where a terrace is presently as time-dependent, the relative uniformity of climate 
being formed. from San Diego to Santa Barbara permits comparison of 

data throughout this region. Calibration with inde

Beach ridges are linear depositional features pendent dates from uranium series at Point Loma and 

formed parallel to a coastline along low coastal 14 at Ventura provides the basis for quantitative 
plains. Geometric relationships with sea level are amino-acid age estimates (figs. 5 and 6). Resolution 

somewhat poorly defined, as they may form from off- is good for ages between 10,000 and 200,000 years, 
shore bars, spits, beach berms or dune ridges; but but approximate age estimates back to about one 
all these features usually originate within a few million years are possible (Wehmiller and others, 
meters of the associated sea level. Modern analogs 1977).  
of beach ridges are the spits that enclose San Diego 
Bay and Mission Bay in San Diego and the coastal dune Very high uplift rates at Ventura have exposed 

field at the western edge of the Oxnard Plain near the first terraces known on this coast to be young 
Ventura. enough for 14C dating (see Appendix).  

Present elevations of Pleistocene or older Good correlations of inferred sea levels with 

terraces and beach ridges reflect either local tec- marine temperatures suggested by associated fossil 
tonic disturbances or global sea level oscillations molluscan faunas lends support to ages determined by 
or, in most cases, a combination of both factors. laboratory techniques (fig; 7). Because of this 

Most of those that are higher than present sea level close correlation, faunal data can be used in some 

record high sea stands associated with Pleistocene instances to independently date marine terraces and 

interglacial episodes (fig. 3). The ages of the associated deposits. For example, all of the fossil 

emergent terraces and elevations at which they were faunas dated at about 120-130,000 years by U-series 
formed must be determined to obtain rates of crustal 

uplift. *kA, kilo anno; I kA = 1,000 years.  

*This report has not been edited to conform with stan
dards of stratigraphic nomenclature and classification 
adopted by the U.S. Geological Survey.  

3



4 

1200 

1190 

TRANS VERSE 
RANGES 

N 

i18.  

13 V 60 

km 

PP 

PMCF 

\Fig. 12 

PVH A 

O \-9 340 

Fig. 10 
7~N B SJH 

SO' 

L $ 

PL 

Figure 1: Location and fault map of the southern California coastal region, from Goleta (G) to San Diego (SD).  
Stippled areas are bedrock uplands (generally areas of tectonic uplift) and blank areas are low 
sedimentary basins (generally tectonic deoressicns). Inset map shows major faults in California 
with arrows indicating general crustal motions; heavy arrows indicate north-south crustal shortening 
in the TransverseRanges south of the large bend in the San Andreas fault, and light arrows indicate 
right-lateral displacement northwest and southeast of the Transverse Ranges. Geographic locations: 
G = Goleta; SB = Santa Barbara; V = Ventura; PD = Point Dume; PP = Pacific Palisades; PVH = Palos 
Verdes Hills; NB = Newport Beach; SJH = San Joaquin Hills; LB = Lagrna Beach; DP = Dana Point; 
SO = San Onofre; LJ = La Jolla; SD = San Diego; PL = Point Loma. FautLs: VF = Ventura fault; 
MCF = Malibu Coast fault; SMF = Santa Monica fault; PVF = Palos Verdes fauilt; N-I FZ - Newport
Inglewood fault zone; RCF = Rose Canyon fault.
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Figure 2: Elevations and ages of selected emergent marine terraces from Point Conception (PC) to Point Loma 

(PL). Terrace ages are from figures 5, 6 and 7. Open circles are age estimates (-120 kA) based 
primarily on warm water aspect of molluscan faunas (fig. 7). Dash pattern (2) represents a sequence 

of 28 beach ridges along coastal San Diego County. Geographic locations: PC = Point Conception; 
G = Goleta; SB = Santa Barbara; PG = Punta Gorda; V = Ventura; PD = Point Dume; PP = Pacific 
Palisades; PVH = Palos Verdes Hills; NB = Newport Beach; LB = Laguna Beach; DP = Dana Point; SO = 

San Onofre; TP = Torrey Pines; LJ = La Jolla; PL = Point Loma. Islands: SMI = San Miguel Island; 

SRI = Santa Rosa Island; SCRI = Santa Cruz Island; Al = Anacapa Island, SNI = San Nicholas Island, 
SBI = Santa Barbara Island; SCAI - Santa Catalina Island; SCLI = San Clemente Island. Modified 

from Vedder and Howell, 1979.
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and amino acid techniques (figs. 4, 5, and 6) have a immediately north of the fault appears to have sub
warm-water aspect (that is, they contain extralimital sided slightly in that period of time (fig. 9).  
southern species), which is consistent with the Soledad Mountain at La Jolla has three terraces high
slightly warmer conditions indicated by the higher er than the Nestor terrace and is itself a topograph
than present sea level about 120,000 years ago (fig. ic expression of uplift along the Rose Canyon fault.  
7). Therefore, the warm-water faunas at Point Con- This uplift clearly began prior to the origin of the 
ception, Point Dume and Pacific Palisades, are tenta- Nestor terrace. Several other small deviations from 
tively dated at about 120 kA (figs. 2 and 7). the general pattern of uniform broad uplift are assoc

iated with local faults and folds. Average rates of 
ORIGINAL SEA LEVELS uplift of the San Diego area during the past 120,000 

Measurements of local tectonic displacements of years range from 0.08 to 0.41 m/kA.  
shoreline features of known age are possible only 
where the original elevations of associated sea levels helind ViSa tec a hgh, aroa a 
are known. These data are partly available from north about 60 km is actually a series of broad, 
Pleistocene eustatic sea level oscillations recorded poorly defined terraces with at least 28 associated 
by elevations of shoreline features in tectonically beach ridges (figs. 2 and 8). The precise ages of 
stable locations. However, the history of sea level these terraces and beach ridges are not known and 
changes back to l40,300 years (fig. 7) is best docu
mented by uranium-series dates on corals from reefs ti rea ps to sealel hangesor ot 
and terraces in the tectonically active areas of New minor ridges was associated with a single sea level 
Guinea and Barbados (Bloom and others, 1974), though highstand. Amino acid ratios in mollusks from the 
there are supporting dates from other sites around high (140 m) margin of the terrace sequence (LV in 
the world. These sea level data are further substan- fig. 8) (Kennedy, 1973) suggest an age there of 1.0 
tiated by oxygen isotope ratios in deep-sea cores, million years or greater. The terraces and beach 
which reflect changes in the volume of sea water in ridges decrease in age to probably 120,000 years from 
the earth's oceans (fig. 3) (Shackleton and Opdyke, east to west.  
1973, Bender and others, 1979). By inference, when 
sea water volume is reduced, glacial ice volume is Theelevation of 140 m at the eastern edge of 
increased (glacial conditions, sea level lowstand) this terrace yields uplift rates of 0.14 m/kA. Be
and conversely, when sea water volume is increased, cause of erosional discontinuity, lateral correlation 
glacial ice volume is reduced (interglacial conditions, of most ridges is uncertain, while a few can be 
sea level highstand similar to the present). traced for rather long distances. Slight upwarping 

of beach ridges along the Rose Canyon fault has been 
The most widespread and well-developed Pleisto- described by Peterson (1970) (fig. 9), but otherwise 

cene shoreline features in southern California are the ridges have been only gently warped in a rela
the roughly 120,000-year and 85,000-year terraces, tively stable area. To the north most beach ridges 
which were cut while sea level was, respectively, 6 m die out and merge into well-defined erosional terraces 
above and 14 m below that of the present seas. along the steep slopes above San Onofre (fig. 8).  
Measurements of the differences in elevation of those The principal terrace at San Onofre correlates with 
shorelines from those levels give the total vertical the Nestor terrace both in amino acid ratios (fig. 6) 
tectonic displacement since they were cut (fig. 7) and the warm-water aspect of its associated molluscan 
and, when divided by the age of the shorelines, yield fauna.  
rates of vertical displacement.  

SAN ONOFRE TO NEWPORT BEACH 
SAN DIEGO TO SAN ONOFRE 

Terraces cut in the steep slopes of the mountains 
The Nestor and Bird Rock terraces occur inter- between Son Onofre and Newport Beach (figs. I and 2) 

mittently between Point Loma and La Jolla (figs. 4 record broad uplift with only gentle warping. The 
and 9), as well as in several areas along the coast first terrace, which is correlated with the Nester 
both north and south of San Diego. The Nestor terrace terrace by amino acid ratios in mollusks from Laguna 
has been dated at about 120,000 years by uranium- Beach and Newport Beach (fig. 6), reaches its highest 
series analysis of fossil corals (Ku and Kern, 1974), elevation near Dana Point and descends to both the 
and the higher sea level by which it was cut (fig. 7) north and the south (Szabo and Vedder, 1971). The 
supported a correspondingly warmer-water marine inver- second and thid terraces, respectively 240 kA - 50 
tebrate fauna (Kern, 1977). Amino acid data from kA and 450 kA - 100 kA years old by amino acid ratios 
mollusks correlate the 3 m terrace at Scripps Insti- (Wehmiller and others, 1977) have highest elevations 
tution of Oceanography, the 19 m terrace at Torrey of 35 and 90 m. Maximum rates of uplift indicated by 
Pines and the 15 m terrace at San Onofre, respective- these elevations are approximately 0.3 m/kA. To the 
ly 14 km, 25 km, and 77 km north of Point Loma, with north lies the Los Angeles basin, a broad, shallow 
the 120,000-year Nestor terrace (figs. 8 and 9). structural depression with local structural highs 
Sediments on the Bird Rock terrace, dated by amino along the Newport-Inglewood fault zone, probably a 
acid ratios at 85,000 years, host a cooler-water northern extension of the Rose Canyon fault in San 
fauna (Kern, 1977) reflecting its origin under a Diego (fig. 1).  
slightly lower sea level (figs. 4 and 7).  

SAN PEDRO AND PALOS VERDES HILLS 
Along the west side of Point Loma and in Pacific 

Beach and south La Jolla both terraces remain nearly The Palos Verdes Hills (fig. 10) is an uplifted, 
horizontal but have been elevated approximately 20 m, fault-bounded structural block like those of the 
to elevations near 10 and 25 m above sea level, dur- islands of the southern California continental border
ing the last 85,000 years. Deformation has been more land (fig. 2). It similarly was an island during 
severe to the north, where uplift of 55 m has occurr- middle and late Pleistocene time, when a series of 
ed during the past 120,000 years south of but adja- 13 terraces was eroded on its flanks to an elevation 
cent to the Rose Canyon fault, while the block of about 411 m (Woodring and others, 1946). The
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Figure 3: Diagrammatic relationship between emergent marine terraces and sea level fluctuations. Worldwide 

data indicate most emergent terraces were formed during brief glacio-eustatic sea level highstands 
(interglacial episodes) over the past million years or so. These terraces form step-like sequences 

along tectonically emerging coastlines. The slopes of the diagonal lines are uplift rates. The 

sea level curve and oxygen isotope stages (3, 5, 7, 9 and 11) are from Shackleton and Opdyke (1973).  
A more refined sea level curve for the past 140 kA is shown in fig. 7.  

.7 

POINT LOMA mMOLLUSCAN 
AAUNA 

40-O 0 \NARM 

o WARMAR 0U COOOL 

20 0 1OA C 0 FAmtA 

85 NKA (AA) 
0 <____0_.5-____WARM 

Figure 4: Diagrammatic cross section of Point Loma,0 

San Diego (see figs. 1 and 2 fcr location). ~o 5 K 
The (121 kA) uranium-series coral age 0 .2 
(U,C) and warm aspect of the molluscan 
faunas (circles) correlate the Nestor ter
race with oxygen isotope substage 5e of .  
Shackleton and Opdyke (1973). The (85 kA) 
amino acid age estimate and cool aspect of 
the molluscan fauna (square) correlate the 
Bird Rock terrace with oxygen isotope sub
stage 5a (fig. 7). Remnants of the Nestor .1 .2 .7 
terrace on the east side of Point Loma are 
slightly lower than those on the west side, -Figure 5: Amino d/ LEU G nE 
indicating eastward teconic tilt. Data enantiomeric ratios (D/L) in the bivalve 
from Ku and Kern (1974) and Kern (1977). mollusk Protothaca staminea from independ

ently dated terrace deposits in southern 
California. The Nestor (N) terrace (Point Loma in San Diego; fig. 4) 121 kA age is the average of two U-series 
dates on corals (Ku and Kern, 1974). The Punta Gorda (PG) terrace (near Ventura; figs. .13 and 15) age of 40-50 
kA is derived from 230Th/234U data from mollusks (Kaufman and others, 1971). The Sea Cliff (SC) terrace (figs.  
13 and 15) age of 1.8-5.5 kA are 14c dates on mollusks. Relative to modern molluscan faunas the Nestor terrace 
fauna is warmer in temperature aspect (Kern, 1977), the Punta Gorda terrace fauna is cooler (Putnam, 1942, p. 699
700), and the Sea Cliff terrace fauna is essentially the same. These temperature aspects are consistent with 
marine paleo-temperatures inferred from relative sea levels (fig. 7).
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tiomeric ratios (D/L) in Protothaca stam- AGE (KA) 

inea from selected localities in southern 
California (figs. I and 2). The stippled 
areas (SC, PG and N) represent data from 
independently dated terraces (fig. 5). The aino-acdnl datead tera spc ofg.5. h Figiure 7: Sea level fluctuation curve for the past amino-acid data and the warm aspect of 140 kA (Modified from Bloom and others, molluscan faunas correlate the first terr
aces at Laguna Beach (LB), Newport Beach 
(NB), and San Pedro (Palos Verdes sand,California.  
PVS), and the second terrace at San Onofre ulf derie fr races an total 
(SO)(S = Saxidomus D-L ratios converted to maximu erical displacee (dernc 
Protothaca D-L ratios) with the roughly 120 i e e ti btepreent terrene 
kA Nestor (N) terrace at Point Loma (fig.  
4). Similar but slightly lower D-L ratios vation and paleo-sea level when terrace 
yield 85 kA age estimates (Wehmiller and was cut). Solid squares and circles are 
others, 1978) for the Bird Rock (BR) and ages based on U-series, amino-acid and 14 
Ventura (V, figs. 13 and 14) terraces, data (figs. 5 and 6). Open circles are 
which r roughly 120 kA age estimates for the Dume 

water molluscan faunas (fig. 7). The amino- Pacificrale (fig. 2) as e on 
acid data correlate the Goleta (G) terrace 
(fig. 2) with the Punta Gorda (PG) terrace the warm aspect of molluscan faunas (Addi
(figs. 2, 13 and 15), and are consistent cott, 1964; Valentine, 1956) (fig. 2).  
with the cool aspect of the faunas from Geographic localities: SC Sea Cliff (1st) 
these two localities (Putnam, 1942, pp. terrace (figs. 13 and 15); PG = Punta Gorda 
699-700). The amino acid data yield 205 (2nd) terrace (figs. 13 and 15); V = Ven
kA (Wehmiller and others, 1978) and 450 kA tura (1st) terrace (figs. 13 and 14), BR 
(Wehmiller and others, Bird Rock (st) terrace at Point Loma 

for the San Pedro formation in Ventura 
(VSP, fig. 14) and in San Pedro (SPS, fig. Pacific Palisades (fig. 2); N = Nestor 
11), respectively (Wehmiller and others, 9 L 4) terrace a t Lgun each 

1977). -Open circles indicate basin deposit ( ); = Dum terrace (fig 1)Pch 
faunas whose temperature aspects are not Paios Vre s (1s terrace at San 
under consideration. PlsVre ad(s erc)a a 

Pedro (fig. 11); NB = Newport Beach (1st) 
terrace (fig. 2); TP = Torrey Pines (1st) 
terrace (fig. 9); S0 = San Onofre (2nd) 
terrace (Fig. 8). See figures 1 and 2 
for localities.
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first terrace at San Pedro is cut across the classic 
lower to middle Pleistocene stratigraphic section of 

117* 17' 30- 116*5730 Lomita Marl, Timms Point sit, and San Pedro sand, 
and it is overlain by the Palos Verdes sand (fig. 11).  

so Through amino acid ratios and the warmer climatic 
I aspect of the fossil fauna of the Palos Verdes sand, N this terrace correlates with, and is at approximately 

the same elevation as, the first terrace at Laguna 
I Beach and the l2 0,OOO-year Nestor terrace at San ~J~tiLDiego, and therefore it has been subjected to about 

-3312'30" the same rates of uplift, (0.2 m/kA). U-Series age ~" \~~ ~ Iestimates for mollusks from the Palos Verdes sand 
. Km range from 70,000-110,000 years (Szabo and Rosholt, 

1969). The twelfth terrace on the Palos Verdes Hills, 
with a tentative amino acid age estimate of 450,000 y~ years (Wehmiller and others, 1977), is at 380 m 
(fig. 2), which yields an uplift rate of about 0.8 ~'* ~m/kA. A 450,000 year amino-acid age estimate for the 

0 San Pedro sand in San Pedro (fig. 11) supports 
I / Valentine's (1961) suggestion that this unit is an 

offshore facies of the nearshore deposits on higher 
DM terraces on the Palos Verdes Hills. Offset of terrDIV aces across the Cabrillo fault near Point Fermin 

- \~~'I'(fig. 10) and regional warping prevent precise corr
* ~ ~elation of terraces around the Palos Verdes peninsula.  

LTP 
POINT DUME 

Three terraces occur in the coastal area south L L 
o '~Malibu Beach to west of Point Dume (fig. 12) (Birke0 i. r land, 1972, fig. 8). The Malibu terrace, the least 

well preserved of the three, is of unknown age and 
-32*4500- has shoreline angle elevations ranging approximately 

~, ~from. 60 rp in the west to 75 m in the east. The lower 
PL Corral and Dume terraces have respective uranium
PL -1 -1-series mollusk ages of about 131,000 and 104,000 

sD< years (Szabo and Rosholt, 1969). Correlation of the 
_r Dume terrace with the first terraces at San Pedro and 

A\u Laguna Beach and the l20,0O-year Nestor terrace in 
BEACH RIDGE San Diego is supported by its warm-water molluscan 
FOSSIL LOCALITY fauna (figs. 2 and 7). Shoreline angle elevations 
FAULTrange from 45 to 50 m for the Corral terrace and from gure15 to 40 m for the Dume terrace, in both cases from 

e west to east, further reflecting the slight westward 
tilting that has accompanied rather uniform broad 

, uplift of this coast. Average rates of uplift of 
about 0.3 m/kA are closely comparable with those to 
the south. The warm-water fauna at Pacific Palisades Figure 8: Beach ridges along coastal San Diego County. (Valentine, 1956) north of *the Malibu Coast fault These curvilinear topographic ridges sub- (fig. 1) correlates a 76 m terrace in this area with parallel to the coastline are bars, spits, the Dume terrace 25 km to the west at Malibu (fig. 2).  

beach berms and dune ridges associated with 
broad indistinct terraces collectively re
ferred to as the Linda Vista terrace. Each 
broad terrace with associated beach ridges Several terraces along the Ventura coast that 
represents a sea level highstand as record- have been dated by amino acid, uranium-series, and 
ed on a stable, gently sloping coastal 14  techniques (figs. 6, 13, 14, 15) record intense 
plain. To the north the beach ridges die plai. Tothenort th beah rdgesdiecrustal deformation and remarkably high rates of 
out where they extend onto distinct narrow uplift over the past 200,000 years (fig. 2). North 
marine terraces cut into the steep San of the Ventura fault on the south limb of the Ventura 
Onofre bluffs. Amino acid D-L ratios yield Avenue anticline marine terraces and associated 
an age of one million years or greater for deposits dated at 85,000 years by amino acid techni
a molluscan fauna at the high (140 m) east- ques (Wehmiller and others, 1978) dip about 10* 
ern edge (at LV) of the Linda Vista terrace. (figs. 13 and 14 to the south. This terrace is cut 
The subordinate terraces and associated into marine deposits (San Pedro formation) that dip 
beach ridges decrease in age from east to 450 to the south and that contain fossils which yield 
west. Warm water molluscan faunas equiva- amino acid ratios suggesting an age of about 205,000 
lent in age to the roughly 120.kA Nestor years (Wehmiller and others, 1978).  
terrace at Point Loma (PL) occur in the 
modern sea cliffs at Scripps Institution West of Ventura the Punta Gorda (PG) terrace 
of Oceanography (S), Torrey Pines (TP) and climbs from 70 m in the west to 400 m along the crest 
San Onofre (SO) (figs. 5, 6, 7 and 9). of the northwestward-dipping axis of the Ventura 
RCF = Rose Canyon fault; DM - Del Mar, LJ Avenue anticline (figs. 13 and 15). The Punta Gorda 
La Jolla, SD = San Diego, SDB - San Diego terrace, which is offset by the Red Mountain thrust 
Bay.
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Figure 9: Generalized profiles of selected beach ridge crests (1, 2 and 3 in order of increasing age) and 

shoreline angle of the Nestor terrace (N, roughly 120 kA) showing gentle crustal warping and vertical offset 

associated with the Rose Canyon fault (RCF) near San Diego (see Figs. I and 8 for location). DM = Del Mar; TP = 

Torrey Pines; S = Scripps Institution of Oceanography; LJ = La Jolla, PL.= Point Loma. Data on Nestor terrace 

from Kern (1977).  

fault (RMT in fig. 15), indicating original displace- Conception and San Diego. Warm-water molluscan faunas 

ment to even higher levels, may correlate with the 60 and associated terraces correlate with the major 

m terrace on Rincon Mountain (Putnam, 1942) that dives 120,000- (early Sangamon) and 5,000-year (Holocene) 

below sea level at Carpenteria. Amino acid age estim- highstands of sea level. Cooler-water faunas and 

ates of 45,000 years (Wehmiller and others, 1978) for associated terraces correlate with the 85,000-year 

this terrace agree closely with the 50,000-year uran- (late Sangamon) and 45,000-year (mid-Wisconsinan) 

ium-series mollusk age (Kaufman and others, 1971). minor highstands of sea level.  

The cool-water fossil fauna (figs.6 and 15) (Putnam, 

1942, pp. 699-700) supports this suggested mid-Wiscon- Local rates of tectonic uplift, calculated by 

sinan age. This terrace was cut 50 m below modern measuring displacements of dated shoreline features 

sea level so its maximum vertical displacement yields from original sea levels, are low, from about 0.1-0.6 

a tectonic uplift rate of 10 m/kA over the past 45,000 m/kA, along the coast between Los Angeles and San 

years (fig. 7). Diego. This region is dominated by right-lateral 
crustal displacements. Gently warped beach ridges 

The Sea Cliff (SC) terrace (Putnam, 1942) which and terraces reflect long-term vertical crustal stab

extends along the base of the steep cliffs below the ility between San Diego and Newport Beach with minor 

Punta Gorda terrace between the Ventura River and intense deformation adjacent to faults. The Palos 

Rincon Mountain (figs. 13 and 15), reaches an eleva- Verdes Hills, an uplifted structural block, has risen 

tion close to 20 m and is overlain by sediments with at a rate of about 0.2 m/kA over the past 120,000 

molluscan fossils yielding 1800- to 5,500-year 14 years, with possibly higher rates over longer periods 

dates (unpublished), in close agreement with the of time.  

< 5000-year age from a uranium-series date on mollusks 

TKaufman and others, 1971) and an amino acid age esti- South of the Malibu Coast fault at Point Dume 

mate of less than 5000 years (Wehmiller and others, uplift rates are relatively low, about 0.2 m/kA, but 

1978). Average uplift rates from these several terr- on the north side of the fault at Pacific Palisades 

aces range from 4 to 10 m/kA, much higher than any uplift rates rise to about 0.6 m/kA, probably in part 

other known uplift rates in central and southern Cali- because of vertical displacement across this north

fornia (fig. 7). dipping, high-angle reverse fault.  

CONCLUSIONS 

Uranium-series, amino acid, 14 and paleontologi-4-10 
m/kA are 

cal dating techniques provide reliagle ages of emer- ws te d oftheansverenRangesnr etura, a 

gent marine terraces back to about 120,000 years region of inte fodng Rung aused b aletion dou cSnt aio.p rito r mlusn. fn 

aland asscite terraces correlatea witht theee major 

mnorhisotand ofusa lpevelo.
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and others, 1946). Thirteen terraces rise to an elevation of 411 m near the crest of 
the peninsula (SPH = 451m). The peninsula is an uplifted fault-bounded structural block 
simnilar to the islands offshore (fig. 2). The peninsula was an island during the Sangamon 
(120 kA) and earlier sea level highstands. The lowest (1st) terrace on the southwest side 
of the Palos Verdes Hills in San Pedro (SP') is capped by fossiliferous shallow water marine 
deposits referred to as the Palos Verdes sand (Woodring and others, 1946). Fossils from 
these deposits yield helium-uranium dates ranging from 95-130 kA (Fanale and Schaeffer, 
1965) and U-Series ages ranging from 70-110 kA (Szabo and Rosholt, 1969). Amino-acid data 
correlate the Palos Verdes sand (PVS) with the 121 kA Nestor (H) terrace on Point Loma in 
San Diego (fig. 6). The warm aspect of the molluscan fauna from the Palos Verdes sand 
(Valentine, 1961) agrees with this early Sangamon age estimate (fig. 7). Because the 
terraces are faulted in the Pcoint Fermin (PF) area, correlation of terraces around the 
peninsula is uncertain. PB = Portugese Bend, PVP =Pales Verdes Point.
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Figure 11: Diagrammatic geologic cross section along the south side of Second Street between Mesa 
Street and Pacific Avenue in San Pedro (SP, fig. 10). The Palos Verdes sand (PVS) 
unconformably overlies the lower to middle Pleistocene Lomita Marl (LM), Timms Point 
silt (TPS) and San Pedro sand (SPS). Amino-acid data and warm water fauna correlate 
the Palos Verdes sand with the roughly 120 kA Nestor (N) terrace at Point Loma (fig. 6).  
Amino-acid data yield a tentative (450 kA) age for the San Pedro sand in this area 
(Wehmiller and others, 1977). A tentative amino-acid age estimate of 450 kA for the 
12th (380 m) terrace in the Palos Verdes hills is consistent with Valentine's (1961) 
suggestion that the San Pedro sand may be the deeper water facies of marine deposits 
on some higher terraces. Tm = Monterey formation.  

II 
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Figure 12: Emergent marine terraces at Point Dume on the Malibu coast (see figs. I and 2 for location).  
This area lies 2 km south of the north-dipping, high-angle reverse Malibu Coast fault 

(fig. 1). The warm water molluscan fauna at.USGS loc. M1710 (Addicott, 1964) correlates 

the Dume terrace with the warm fauna on the Ist terrace (76 m) at Pacific Palisades 

(Valentine, 1956) 25 km to the east on the north side of the Malibu Coast fault (fig. 1).  

The warm faunas indicate both terraces were formed during the early Sangamon sea level 

highstand at about 120 kA (fig. 7). Szabo and Rosholt (1969) report an average open-system 
U-series age of 104 kA on mollusks from M1710. The difference in uplift rates between the 

Dume terrace (-0.2 m/kA) and the Ist terrace at Pacific Palisades (~0.6 m/kA) is roughly 
the vertical displacement rate (-0.4 m/kA) on the Malibu Coast fault. Terrace data slightly 
modified from Birkeland (1972).
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_ Figure 13: Gereralized geologic map of the Ventura-Punta Gorda area showing major structural features and emergent marine terraces. The first marine terrace at Ventura (V) is dated at 80 kA 

(figs. 6 and 14). The Punta Gorda (PG) terrace is dated at roughly 45 kA (figs. 6 and 15).  The Sea Cliff (SC) terrace is dated at roughly 2-5 kA (figs. 5 and 15). All three terraces 
record recent deformation on the Ventura Avenue anticline and the Punta Gorda ad Ventura 
terraces are cut by north-dipping high angle reverse faults. Uplift rates of roughly 10 m/kA on the Punta Gorda terrace (figs. 7 and 15) are the highest recorded on the west coast of the conterminous United States. The east-west trending structures and associated 
high uplift rates are related to intense north-south crustal shortening in the Transverse Ranges (fig. 1).  
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Figure 14: Geologk cross section of the south limb of the Ventura Avenue anticline (see fig. 13 for location). The south dipping terrace (V) at Ventura (80 kA) and the upper part of the 
unconformably underlying San Pedro formation (Qsp) (205 kA) are dated by amino acid techniques (fig. 6; Wehmiller and others, 1978). The Bishop ash is identified by trace element chemistry and establishes a 700 kA age for the middle part of the Santa Barbara formation (Qsb).
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technique evaluation, relative ages, kinetic dependent on an understanding of modern provinces in 
model ages and geologic implications: U.S. Geol. the same region. The major controlling influence on 
Surv. Open-File Report 77-680, 106 p. the California coast is the convergence of the Cali

Wehmiller, J. F., Lajoie, K. R., Sarna-Wojcicki, A. M., fornia current and the Southern California counter
Yerkes, R. F., Kennedy. G. L., Stephens, T. A., current at Pt. Conception. The resultant compression 
and Kohl, R. F., 1978, Amino-acid recemization of marine isotherms causes an increase of species
dating of Quaternary mollusks, Pacific Coast, range endpoints that forms a major faunal boundary.  
United States, in Zartman, R. E., ed., Short Isothermal compression also acts as a faunal buffer; 
papers of the fourth international conference, southward incursions of cold water are more apparent 
geochronology, cosmochronology, isotope geology: in fossil faunas north of Pt. Conception than south, 
U.S. Geol. Surv. Open-File Report 78-701, p. 445- and northward incursions of warm water are more appar
448. end south of Pt. Conception than north. Isothermal 

Woodring, W. P., Bramlette, M. N., and Kew, W. S. W., migrations in the Pleistocene did not create provin
1946, Geology and Paleontology of Palos Verdes cial boundary shifts, but rather provincial boundary 
Eills, California: U.S. Geol. Surv. Prof. Paper disintegrations and subsequent formation of new 
207, 145 p. provincial-rank faunal assemblages with similar 

boundaries.  
APPENDIX Pt. Conception probably acted as a provincial bound

ary throughout the Pleistocene, and separated fossil 
The following two rejected abstracts are included provinces geographically equivalent to the modern 

here because one provides a broad regional background Oregonian and California Provinces, but which differed 
for interpreting some of the paleontological informa- faunistically from one interglacial stage to another.  
tion presented here and the other discusses emergent Thus the Pleistocene Verdean Province, based on early 
Holocene terraces in other parts of California. Sangamon warm-water faunas (modern Surian equivalents) 

in the Palos Verdes Hills, cannot be used for geo
EMERGENT HOLOCENE MARINE TERRACES OF COASTAL CALIFOR- graphically equivalent faunas which date to other 
NIA: TECTONIC IMPLICATIONS interglacial periods during the Pleistocene. Con

LAJOIE, Kenneth R., KENNEDY, George L., SARNA- temporaneous Cayucan faunas were equivalent to modern 
WOJCICKI, Andrie M., YERKES, Robert F., MATHIESON, California ones, whereas the cool-water faunas of the 
Scott A., and MORRISON, Samuel D., U. S. Geological later Sangamon Nuevan Province were equivalent to 

Survey, Menlo Park, CA 94025 those of the modern Oregonian Province (Columbian 
Emergent Holocene marine terraces and associated beach Subprovince).  
ridges record relatively high tectonic uplift rates 
(>1.0 m/kA) in two areas of coastal California: 1) 
between Ventura and Point Conception in the Transverse 
Ranges of southern California, and 2) near Cape Mendo
cino in the Coast Ranges of northern California.  

Along the 19 km coastline between Ventura and Rincon 
Point at least four step-like terraces rise to an 
elevation of 20 m on the southern limb of the Ventura 
anticline. Radiocarbon dates of 1.8-5.5 kA on fossil 
marine mollusks from these terraces yield a maximum 
uplift rate of 4.2 m/kA. In Agua Caliente Canyon near 
Point Conception marine mollusks from an estuarine 
deposit at an elevation of 20 m yield a radiocarbon 
date of 7.3 kA and a resultant uplift rate of 3.3 
n/kA. A discontinuous 2 m terrace at the base of the 
modern sea cliff nearby may be related to this rapid 
rate of uplift. The high uplift rates derived from 
the Holocene marine terraces and deposits between 
Ventura and Point Conception are consistent with the 
high rates derived from geodetic data (Castle, 1977), 
and probably reflect intense north-south crustal 
shortening in this region.  

Along the 50 km coastline between Cape Hendocino and 
Point Delgada discontinuous marine terraces and re
lated beach ridges rise to an elevation of 20m. Fossil 
marine mollusks and teredo-bored driftwood from Sing
ley Flat near Cape Mendocino yield radiocarbon dates 
of 1.3-3.6 kA. The resultant uplift rate of 5.0 m/kA 
reflects major plate interactions at the Mendocino 
triple junction.  

Each Holocene marine terrace and beach ridge in 
these two areas of coastal California may represent a 
separate tectonic event.  

PLEISTOCENE MARINE FAUNAL PROVINCES OF CALIFORNIA 
KENNEDY, George L., U.S. Geological Survey, Menlo 

Park, CA 94025, and Research Associate, Section 
of Invertebrate Paleontology, Los Angeles County 
Museum of Natural History, Los Angeles, CA 90007 

The Pleistocene Verdean, Cayucan and Nuevan faunal 
provinces were named and characterized on the basis 
of shallow-water marine molluscan faunas mainly from 
California. Interpretation of these provinces is
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GEOMORPHOLOGY OF THE SALTON BASIN, CALIFORNIA: SELECTED OBSERVATIONS 

Robert M. Norris and Edward A. Keller George L. Meyer 

Department of Geological Sciences College of the Desert 

University of California Palm Desert, CA 92260 

Santa Barbara, CA 93106 

The Salton Basin, California,provides the oppor- DAY 1, STOP 1 

tunity to observe many interesting geomorphic features 

produced by running water, wind, waves and tectonic TECTONIC GEOMORPHOLOGY OF THE SAN ANDREAS FAULT ZONE 

activity. We will: visit a remarkable assemblage of IN THE SOUTHERN INDIO HILLS, COACHELLA VALLEY, 

tectonically produced landforms in the southern Indio CALIFORNIA 

Hills; inspect the shoreline landforms of ancient 

Lake Cahuilla; view two spectacular examples of sand The present tectonic geomorphology studies along 

dunes and observe the results of weathering, mass the San Andreas Fault in the Indio Hills (Fig. 2) be

wasting and fluvial processes in an arid environment. gan in the winter of 1978-79 as part of a graduate 

Figure 1 shows a generalized map of the Salton Basin course at the University of California, Santa Barbara.  

and the sites we will visit and discuss. During a three-day field trip in February, 1979 a 
preliminary map showing the major structural features 

The two-day field trip is scheduled to make was completed (Fig. 3). Two areas are mapped in 

eight or nine stops, two of which (the Indio Hills detail: Pushawalla Canyon and an uplifted, deformed 

and the Algodones Dunes) will involve some moderately and offset pediment-fan complex. Interpretations 

difficult hiking to observe all points of interest. noted here are preliminary. Detailed work by 

Table 1 lists the various stops and brief itinerary. Bonkowaki and Baca is underway.  

Writing of the field guide was distributed as The Indio Hills trend northwest along the north

follows: The report concerning the southern Indio east flank of the Coachella Valley, California (Fig.  

Hills is authored by E. Keller, R. Korsch, M. 2). The hills are cut and uplifted along several 

Bonkowski, R. Shlemon, B. Baca, M. Clark, T. Dibblee, branches of the San Andreas Fault Zone, most notably 

Jr., W. Hart, P. Link, A. MacDonald, K. Minck, V. the Banning and Mission Creek Faults that intersect 

Ramirez, D. Reseigh, and T. Rockwell; and the re- near Biskra Palms (Fig. 3).  

mainder of the guide is authored by Robert M. Norris 

and George L. Meyer.  

PALM SPRINGS AIRPORT 

Doy 11 

PALM . 5 sol 

INRNG THIOTHRNNIOHLSDCAHLAOALY 

theop San) AnrasFulYnThIdoHils(i.2Ee 
ganT in4 thIitro 987 spr fagaut 

Durin a thre-da fiel trpi6erur,17 

prliinr mapip shwnAhemjrs RtraOfAtue 

The Indiond Hills 2rn)otwsaogtenrh 

O 5 0 1 0 2 ie 

0T 51 15 205 05 kiloeter 

(stops~~~~(so 4 3)),*" o,1BYH 

sANT EL EN O Do YUMA., 

78 Boland .MCLXPARIAI 

Figre1.IndxapoSall ton; Doyi 2rasoigapoiaelcto fsos 

VALLEITO6- ga (S~p11



20 

TABLE 1 Total Day 2 

ITINERARY Mileage Mileage 

Leave Palm Springs Airport 0800, Friday, Nov. 2, 1979 Contn west on (-8 211.8 0.0 

MlaeWestmoreland, Left on Calif. 86 233.8 18.0 MileageLeft on Calif. 78 249.7 33.9 

Left on El Cielo Road 0.0 Right on Split Mtn. Can. Nd. 266.1 50.3 
Left on Ramon Road 0.5 Right on Wash Road 274.1 62.3 
Left on Ave. 36 (dirt) 13.4 Park Rus, Stop 1 276.1 64.3 

STOP 1 - OFFSET FANS MISSION CREEK FAULT, STOP 1 - SPLIT MOUNTAIN CANYON (FISH CREEK GORGE) 
BISKRA AND MACOMBER PALMS OASIS Walk up canyon to see Desert erosion, 

Continue through Gravel Pit Fanglomerates, Lithified Mudflows, 
Right on Monroe Street 18.4 Pebbly nudstones, etc.  
Go on to 1-10 21.4 Turn bus around and double back 
Leave I-10 on Calif. 111 23.2 Left on Split Mtn. Can. Rd. 278.1 66.3 
Left on Parkside Dr. 44.2 Right on Calif. 78 286.1 74.3 
Left on Dirt Road 45.9 Left on Calif. 86 302.5 90.7 
Right on Canal Road 46.2 Right on Salton Dune Road 306.6 94.8 

STOP 2 - SCHIST SHINGLE BEACH, LAKE CAHUILLA Stop Rus, unload 308.6 96.8 
Bus turn around and double back Bus proceed to turnaround 310.0 98.2 

Return to Stop 311.4 99.6 
Left on Dirt Road 51.6 STOP 2 - SALTON BARKHANS 
Right on Parkside Dr. 51.9 
Left on Calif. 111 53.6 Right on Calif. 86 313.4 101.6 
Niland 86.0 Left on Borrego-Salton Seaway 321.7 109.9 
Calipatria 112.2 
Left on Rutherford Ave. at 

New River (S 26) 100.0 TRUCKHAVEN EROSIONAL SURFACES, FANS ON SE 
Lunch at Wiest Lake County Park 102.0 SIDE OF SANTA ROSA MOUNTAINS, ETC.  
Continue east on S 26 Double Rack 
Right on Calif. 115 104.3 Cross old beach line at Lakeview Rd. 332.8 121.0 
Left on Calif. 115 and 78 109.1 Left on Calif. 86 334.1 122.3 
Left on Calif. 115 111.6 Travertine Rock 344.3 132.5 
Alamo River Crossing 122.3 Left on Avenue 66 at Valerie Jean 356.7 144.9 
Left on Calif. 115 123.2 Right on Jackson Street 358.6 146.8 
Holtville 124.7 Left on dirt road 359.1 147.3 
Intersection with 1-8, 

continue on 1-8 131.0 
Algodones Dune Roadside Rest 155.8 Continue on Dirt Road 361.1 149.8 

STOP 3 - ALGODONES DUNES. Sand free depressions. Ave. 62 361.8 150.0 
Walk to Dune Crest south of Road STOP 5 - MARTINEZ MOUNTAIN LANDSLIDE 

Continue east on 1-8 to Ogilby Right on Jefferson Street 364.7 152.9 
Road, Turn Around 159.4 Left on Calif. 111 370.2 158.4 

Imperial Ave. Offramp 211.2 Right on Date Palm Dr. 382.9 171.1 

MOTEL: Holiday Inn, Overnight. Dinner, Rigt on ElmCieoad 388.5 176.7 
Breakfast SaturdayPalm Springs Airport 389. 177.2 

Leave Motel 0800, Saturday, Nov. 3, 1979 DISPERSE: End of Trip.  

The southern Indio Hills southeast of Thousand Paleoseismicity of the San Andreas Fault in the 
Palms Canyon are primarily composed of the Pleisto- Indio Hills is unknown. The main fault traces are 
cene Ocotillo Conglomerate (Fig. 3), a deformed shown on Figure 3, and these are being studied in 
sequence of sandstones and fanglomerates (Dibblee, detail to gather information concerning recent earth
1954; PopenCe, 1959). quake activity. The main fault trace is often 

delineated by fan palms (Washingtonia filifera) that 
Topography of the Indio Hills is characteristic form linear oases along the water-bearing fault zones.  

of arid regions (rainfall is 7 to 10 cm per year) Preliminary data suggest that there are offset streams 
undergoing recent tectonism and fluvial erosion. The along several fault traces which indicate recent 
major fluvial landforms are steep canyons and coales- earthquake activity. The offset is usually 1-4 
cing alluvial fans along the northwest-southeast meters, but the history is often complex, making the 
trending front of the hills. Upland surface and data difficult to interpret. Although the area has 
older alluvial fans are covered with moderate- to no known history of great earthquakes, there have teen 
well-developed desert pavement and varnish. However, numerous smaller events including the 1948 Desert Hot 
the most impressive aspect of the topography is an Springs earthquake which had a magnitude of 6.5.  
assemblage of "classic" tectonically-produced land- Therefore, presence of the large active fault system 
forms associated with the San Andreas Fault Zone. does represent a potential hazard to rapidly urbaniz
Landforms observed are: Fault scarps; beheaded, ing local areas including Palm Springs, Desert Hot 
deflected or offset drainages; tectonically-induced Springs, Palm Desert and Indio. Continued study is 
stream capture; sags, shutter ridges, and pressure certainly warranted.  
ridges.
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OFFSET PEDII~N-ALLUVIA FAN OMPLEX typifie by FFddsT arLUI oion xedigt 

det of at0least .0 0 mi.crnt 
OFFSETTOUAN PEIMNTALUVA FANNCMPLE 

An uplifted, deformed snd offset pediment-allu- are se 

vial fan complex is located southeast of Biskra Palms horizons (Btca; Tables 2 and 3) reflecting the pre
near the junction of the Banning and Mission Creek sent, more shallow depth of wetting. These profiles, 

Faults (Figs. 3 and 4). The area contains a spectacu- and the surfaces upon which they are forming, have 
lar assemblage of fault-related landforms including: been subjected to at least one epoch of "soil 

fault scarps; beheaded, deflected and offset streams; pluviality," and are comparable to soils of similar de
shutter ridges; sags, and microtopography (horst and Velopment dated elsewhere. Tbey are most likely in the 

graben?) shown diagrammatically on Figure 5. range of about 20,000 to 70,000 years old (Bischoff 
and others, 1978; Nettleton and others, 1975; Shlemon, 

The minimum offset of the fan Qf2 (Figure 5) is 1978) 
about 900 meters. The modern fan (Qfl) is partially 
offset, about 200 meters, suggesting that the right A soil pit excavated in the offset portion of the 

lateral slip continues into the Holocene. modern fan (Qfl, Pit #1, Fig. 5) is characterized by 
an incipient profile development (A-C) with a very 

The surface (Qf2 and Qf2 (?), Figs. 3 and 5) is thin vesicular (Av), stone-free horizon, and moderate 

designated a pediment-fan complex because the upper development of varnish on the desert pavement surface.  
segments comprise a true erosion surface with only a The fan surface is now an inactive surface of trans

thin veneer of deposits a meter or so thick. The port as it continues to be offset right laterally 

upper pediment and lower fan surfaces are tentatively along the San Andreas Fault. The age of the soil, 
correlated by soil development, topographic dissec- because of its very week development, is most likely 
tion, and formation of desert pavement and varnish. of Holocene age (Nettleton and others, 1975; Shlemon, 

Eight shallow pits (Fig. 5) were excavated and soil 1978).  

profiles described. All soils on the pediment-fan 
complex, with the one exception near the toe of the The upper sections of the pediment-fan complex 

offset fan, are deemed relict paleosols, because they contain excellent examples of tectonically produced 

bear an argillic horizon (Bt) on which has been super- landforms. The surface has been modified only 

imposed younger pedogenic carbonates (Btca horizons). slightly by fluvial, eolian and mass wasting proces
ses; and thus provides a rare opportunity to observe 

Soil on the Qf surface (Pit #4, Fig. 5; Table 2) and study landforms associated with strike-slip 

is of comparable reyative development to soil develop- faulting. However, not all the topography on the 

ment on the Qf ? surface (Pit #6, Fig. 5; Table 3). upper surfaces (Qf2 ?, Fig. 5) is tectonically gener
Both are relic paleosols (Typic Haplargids), never ated; relic channels and mudflow deposits also exist.  

having been buried, but attaining most development 
under environments of the past. These profiles are The major tectonic landforms that exist on the
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Figure h. Low sun-angle photograph of offset pediment-alluvial fan complex.  
Notice the beheaded streams on the fan, the prominent fault scarp 
and large sag on the upper surface. Additional landforms are 
shown on Figure 5. The darker surface of the fan with well 
developed desert pavement and varnish is in marked contrast to 
the light colored modern alluvium. Photograph courtesy of 
Woodward-Clyde Consultants.  

TABLE 2 

Soil Profile Description - Indio Hills Area - Pit No. 4. Location is shown on Figure 5.  

Horizon Depth (cm) Description 

Av 0 - 4 Light gray (10YR 7/2) to very pale brown (10YR 7/4) when moist, silt; massive struc
ture; soft, very friable, nonsticky and nonplastic; clear smooth boundary.  

IIBcal 4 - 13 Strong brown (7.5YR 5/6) to brown (7.5YR 4/4) when moist, gravelly sandy loam; 
1 massive structure; soft, very friable, slightly sticky and nonplastic; strongly 

effervescent; few to common, thin carbonate rinds on bases of pebbles; gradual 
wavy boundary.  

IIBca2  13 - 26 Similar to IIBeal with common, thin carbonate rinds on bases of pebbles, and few,.  
medium soft lime masses; gradual wavy boundary.  

IIBt 26 - 36 Brown (7.5YR 4/4) to yellowish red (5YR 4/6) when moist, gravelly fine sandy loam; 
2t weak, fine to medium subangular structure; hard, friable, slightly sticky and non

plastic; few, thin clay films lining tubular and interstitial pores, and colloidal 
staining of mineral grains; gradual wavy boundary.  

IIB -C 36 - 4O+ Yellowish brown (10YR 5/6i to dark yellowish brown (10YR 4/6) when moist, gravelly 
and fine sandy loam grading to sandy loam near base; massive structure; soft, 
friable, nonsticky and nonplastic; very few, thin clay films lining tubular pores; 
gradual diffuse boundary; base of pit.
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Figure 5. Idealized diagram showing the assemblage of landforms produced by tectonic processes, and sites 

where soil profiles are described.  

TABLE 3 

Soil Profile Description -Indio Hills Area - Pit No. 6. Location is shown on Figure 5.  

Horizon Depth (cm) Description 

Av 0 - 3 Light gray (10YR 7/2) to very pale brown (10YR 7/4) when moist, silt; massive 
structure; soft, very friable, nonsticky and nonplastic; abrupt smooth boundary.  

Btca 3 - 15 Strong brown (7.5YR 5/6) to brown (7.5YR 4/4) when moist, very fine sandy loam; 
weak, medium subangular blocky structure; soft, friable; slightly sticky and non
plastic; very few, thin clay films lining tubular pores and staining mineral 
grains; violently effervescent; common, fine irregular soft lime in masses 
(stage II carbonate development); gradual wavy boundary.  

B t 15 - 41+ Brown (7.5YR 4/4) to yellowish red (5YR 4/6) when moist, fine sandy loam; weak, 
2 medium, subangular structure grading to massive near base; soft, friable; slightly 

sticky and nonplastic; very few, thin colloidal clay films on mineral grains, and 
lining tubular and interstitial pores; few, fine, rounded soft lime masses in 
lower 8 cm; base of pit.  

r1CI
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upper surface (Qf2?) are visible on low sun-angle is quite variable, but the basins are often several 
aerial photography (Fig. 4) and are shown diagranmat- meters wide with scarps about one meter high.  
ically on Figure 5. The surface has been uplifted 
approximately 30 meters, most likely in response to The simple shear model combined with uplift asso
convergence associated with the small left bend of ciated with the small left bend of the fault can 
the Mission Creek Fault (Figs. 3 and 5). The sags explain the origin of many tectonic features of the 
and microtopography (horst and graben)? are possible offset fan. It also explains the orientation of the 
extensional features produced in accordance with a broad syncline in the Ocotillo Conglomerate between 
simple shear model (Fig. 6) slightly modified after Pushawalla Canyon and Thousand Palms Canyon (Fig. 3).  
Wilcox, Harding, and Seely (1973), Crowell (1974); However, while the simple shear model is attractive, 
Sylvester and Smith (1976) and Dibblee (1977). it is only a first approximation to the solution of 

a complex problem. For example, many of the folds in 
It is questionable whether or not the micro- the Indio Hills are parallel to the Mission Creek 

topography forms are bounded by small normal faults. Fault rather than trending at an oblique angle as 
Examination of the features in natural cuts has not would be predicted by a simple shear model.  
demonstrated that fault traces definitely exist. How
ever, due to the very coarse texture of the gravels, PUSHAWALLA CANYON 
definite fracture zones are less likely to be recog
nized. Certainly the scarps are younger than the Two traces of the Mission Creek Fault (north 
surface as there is little or no development of var- Branch of the San Andreas Fault) can be seen in the 
nish on many of them. walls of the Pushawalla Canyon. These traces are 

related to a left step in the fault system (Fig. 3).  
We tested the hypothesis that the scarps might The southern trace (Fi, Fig. 7) occurs as a wide 

be relic stream channels by digging a pit in the floor gouge zone with discrete shears. Bedding in the 
of one of the linear basins (Pit #5, Fig. 5). The top upper Ocotillo Formation, normally gently dipping, is 
40-45 cm consisted of fine sand and silt colluvium steepened within the zone. Locally small sets of 
overlying a calcic horizon. However, modern carbo- normal faults showing displacements of about 50 mm 
nates accumulate at a depth of only 15 cm. This occur between two major shears. The northern trace 
suggests that the linear basin periodically receives (F2 on Fig. 7) occurs also as a wide gouge zone, and 
fine sediment from the adjacent scarps that border within the zone, beds are steepened to almost verti
the possible microtopographic horsts. Microtopography cal.  

Contractional features Extensional features 
FOLDS NORMAL FAULTS 
PUSH UPS PULL APARTS 
SQUEEZE UPS HORST a GRABENS 

Fgure 6. Simple shear model to explain some of the landforms produced by right 
slip along the San Andreas Fault.
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Figure 7. Stream profiles and geologic section of the Pushawalla Canyon area. See text for explanation.  

Further to the south in the SE wall of Pushawalla and tributary. It is the only terrace occurring topo
Canyon, a wide (up to 100 m) fault zone strikes obli- graphically above the locality where the stream cap
quely to the main traces of the San Andreas (N20W ture took place. Qt 5 is more extensive upstream, yet 
compared with N50W for the San Andreas Fault). This at the point of capture is nonexistent or not recog
zone is characterized by several discrete fault tra- nizable. There are, however, a few remnants of Qt5 
ces which show two predominant dips of approximately along the tributary. Qt6 is similar to Qt5 , being 
o50 and 650 south. Bedding frequently is truncated found directly above Qt5 but nowhere else. The ele

by the faults. However, within the zone, when the vation change from the present stream level to Qt6 
faults steepen the dips of the beds are also is between 60 and 100 meters, being greater closer to 
steepened. the point of capture.  

In the northwest canyon wall, southwest of the The absolute ages of the terraces are presently 
F1 trace of the fault, the angular unconformity be- unknown. Therefore, we could not derive a rate of 
tween the lower and upper Ocotillo Formation is well uplift, but the Pleistocene age of the Ocotillo Form
exposed. ation which the stream has dissected gives an older 

limit. Less extensive desert varnish on the lower 
Six recognizable terraces occur in Pushawalla terraces, compared with the upper terraces, also in

Canyon and its main tributary (Fig. 3). The overbank dicates high rates of downcutting owing to both the 
and channel deposits of the pre-capture stream in stream capture and local uplift.  
Pushawalla Canyon are the most extensive and herein 
are named "Qt2 ." The only terrace below Qt2 , namely The excellent exposures of the semi-consolidated 
Qt3 , is strongly dissected and has few remnants, Ocotillo Formation in Pushawalla Canyon result from 
probably owing to rapid downcutting of the stream in recent incision by the present stream following cap
its attempt to reach grade. Qt3 , the terrace immedi- ture as the canyon was progressively offset to the 
ately above Qt2 , occurs only twice in the area northwest by the San Andreas Fault (Fig. 8). The 
studied. It is not very extensive, and are abandoned channel, seen between Hidden Palms and 
only 2 or 3 meters above Qt2 . A more continuous Pushawalla Canyon, was deflected approximately 1 km 
terrace is Qt4 which is found along the main channel prior to capture. We hypothesize that the downstream
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Fault and present and abandoned channels of Pushawalla 

Canyon Myoma 7.5-minute Quadrangle, California.  

portion of the present drainage (from 1400 meters down- profile from concave to convex possibly can be attri
stream of the capture to the desert floor) is a relict buted to compression, resulting from the left step in 
canyon which was transported northwestward along the the right-lateral San Andreas Fault system which 
fault. Only the narrow canyon immediately downstream occurs in the vicinity of Pushawalla Canyon. The 
from the capture point appears to fit the present convex nature is more pronounced in Pushawalla Canyon 
stream. Alternatively, the capture could have been than in Tributary 3 where little evidence for the F2 
induced by rapid headward erosion of a small steep fault trace was observed, presumably because it dies 
channel trending southwest to the Coachella Valley. out between Pushawalla Canyon and Tributary 3.  
Certainly the probability of such a capture increases 
as the amount of right lateral deflection increases. In Pushawalla Canyon the uplift has been over a 

larger area than just the area between the two fault 
Most streams.in the study area (Fig. 7) exhibit traces. This uplift may have produced the folding 

normal concave profiles (e.g. Creek 1, Creek 2, observed in the Pushawalla Canyon walls (Fig. 7).  
Tributary 1, Tributary 2 and Thousand Palms Canyon). Here the upper Ocotillo Formation has been folded 
The two streams which do not follow this pattern are into broad gentle anticlines and synclines with the 
Pushawalla Canyon and Tributary 3, which have convex two major fault traces occurring in the southwest 
profiles in their central parts. This change in limbs of the anticlines. The convex profiles suggest
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the possibility of very recent deformation, because Investigation of the desert pavement and soils 

the stream should rapidly convert to a normal concave development on the offset alluvial fsn (discussed 

profile. earlier) suggests an age of up to 70,000 years, but 
more likely is 17,000 to 20,000 years and this is 

Two additional examples of stream capture are associated with the most recent pluvial period 

also shown on the stream profiles (Fig. 7). The (National Academy of Sciences, 1977). These esti

abandoned channels in the canyons to the northwest of mates imply an average slip rate on the San Andreas 

Pushawalla Canyon and between Creeks 1 and 2 exhibit Fault of approximately 1 cm to 5 cm per year, with a 
the normal concave stream profile, and have not been rate of 4 to 5 cm per year corresponding to the 
associated with the uplift caused by right-lateral 17,000-20,000 year age being the best estimate.  
movement at the left step in the San Andreas Fault.  

Figure 9 is a preliminary diagram illustrating 
Deformation Rates and Paleoseismicity estimated slip rates for the southern San Andreas 

Fault system compiled by T. Davis (personal communi

Determination of a slip rate and identification cation) from data presented by Crowell (1952 and 

of paleoseismicity for the San Andreas Fault in the 1975) and Ehlig, Ehlert and Crowe (1975) using the 

Indio Hills has yet to be completed. However, sev- time scale of Berggren and Van Couvering (1974). The 
eral lines of investigation may eventually provide rate of 2-3 cm per year is an average for the last 12 

insight: 1) dating of the offset fan; 2) investiga- million years. If the assumption is made that from 

tion of buried soils in a fan exposed in the gravel 12 m.y. ago to about 4 m.y. ago the principal strand 

pit adjacent to the offset fan; and 3) detailed of the system was the San Gabriel Fault (Crowell, 

evaluation of small offset streams along recent 1975), then a slip rate of closer to 6 cm per year 
active strands of the San Andreas Fault, for the last 4 m.y. is suggested. This rate is 
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Figure 9. Possible displacement rates for the southern San Andreas 

Fault. Compiled by T. Davis. See text for explanation.  
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consistent with the hypothesis that about 4 m.y. ago history of the San Andreas Fault. The pit exposes 
the San Andreas Fault began to play a transform role approximately 30 meters of Late Pleistocene and Holo
in the opening of the Gulf of California (Moore and cene stratigraphic history. It is a "stacked" allu
Buffington, 1968; Crowell, 1975). The rate of vial fan; that is, we presume that the deposits in 
spreading of the Gulf is assumed to be about 6 cm per the lower section have been transported along the 
year (Moore and Buffington, 1968), which is trans- fault. Thus at times in the past the wedge of fan 
formed to strike slip deformation along the San material was alternately receiving sediment from up
Andreas system. The best estimate of slip (4 to 5 stream canyons or moving between canyons. During 
cm per year) at the offset alluvial fan near Biskra times when sediment is not being added, the surface 
Palms in the southern Indio Hills appears consistent is relic and if enough time is present a soil profile 
with this interpretation. However, it is emphasized might develop. Thus we would expect wedges of sedi
that these possible slip rates are not definitive. ment represented by buried soils. The stratigraphy 
Furthermore, the average slip rate provides little in the gravel pit exposes at least four buried soils 
information concerning paleoseismicity, that is, the as well as a deeper relict weathering front. The 
number and magnitude of recent earthquakes. A more prominent buried soil occurs at a depth of approxi
precise slip rate may be ascertained by radiocarbon mately 15 meters and is clearly visible throughout 
dates from offset fans. the pit. The profile is incompletely preserved; 

the organic horizon and part of the "B" horizon have 
The site of the offset fan near Biskra Palms been eroded.  

provides significant information concerning the ratio 
of vertical to horizontal slip on the San Andreas This buried paleosoil (Table 4) is strongly 
Fault. The fan has been uplifted approximately 30 m developed (Paleargid). Almost 200 cm of the profile 
while moving about 900 m right laterally. Thus, the are preserved. Its reddish color (5YR 5/6), blocky 
ratio of recent vertical to horizontal slip at this structure, clay films (cutans) on ped faces of the 
site is approximately 0.03 (or 3 percent). argillic horizon, and stage III calcic horizon 

(IIC 2cab) attest to development over a long time, or 
Investigation of the modern fan, well exposed under an environment more conducive to profile forma

at the gravel pit southeast of Biskra Palms, may also tion than the present. At a minimum, this soil is at 
provide valuable information concerning the recent least 100,000 years old, though conceivably several 

TABLE 4 

Soil Profile Description - Buried Paleosol - Massey Quarry 
West Wall - Indio, California. Location is shown on Figure 5.  

Horizon Depth (cm) Description 

B21cab 0 - 13 Light brown (7.5YR 6/4) to brown (7.5YR 4/4) when moist, heavy sandy loam; weak, fine 
granular to subangular blocky structure; slightly friable, slightly sticky and non
plastic; common, thin clay films lining tubular pores; colloidal staining on mineral 
grains; violently effervescent; common, medium segregated lime filaments; gradual irre
gular boundary.  

B22b 13 - 27 Yellowish red (5YR 5/6) to reddish brown (SYR 5/4) when moist, sandy loam; weak, fine 
to granular subangular blocks structure; slightly hard, friable, slightly sticky and 
nonplastic; few, thin clay films lining tubular pores; colloidal staining on mineral 
grains; slightly effervescent; few, fine segregated lime filaments and lime threads; 
gradual irregular boundary.  

B3b 27 - 53 Strong brown (7.5YR 5/6) to brown (7/5YR 4/4) when moist, light sandy loam; massive to 
weak, fine granular to subangular blocks structure; slightly hard, firm nonsticky and 
nonplastic; very few, thin colloidal clay stains; diffuse irregular boundary.  

53 - 76 Light yellowish brown (lOYR 6/4) to yellowish brown (10YR 5/4) when moist, loamy sand; 
massive structure; granular, loose when dry and moist; nonsticky and slightly plastic; 
non-calcareous; horizon contains common mafic (schist) clasts near base; abrupt wavy 
boundary grading laterally to clear wavy.  

11C2cab 76 - 140 Very pale brown (10YR 7/3) to light yellowish brown (lOYR 6/4) when moist, sand; single
grained; loose when dry and moist, nonsticky and nonplastic; violently effervescent; 
25-35 percent pebbles and cobbles; many, medium lime seams; large, rounded soft lime 
masses; calcareous rinds to 2 mm on pebble bases in lower part of horizon (stage III 
carbonate development); gradual irregular boundary.  

IIIC3b 140 - 146 Very pale brown (10YR 7/3) to light yellowish brown (10YR 6/4) when moist, coarse .sand; 
single-grained; loose when dry and moist; nonsticky and nonplastic; non-calcareous; 
gradual irregular boundary.  

IVC4 ca 146 - 155 White (10YR 8/2) to very pale brown (10YR 8/3) when moist, pebbly silty loam; single
grained; loose when dry and moist; nonsticky and nonplastic; violently effervescent; 
horizon is laterally discontinuous; medium disseminated lime; gradual wavy boundary.  

VC5 155 - 160+ Pebbly coarse sand with silt lenses; base of cut.
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times that age (Nettleton and others, 1975; Shlemon, developed as a spit or bar extending eastward from 
1978). the headland, eventually isolating a narrow, shallow 

lagoon on the landward side of the bar. Some patches 

The three buried soils above that described on of clayey lagoonal sediments remain upslope from the 

Table 4 are not as well developed, nor as continuous. highest beach.  
It is hoped that detailed analysis of the soils and 
volumes of material deposited in various parts of the The barrier beach is a striking feature and its 

stacked fan may provide additional information con- size testifies to prolonged, intense wave activity 

cerning possible source canyons for the alluvium and and to fairly strong and persistent shore currents.  

information concerning the climate and tectonic his- Evidence supporting strong wave activity and persis

tory of the area during Late Quaternary time. tent shore currents are the form, length and volume 
of the barrier beach. The sandy part of the beach 

DAY 1, STOP 2 close to the headland is at least 100 meters wide and 
two or three meters high. The schist beach is not so 

LAKE CAHUILLA HIGH SHORELINES large, but is nonetheless quite prominent.  

During the Quaternary a series of lakes occupied Examination of the schist upslope from the beach 

the Salton Basin. The older of these have been dated and on the beach face is instructive. The stream 

at about 37,000 years BP and the associated shore- transported schist pebbles show very little sign of 

lines have been identified at levels ranging from rounding or abrasion on the fan surface, but are very 

about ho to 49 meters above sea level. These older well rounded and smoothed on both the highest and on 

shorelines seem to have been warped and now merge the recessional shorelines. Although it is not known 

with the clearer Holocene shorelines in the northern how far along the beach face schist pebbles may have 

part of the basin. It is the Holocene shorelines moved, appreciable lateral transport is demonstrated 

that will be seen on this field trip, by the continuity of the beaches themselves; schist 
shingle occurs abundantly on the high beach for 15 

The Holocene shoreline also shows some evidence or 16 kilometers to the southeast, appreciably beyond 

of warping, but generally occurs between 13 and 15 the main sources of schist in the Orocopia Mountains.  

meters above sea level. Holocene lakes seem to have 
repeatedly occupied the basin during the last several Strong wave activity is further indicated by the 

thousand years and the most recent, pre-Salton Sea crude imbricate arrangement of the schist pebbles 

filling is thought to have occurred about 1650 years present in the beaches. Numerous small channels have 

ago, but may be as recent as 300 to 500 years old cut through the high beach and provide good cross

(Hubbs et al., 1963, 1965). The Holocene lakes are sections of the internal structure. The stacking or 

known collectively as Lake Cauilla. imbricate arrangement of the schist shingle suggests 
that there was sufficient wave energy to move and 

At its maximum, Lake Cahuilla was about 160 km sort these pebbles, many of which are 10 centimeters 

long, T6 km wide and 100 meters deep. Its depth and across.  

area were controlled by the height of the Colorado 
River deltaic barrier between the Salton Basin and Although the high shoreline seems to have been 

the head of the Gulf of California. occupied by Lake Cahuilla on a number of occasions 
and is therefore the clearest and best developed of 

A very wide variety of shoreline features were the various shorelines, many very clear recessional 

formed by wave action in Lake Cahuilla. Among these shorelines can be seen, particularly on aerial photo

are shore cliffs as much as 10 meters high, extensive graphs. Examples are clearly evident at the first 

beaches, bay mouth bars, spits, tombolos and long shoreline stop.  

barrier beaches where the lake bottom had a gentle 
slope. On the western side of the Salton Basin, THE SALTON SEA 

particularly along the base of the Santa Rosa Moun

tains, the shoreline is marked by steep boulder Between the shoreline stop and the lunch stop, 

beaches and often by thick deposits of calcareous there will be many opportunities to see the Salton 

tufa coating the rocks below the high water level. Sea from the bus. This, the largest lake in Califor

Examples will be seen on the second day of the field nia, is a man-made feature whose origin is not 

trip, entirely unrelated to its various predecessors 
collectively known as Lake Cahuilla. It is much 

At the first shoreline stop, we will see a fine smaller, of course, and has a length of about 55 km, 
example of a schist shingle barrier beach. On width of 22 km, depth of about 15 meters, and area 

Figures 10 and 11 a prominent headland can be seen of 910 km2 . Its present surface lies about 71 meters 

in the lower left hand corner of the topographic map, below sea level and is rising a few centimeters per 

outlned by the 40-foot contour. At the time of the year.  
highest stand of Lake Cahuilla, longshore drift 

formed a broad sandy barrier beach more or less Over the past thirty years or so there has been 

along the ho-foot contour extending easterly toward much discussion about the level at which the lake 

the Orocopia Mountains. The most abundant rock type will eventually stabilize. Assuming that the present 

on the fans at the base of the Orocopia Mountains is inflow, chiefly from waste irrigation water, remains 

the Orocopia schist and the broad sandy barrier beach the same, the increasing evaporative loss as the lake 

extending easterly from the headland passes into a area increases should, theoretically, at some time 

schist shingle barrier beach, although the shingle in-the future bring inflow and evaporative loss into 

beaches also contain considerable sand as seen in balance. Most predictions suggest that the lake is 

Figure 12. near that level now. Average evaporative loss is 
about 2.5 to 3.0 meters per year, but because of 

This beach is at least 3.5 kilometers long and variations in evaporation and inflow, the lake tends 

is regarded as a barrier because it forms a prominent to reach an annual maximum level in April and a low 

ridge on the desert floor. It evidently initially level, about 25 cm below the high, in October.
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Figure 10. Southwest portion of 0rocopia Canyon 7 2 minute Quadrangle. Prominent Lake Cahuilla headland can be seen in the lower left corner. The high shoreline approximately follows the LO-foot contour This contour marks a smooth, sandy beach in section 32.  

Figure 11. Aerial view of the Lake Cahuilla headland shown on Figure 10.  
Recessional Lake Cahuilla shorelines can be seen on either side of the headland. Photo by John S. Shelton, No. 6768 cr.
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Figure 12. Viewoa ea toward ethe Orocopi aMountains.NoThet 
hhashorelinpe of LakeoCahuillas ohere deomposed 

mainly 

indicating vigorous wave and shore current activity. 
Robert M. Norris photo.  

the past forty orthiftyayearsr ha hadlaneadverseoee- morelshanre0,00sera of agricultural lande wasofnder6 

fect both on recreational facilities along the lake irrigation.  

shore and on agricultural activities. Appreciable I hs as fcusteClrd ie a 

aveobn abandonedtived tos flodn few decahe aguid- completely undaimned and subject to extreme fluctua

upv ofe saltsonted soiue theflodin leve ose. tions in volume. By the end of 1904, the river was 

up o sats i th sol asthelak levl rse.at a very low stage and the canals were badly choked 

The resnt Slto Se cam ino bing arl inwith silt. The settlers were clamoring for more 

thsenturyesen atonseance fte etlmentanin water and the irrigation company applied to the 

agiscltura deveonsemencfteh fertile farmlands in Mexican government for permission to install new 

theicultonrasindeginnimng in te 1890's As headgates. Long delays occurred and the company, in 

steslo Basi benicedinngoi the vlle byreal estate the interim, by-passed the existing headgates and 

andtlrm wrentins nto thnd of the last century, a built wing dams in the river in order to draw more 

andarm systmotis develoe tobinenerfo the water out of the low river. Unfortunately, in 

coaal syster. Owas teeopethe presncner felarge January 1905, a major flood occurred on the Colorado 

Clodoe sandr duewin exedn nt eio t River, followed by three flash floods in February.  

algonessay toune he retndnint orksxion the A great deal of water began to enter the canal sys

west nkceofr toplado teRiver in Meia terrtrtm through the open by-pass. Engineers for the 

Waest ank caredo the rdintakethroug aMexicanoy water company hoped to close the gap in late spring 

caneals to arreinedrona brdrwhrei pae during the normal low water period, but it was not to 

cnals te teinteaonal ystemr Ths, of course be; that year there was no low water period. The 

involved AmettingnupaaaMexican moorporationft coolect 
water remained high in the river through the spring 

and deliver the water to an American company, which 
and into the summer.  

then delivered it to the settlers in the valley. Eryi h umro 95 bu 6preto 

By aout190, thre ereabou a houandthe Colorado's flow was estimated to be entering the 

settlersa inuthe90allteand someaboutkilometesnof 
canal system, and by October that same year, virtually
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the entire river was flowing into the Salton Basin. right hand corner of Figure 13. The origin of these 
A new lake was rapidly forming in the floor of the features is in dispute. Norris and Norris (1961) 
basin, a salt works and the Southern Pacific railway suggest that they represent the downwind dismember
line were flooded. Deep channels, now known as the ment of the dune chain into what might be called a 
New and Alamo Rivers, were quickly cut into the soft chain of overlapping "Megabarchans." Sharp (personal 
valley sediments. An ironic result of all this was communication) has, on the other hand, suggested that 
that the canal system was largely dried up because they are more likely erosional features most likely 
the channels carrying the river water had cut well cut by streams flowing southwesterly across the fans 
below the canal level at many places. from the mountains to the northeast. Irrespective of 

their origin, these depressions are bounded on their 
The financial resources of the irrigation company straight northwestern sides by prominent slip faces, 

were exhausted by their efforts to control the river. often 40 to 50 in high (Fig. 15). Some of these de
The Southern Pacific Company took charge and managed pressions contain swarms of small barchans a few 
to close the break late in 1905. A few weeks later, meters high and 10 to 20 m across. In other depres
yet another flash flood came down the river and took sions, elongate fingers or ridges of sand extend 
out the dikes just completed. The new control gates from the slip faces out onto the depression floors.  
were completed in early 1906 but the river was not 
contained until November that year. In early Decem- Along the southwestern side of the dune chain, 
ber, yet another flash flood came down the river, particularly in the central and southern portion, 
this time from the Gila River, a tributary which long parallel dunes occur. From high altitude these 
enters the Colorado near Yuma, just a short distance can be seen to closely parallel the western margin of 
above the break. Because the break was on Mexican the dunes (Fig. 13). Again, the origin of these fea
territory, the federal government was unable to act tures is in dispute. Norris and Norris (1961) sug
and President Theodore Roosevelt appealed to the gest that they have been shaped by a combination of 
Southern Pacific to make still another attempt to northwesterly winds along the dune chain, and westerly 
close the break. Final closure was effected in or southwesterly winds from the Salton Basin and are 
February, 1907. analogous to self dunes. Sharp (personal communica

tion), on the other hand, thinks it more likely that 
By that date, the Salton Sea was a lake appre- these features are transverse dune ridges shaped 

ciably larger than the present lake. Its surface mainly by the prevailing southwesterly winds of the 
stood at 60 meters below sea level (now 71 m). The Imperial Valley. Unfortunately, there is no reliable 
channels of the New and Alamo Rivers were gorges as wind data from the dune chain itself, only from sta
much as 0.4 km wide and 15 m deep cut into the valley tions 30 or 80 km distant.  
floor silts. Both rivers had demonstrated spectacular 
rates of headward erosion during the formation of the Various explanations have been offered to account 
lake. Waterfalls 5 to 10 m high migrated up the New for the linear nature of the dune chain and for the 
River to the Mexican border, a distance of about 80 special features within the chain. Norris and Norris 
km in two years. In the Alamo River, headward ero- (1961) believe the dune chain is a feature of some 
sion of the same sort, extended upstream 48 km in the antiquity, perhaps going back into the Pleistocene.  
same .period. They point out that the Lake Cahuilla shoreline turns 

south from a southeasterly trend north of Niland and 
Salinity of the Salton Sea was at first rather note that the slope of the lake floor decreases and 

low, despite the presence of salt flats on the valley the prominence of beach features fade near this bend 
bottom, but over the years as evaporation of the wat- in the shore. According to them, strong northwesterly 
er has occurred, salinity has increased to the point winds of the late Pleistocene blew sand inshore from 
where today it is about equal to that of.the sea, the beaches near this bend in the shoreline, and gra
although the distribution of salts is different. dually formed a plume of sand, fed chiefly from the 
Sulfates, for example, are much higher in the Salton north, which was eventually extended southeast to the 
Sea than in the ocean. Salinity will continue to edge of the Colorado River flood plain in Mexico.  
increase, both because of the great evaporative loss Other informal suggestions have been made. It has 
of water and because much of the inflow consists of been speculated that the orientation of the dunes 
water which has been used to leach salts out of results from the alignment of the dune above the 
agricultural soils in the valley. buried extension or branch of the San Andreas fault.  

According to this view, the fault forms a ground 
DAY 1, STOP 3 water barrier and resulting surface seeps, increasing 

the growth of vegetation, and trapping sand over the 
THE ALGODONES DUNES trace of the fault. However, Olmsted et al. (1973) 

have named this feature the Algodones fault and 
The Algodones Dunes or Yuma Sand Hills or simply report that the basement on the southwest side is 

the Sand Hills form a complex chain of dunes along downthrown several thousand feet. This and the dis
the eastern side of the Salton Basin from near the covery of oceanic crustal spreading centers in the 
southeastern end of the Salton Sea to the edge of northern Gulf of California and their probable 
the Colorado River flood plain just south of the occurrence under the Salton Basin, cast some doubt 
international border. The dunes form a continuous on the efficacy of any such fault to impound ground 
chain about 65 km long and from 5 to 10 km wide. The water. A number of other investigators including 
highest peaks in the dunes are about 70 m above the Brown (1923) and more recently Loeltz et al. (1975) 
alluvial surface on which they rest. As can be seen have suggested that the dunes have Migrated east from 
in Figures 13 and 14, the central and southern part the Lake Cahuilla shoreline, some claiming that the 
of the dune chain is characterized by large depres- Lake shoreline is parallel to the western side of the 
sions or hollows of roughly triangular shape that to dunes. Merriam (1969) and van de Kamp (1973) claim 
the south expose more and more of the flat alluvial that the dune sand resembles the Colorado River sands 
surface on which the dune chain rests: These hollows, more closely than it does sands derived from the 
in the southern part )f the dune chain, form a double mountains bordering the Salton Basin. If they are 
or even triple rank, which can be seen in the lower correct, this provides some support for the
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Figure 13. A U-2 vertical aerial photograph of the southern part of the Algodones dune chain. The large open 

depressions can be seen in this part of the chain. Note the parallel ridges on the western side 

of the dunes. The tendency for the dune chain to break up into smaller forms can be seen at its 

southeastern end.  

Two dominant wind directions are suggested by the northwesterly trend of the main dune system and 

by the more westerly trend of dunes on East Mesa southwest of the dunes as well as by the branch 

of the Algodones in the southeastern corner of the photo. (U.S. Geological Survey high-altitude 

photo 665V 049, November 1967.)
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Figure 15. South portion of Grays Well 7 minute quadrangle, showing dimensions of sand-free 
depressions in the southern Algodones Dunes. Small sand ridges or sand fingers can 
be seen extending southeast from the high slip face in the depression in the upper 
left hand corner of the figure.  

suggestion that the dunes migrated east from the Lake the same as the one through which both the highway 

Cahuilla shoreline, but this claim is difficult to and the All-American canal pass, it has not been de

reconcile with the strong evidence that shore cur- graded by these engineering works and it is a good 
rents moved sediment southerly along the eastern side deal easier to see its characteristics. The distance 
of Lake Cahuilla. is not great, but walking across dune sand is arduous 

and some of you may decide that the 1.2 km (or 3/4 

At the Algodones dunes we will park the bus near mile) walk is more than you wish to undertake, 

the roadside rest shown on Figure 14 and walk up the especially if the day is warm.  
dunes to the top of the slip face overlooking the 
large sand-free depression immediately south of the 
highway. Although this depression is fundamentally
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Figure 16. A. Coarse fanglomerates of the Split Mountain formation, 
Fish Creek gorge. Note boulder-choked tributary 
channel.  

nearly vertical canyon walls, boulder-choked tribu
tary stream channels (Fig. 16) and occasionally such 
features as armored mud balls and mud curls. It also 
provides excellent exposures of rocks deposited under 
similar arid conditions including massive fanglomer
ates, thick mudflow deposits, coarse breccias as well 
as shallow water marine sandstones, shales, oyster 
reefs and pebbly siltstones.  

The prominent red cliffs where the bus is 
parked, belong to the Miocene Split Mountain forma
tion, a sequence of land-laid deposits here about 
830 m thick. The top of this formation, according to 
Dibblee (1954) is a dioritic breccia which is easily 
seen in the canyon. Conformably above the Split 
Mountain formation is the marine Imperial formation, 
about 1150 m thick. In the canyon, this formation 
is composed of well bedded, variously colored sand
stones, siltstones and shales, some ebbly. At the 
upper end of the canyon, a badlands area will be seen 
and is underlain mainly by yellowish-brown claystones 
and interbedded calcareous oyster reefs of the upper 
Imperial formation.  

The path of Fish Creek is itself interesting. It 
rises in the low badlands area to the south of the 
Fish Creek and Vallecito Mountains which form the 
east and west sides of the canyon respectively, 
abruptly enters the deep gorge you have seen and 
drains into San Felipe Creek which flows east into 
the Salton Sea. Although the nature of this stream 
course has not been investigated in detail, it seems 
likely that it is an antecedent stream. The Fish 

B. Undercutting at base of canyon walls, Creek Mountains are bounded on the east and cut 
Fish Creek gorge Pebbly sandstones of internally by strands of the active San Jacinto fault 
Imperial formation can be seen on system and it is probable that the mountains have 
left hand side of the streamn channel, been uplifted along these faults.  
Photos by George L. Meyer.  

SAN JACINTO FAULT ZONE AND BORREGO 
DAY 2, STOP 1 MOUNTAIN EARTHQUAKE, APRIL 9, 1968 

SPLITAbout 0.8 km south of California Highway 78 on SPLI MOUTAI CANON FISHCREK GOGE)Split Mountain Road, a low scarp can be seen a short 

Atdistance to the east of the road. During the 1968 
about 1.5 km up the canyon. The gorge itself dis- ciabe ground a cured ere a r 
plays many features characteristic of desert water- house wre ba age Althouh dseenwa 
courses including braided channels, undercut banks, houses were badly damaged. Although displacement was 

mostly horizontal, some vertical displacement was
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also evident. Sharp (1972) notes that in every case, 

displacements observed in 1968 duplicated those indi
cated by older Quaternary geomorphic features.  

The ground breakage occurred along what is called 

the Coyote.Creek fault, a branch of the San Jacinto 

fault zone. California Highway 78 was ruptured about 
0.3 km east of the junction with Split Mountain Road 

on this occasion. The epicenter of the 1968 earth
quake was placed about 5 km north of the junction of 
these two roads.  

LAKE CAHUILLA SHORELINE, SAN FELIPE BADLANDS 

A few kilometers west of California Route 86, 
north of the junction with Route 78, are the low 

hills of the San Felipe badlands. These hills are 

eroded from the non-marine Pliocene clays and silts 

of the Palm Spring formationwhich, being very spft, 
was readily cut by wave erosion when Lake Cahuilla 

was at maximum level. The southern side of these 
hills, facing Highway 78, faced a somewhat protected 
embayment and the cliffs are not as prominent as they 

are on the eastern and northern sides of the badlands 
where some cliffs are .10 to 12 m high (Fig. 17).  

DAY 2, STOP 2 

THE SALTON BARCHANS 

A brief stop will be made at this point to see 
the swarm of 47 small, rapidly moving barchan dunes 
described by Long and Sharp (1964). They found that 
movement of the dunes varied from about 100 m to 

about 280 m during the seven years between 1956 and Figure 18. Salton Barchans, California State Highway 

1963, an average of 25 m per year. The dunes vary 86 crosses photo diagonally. Santa Rosa 

considerably in size, with the smaller ones only Mountains in distance. Photo by John S.  

about 10 m from horn to horn, with heights of 1.5 to Shelton, No. 5461cr.  

2 meters; the largest are more than 100 m across and 

have heights of 8 to 12 m (Fig. 18).  
comes from the sandy rocks of the Palm Spring forma

An isolated member of this same group of dunes tion exposed to the west, from sandy water courses, 

lying west of the highway about 8 kilometers from the from the old shorelines of Lake Cahuilla and possibly 

Salton barchans was studied by Norris (1966) who from Borrego Valley 40 km to the west. Long and 

found a similar rate of movement. Long and Sharp Sharp (1964) suggest that localization of these 

and Norris agree that the sand feeding these dunes Salton barchans is the result of more abSndant sand 

come fothsAnd ok ftePl pigfra 

Figure 17. Shoreline cliff of Lake Cahuilla cut in the soft clays and silts of the 

Palm Spring formation, San Felipe barlands. Photo by Robert M. Norris.
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supply in the area, probably influenced by the TRAVERTINE ROCK 
smoother topography there and by the greater amount 
of vegetation. They point out that even a few plants Both at Travertine Bock and on the lower slopes 
may cause the accumulation of sand and that minor of the Santa Rosa Mountains to the west is the very 
topographic features even a meter or two high, may prominent high shoreline of Lake Cahuilla, marked here 
greatly affect the form of barchans. by the light tan coating of calcareous tufa which was 

deposited below the water line and by the darker des

The isolated barchan (the Tule Wash dune) stud- ert-varnished crystalline rocks above. At the high
ied by Norris (1966) cannot be easily seen from the est stand of Lake Cahuilla, Travertine Rock was an 
highway, but has revealed a number of interesting island, but at lower lake levels it formed a tombolo 
things about this group of barchans. About 5% of for a time and then a headland. Fine examples of 
the grains in the isolated barchan are derived from sandy beaches, bay-mouth bars and old beach lines can 
mud curls in the nearby water courses, which when be found here (Fig. 21).  
wetted form crusts or weakly cemented zones in the 
dune. Volume calculations were made for the Tule DAY 2, STOP 4 
Wash dune over a nine-year period from 1955 to 1964.  

LAE CARUILLA SHORELINE AND INDIAN FISH TRAPS 
These calculations showed a 40% fluctuation in 

volume during the period, with low volumes generally In this vicinity the high shoreline is marked by 
following flash floods in the adjacent desert washes. a fresh looking wave-cut notch cut into the crystal
Evidently, flash floods scoured out the sand in the line rocks of the mountain. Below the notch is an 
wash which was then slowly replenished by wind and extensive slope of rounded talus boulders of granite 
possibly by smaller stream flows in the intervening porphyry. Calcareous tufa thickly mantles the rocks 
years. Successive surveys of the dune indicate an below the wave-cut notch (Fig. 22).  
average annual advance of about 12 to 15 m. Persis
tence of this rate was verified by extrapolating back This steep boulder shoreline contrasts with the 
from 1955, when the first survey was conducted, to sandy or gravelly beaches developed on alluvial fans 
1942 and 1943, when the dune was used as a target for and with the cliffed shorelines at other localities.  
aerial gunnery. At the time of the first surveys, 
the site of the 1942-44 dune was littered with .50 Desert varnish is observed here above the shore
calibre machine gun projectiles and dated spent car- line, but there is little below it. This fact can 
tridge cases. The cartridge cases showed clearly provide a rough age estimate for the shoreline as 
where the dune had been in the early 19

40s. dark desert varnish coatings probably take many hun
dreds of years to develop. As a rule, desert varnish 

* * * *coatings develop on iron-bearing rocks in hot, arid 

Asregions. It is thought that in weathering, hydroly

the prominent Lake Cahuilla high shoreline cut in the and pyro s our bu h mi gratioe 
soft Palm Spring formation in the easternmost San Fe- solution beforecoxidationiandiprecipitation u 
lipe badlands can be seen plainly (Fig. 17). When there is little moisture available and a high 

DAY , STP 3evaporation rate, deposition takes place directly on DAYthe rock surface. Recent work at Caltech indicates 

TRUCHAVN PDIMET AD EOSIOAL URFCESthat most of the coating is composed of clay with 
TRUCHAVEN PEDIMENT AND EROSIONAL SUFACESiron oxides forming the pigmentation.  

At this location the Plio-Pleistocene Borrego Calcareous tufa tends to occur on the margins of 
formation is extensively pedimented. A fine series alkaline lakes where the water is highly charged with 
of three or four younger erosional surfaces lie be- calcium and carbonate or bicarbonate ions. In satur
low the pediment surface and are thought to be re- ated solutions the release of carbon dioxide will 
sponses to changing base levels in the Salton Basin, cause precipitation of calcium carbonate as will eva
though they have not been extensively studied (Fig. poration. Carbon dioxide may also be released by 
19). On the pediment surface are good examples of 19).On he edientsurace re oodexaple ofwave agitation or it may be taken up by algae carry
desert pavement. ing on photosysthesis. Algal precipitation is the 

Extending well up the flank of the Santa Rosa 
Mountains is the Canebrake conglomerate, a non-marine In the rounded talus about 15 to 20 m below the 
deposit of probable Miocene or Pliocene age which high lake level are two rows of pits excavated into 
grades basinward into the arkosic sandstones and the talus. Each row consists of 40 or more pits and 
clays of the Palm Spring formation. The lacustrine the lower row lies about 1 to 2 m below the higher 
facies of the Palm Spring formation is the Borrego row. Individual pits are about 1 m deep and 3-4 m 
formation which makes up most of the tilted pedimen- across (Fig. 23).  
ted beds seen at this stop.  

These pits are reputed to be fish traps. As they 
lie below the highest lake level they were built when 

On the return trip to the state highway, note the lake was rapidly falling; no prominent shoreline 
the broad Lake Cahuilla sandspit, extending to the can be seen below them. Considering the local evapor
south, near the intersection with Lakeview Road (Fig. ation rate, the lake with no source of water musthave 
20). This feature extends south from Clay Point, dropped in level between 1 and 2 m a year. If so, 
visible on your left, a little more than a kilometer. each row of fish traps could have been used for only 
When Lake Cahuilla occupied the Salton Basin, this one season. This rapid fall in lake level assumes 
feature was a prominent sand spit, which indicendally that the Colorado River ceased to enter the valley 
indicates that sediment was transported southerly and was again flowing into the Gulf of California.  
along the western shore as well as the eastern shore 
of the lake. The legends of the local Cahuilla Indianstell
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Figure 19. Northwestern quarter of Seventeen Palms 'T -minute quadrangle. Several levels of dissected 
erosional surfaces, generally covered with well-developed desert pavements, can be seen.
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Figure 20. Southwest quarter of Truckhaven 7 2-minute quadrangle. Lake Cahuilla high shoreline is well 
marked by the 50-foot contour around Clay Point in the upper left-hand corner of the map. The prominent 
fossil sand spit extends south from Clay Point nearly to Arroyo Salada.  
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Figure 21 

Aerial view of Travertine Rock, lower right-hand corner 
of photo, just above road. Note fine examples of Lake 
Cahuilla recessional shorelines and high shoreline at 
base of Santa Rosa Mountains in upper left-hand corner.  
John S. Shelton photo No. 67-513 cr.  

of a time when there was a great lake with abundant gastropods and bivalves, which imply deposition inthe 

fish and aquatic birds which provided most of their lake, but very close to the shoreline where.occasional 

food. Villages were located on the lake shores and floods on the fan would carry debris across the beach.  

in the mountains, from which trips were made to the 
lake to hunt and fish. Fish traps were widely used The beach is visible as a faint, grayish north

when the water reached the mountains, and many may south trending band about 100 m west of the trench.  
still be found along the base of the Santa Rosas. It is a constructional feature built up by wave ac

The legends also tell of slow recession of the lake, tion on the gently-sloping alluvial fan surface. This 

the fish dying, and of the appearance of mesquite type of shoreline is quite similar to the one viewed 

around the disappearing lake. One legend documents earlier at the Orocopia Mountains on the east side of 

occupation of the valley before the lake appeared, the Salton Basin. Like the Orocopia high shoreline, 
the village retreating before the rising waters, set- this one is also cut by occasional channels, indicat

tlement on the shores of the lake, and the reoccupa- ing a fairly recent age.  
tion of the valley behind the receding water. It is 
believed that the legends actually refer to the rise To the southwest, the Martinez Mountainrockslide 
and fall of Lake Cahuilla" (Theileg, et al., 1978). can be recognized by the very coarse debris, its hum

mocky topography, lobate toe and "natural levees"(:Fig.  

DAY 2, STOP 5 24). Preliminary study indicates three episodes of 
sliding as evidenced by successively smaller debris 

MARTINEZ MOUNTAIN ROCKSLIDE lobes superimposed on each other (Bock, 1967). The 
slide consists of granitic rock from the eastern side 

The large dike from which the rockslide, shore- of Martinez Mountain (elevation 1996 m). The head of 

line and fan will be viewed was constructed to pro- the slide is at 1900 m, and the toe lies at 60 to 100 

tect the valley farmlands from floods. Material for m above sea level. The total vertical fall was thus 

the dike was excavated from the fan and lake deposits about 1830 m. The horizontal distance traveled was 

on the uphill side of the dike. The excavation trench about 7.5 km, of which about 5 km was nearly due east 
serves as a settling basin. Where the dirt road cuts and then, after a nearly right-angle turn to the 

the far side of this trench, alluvial fan and lake north, another 2.5 km. The right-angle bend was made 

deposits are well exposed. They consist of thin, immediately above a deep canyon (Toro Canyon) without 

light buff calcareous silt layers containing tiny any debris apparently entering the canyon. The lower
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Figure 22 

A. High shoreline of Lake Cahuilla, base of Santa Rosa Mountains.  
Note oversteepening in crystalline rocks just above shoreline.  
Rocks above shoreline are coated with desert varnish, those 
below with calcareous tufa.  

B. Crystalline rocks heavily coated with spongy calcareous tufa.  
Tufa is here 0.5 to 1 m thick and shows little sign of weathering.  

Photos by George L. Meyer
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Figure 23 

A. Lake Cahuilla high shoreline and fish traps. Fish traps can 

be seen in well-rounded cobbles and boulders below high-water 

line. In the distance the wave-cut cliff can be seen, with 

desert-varnished rocks above and boulders below. High shore

line is about 13 m above sea level.  

B. A pit about 1 m deep, excavated into boulders.  

Photos by George L. Meyer
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Figure 2 4 

A. Aerial view of Martinez Mountain rockslide. Martinez Mountain (1996 m) is at right. Slide began near the 

summit, moved downward to the east, then turned 
to the north. Photo by John S. Shelton, No. 906 cr.  

B. Base of Martinez Mountain rockslide. Note lobate toe cut by stream gullies. Photo by George L. Meyer.  

C. Toe of Martinez Mountain rockslide. Boulders up to 6 m across, height of end 
of slide about 80 m.  

Photo by George L. Meyer.
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and its volume is estimated at 200-300 million cubic Mines and Geology, Spec. Report 118, 83-92.  
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California (Fig. 23). Jolla natural radiocarbon measurements III: Ra
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"Look! A fossil earthquake... and 
it's at least a 5.5 on the 
Richter Scale!"



ROAD GUIDE TO ASPECTS OF THE HOLOCENE BEHAVIOR 

OF THE SAN ANDREAS FAULT SYSTEM, SOUTHERN CALIFORNIA 

Kerry E. Sieh 

Division of Geological and Planetary Sciences 

California Institute of Technology 
Pasadena, CA 91125 

INTRODUCTION 

The San Andreas fault system consists of an 

intriguing set of faults which form the main portion 

of the boundary between the North American Plate and MOJAVe 

the Pacific Plate. Many of these faults continue Palmdale 

to be capable of generating earthquakes, as evidenced Reservoir 

by their historical activity and/or geological 
Pallett 

youthfulness. The purpose of today's trip is to 4 Creek Wrightwood 

visit a few localities along the San Andreas and San tilted trees 
Jacinto faults near Los Angeles which display evi- G4' 
dence of Holocene activity particularly well. The Lone Pine Cyn 

location of these sites and the field trip route are artequak do offset terraces 
shown in Figure 1. area 

A detailed account of our journey appears on a Sen 

the pages that follow. Several short papers which B 

discuss particulars relevant to our trip follow the Los 
aAngeles sn Jacinto 

road uide.study site 

(0 miles) The bus departs Caltech from the 

parking lot at the northwest corner of San Pasqual 

and South Wilson. We'll be traveling along Inter

state Highways 210 and 5 and State Highway 14 toward 

Palmdale for the next hour (see Fig. 1). During the 

first mile or so we will be traveling north up an 

alluvial surface toward the base of the San Gabriel 

Mountains. The San Gabriels are a very young moun

tan range flanking the Los Angeles area on the 
north. Studies of Ethe Punchbowl Formation on the 

northern side of the mountains, near Pallett Creek, 

indicate that alluvial deposits were being carried 

from the northeast toward the southwest, seemingly 

across the mountain, during the Hemphi I ian stage 0C 

(Woodburne and Golz, 1972, p. 35). Thus the mountains 

have risen since the Hemphillian, 4 to 10 m.y. ago 

(Berggren, 1972, p. 202). Recent studies (Morton, 

1976; Crook et al., 1978) indicate that many portions 

of the Sierra M-adre/Cucamonga fault zone, which forms 

the southern boundary of the mountains, have been 

active in Quaternary time, and in some cases, as II I3 

recently as the Holocene. 
San5 

(5.1 miles) We are now crossing the Arroyo Seco 

(Spanish for "dry wash"), which originates to the 

north in the San Gabriel Mountains. Soon, to the 

north you will see several tall buildings. These are 

part of NASA's Jet Propulsion Laboratory (JPL).  

Behind the buildings is the scarp of a late Quaternary Figure 1. Route of the field trip from Caltech 

fault. The San Gabriel Mountains have risen about to San Diego.  

100 meters with respet to the valley along this 

strand of the Sierra Madre fault zone during the past 

few hundred thousand years (Crook et al., 1978).  

Exploratory borings at JPL suggest thatthe fault may 

not have been active during the Holocene. For the 
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next several miles we will have, to the north, views freeway. The fault then courses across the alluvial 
of the faulted southern edge of the San Gabriels. fan. The freeway cuts across a siaIl 2 0-meter-high 

fault scarp. Because the fault here is in a rela(12.0) Several miles west of JPL we enter the tively flat region, several houses were built across Verdugo Hills they are covered with a thick blanket of the fault trace prior to the earthquake. Most of "chaparral". This type of brushy vegetation covers these houses suffered severe structural damage 
large portions of the hi I Is at intermediate eleva- during the earthquake. Neverless, new houses have 
tions. The geological record indicates that chapar- been constructed or moved onto many of these same ral has been an important part of the southern sites. Some surface streets in this area can 
California landscape for millions of years. Prior actually be seen to be displaced in both a left 
to the settlement of southern California any one lateral and a reverse sense.  
patch of chaparral would generally burn several 
times in the course of a century. This kept the (25.3) At about 1 to 2 o'clock is the brown 
chaparral relatively sparse. With the development battleship-like structure which is intended to of the Los Angeles metropolitan area, natural brush replace the Veterans' Hospital, a structure that 
fires have been suppressed. Since the brush now co.llapsed at the time of the earthquake, killing 
burns off less frequently in any one area, it over 50 people. This structure has been sitting half 
becomes much more dense and fires are generally completed since the passage of Proposition 13 in more intense. Every decade millions of dollars of 1978. The lower two stories are reinforced concrete.  
property are lost in brush fires in the Los Angeles The upper stories, which we can see from the freeway, area. Charcoal from prehistoric natural fires is are constructed of steel girders completely enclosed 
often found in sediments of Quaternary age in the by 3/4 inch steel panels! 
southern California area, and has enabled absolute 
dating of sediments at several locations. You will (28.2) Substantial portions of this Inter
see charcoal, for example, in the late Holocene section of Interstate 210 and Interstate 5 collapsed 
sediments at Pallett Creek later today. during the 1971 earthquake. At this point we are 

near the western limit of the 1971 ground rupture.  (17.2) Crossing the bridge that spans Big 
Tujunga Wash, the channel of a major river draining As we pass through the first roadcuts In the the San Gabriel Mountains, we arrive at the eastern mountains, perhaps you can pick out on your left or 
end of the 15-mile-long segment of the fault zone right some of the complex faulting in Miocene, Plio
which ruptured in 1971, producing the ML=6.4 San cene and Quaternary sedimentary rocks.  
Fernando earthquake. Unfortunately we do not have 
time to stop to view any of the fault scarps produced (29.8) Major collapse of portions of the inter
during that event. Since 1971 this area has also section of Interstate 5 and State Highway 14 also 
been subjected to a major brush fire (1975) and occurred during the 1971 earthquake. At the end of 
extensive flooding (1978) - truly a city planner's the bridge on State Highway 14 and on our left is a 
nightmare! For the first several miles along the beautiful faulted syncline in Mio-Pliocene rocks.  
1971 zone, the fault trace will be off to our right, The next large roadcut also contains a spectacular either within or at the base of the mountain front. exposure of steeply dipping, faulted sedimentary 
The earthquake was associated with up to 2 meters of rocks.  
oblique left-lateral fault slip on a fault which at 
the surface has an average northward dip of about The remaining half hour of our trip through the 
30*. The hypocenter was about 13 kilometers deep mountains toward the San Andreas fault will traverse under the mountains. Tertiary marine and non-marine sedimentary and 

volcanic rocks of the Miocene Soledad Basin.  (19.5) About a mile to our left is the large 
earthen embankment of the Hansen Flood Control Dam. (33.2) We are now crossing Placenta Canyon.  
It serves to illustrate an important aspect of Sharp (1975) says the canyon is ... "named for the 
engineering geology in southern California. In March discovery of placer gold in 1842 by the Spanish, 
of 1938, an enormous flood affected large portions six years before the find at Sutter's Mill which 
of the northern Los Angeles area. The channels on touched off the great Gold Rush of 1849. Beyond 
the A6liuvial fans at the base of the mountains were Placenta Canyon are ...gently dipping, 
not confined at that time; thus, during the flood, conglomeratic Pleistocene beds. Here we are passing alluvium was deposited over large tracts of the fan the abandoned tanks and wells of the almost depleted 
surfaces. The resulting economic losses were the Placenta oil field, a forlorn and depressing 
incentive for the development of an extensive system testimony to improper exploitation of a natural of flood control dams and basins, of which Hansen resource. This field, discovered in 1948, proved to 
Dam is a part. Hansen Dam now protects property on be a prolific producer from relatively shallow the historically active portion of the alluvial fan depths. However the area had once been subdivided 
downstream of the dam. One other use for the flood by a land promoter, and town-lot plats were held by 
control basins is to hold flood waters so that they different owners. Everyone got into the act, and too may artificially recharge the groundwater basins. many wells were drilled in the rush to get the oil 

out of the ground, with the result that only a part (22.3) We now resume our route on 1-210 of the full potential of the field was realized." 
at an interchange that sits squarely upon the 1971 
fault trace. If you had been reasonably certain (34.0) A mile or so beyond Placenta Canyon, 
that this fault moved only once every couple hundred the roadcuts on the west or left side of the ascen
years, would you have recommended the freeway not ding roadway display shallow-dipping beds. These be constructed across the fault prior to 1971? What beds steepen suddenly and then flatten out again as 
would you recommend now if the freeway were about to we cross the San Gabriel fault at 34.4. Sharp says 
be built? Just west of the interchange the San "The Placenta oil field owes its existence in part 
Fernando fault swings toward the mountains, skirting to the trapping of oil in beds upturned along the the low hill several hundred meters north of the fault." This is an ancestral trace of the San
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Andreas fault in southern California. With the ex- Details of this exposure are discussed by Smith 
ception of minor jostlings which are evident in the (1976).  
geomorphic expression of the fault trace between 
Pasadena to the southeast and Gorman to the north- (64.4) Exit Highway 138 offramp and turn south 
west (Weber, 1979), the fault appears not to have onto Highway 14. We will now pass through the road
had substantial movement in the Quaternary. cut again so you wilt have a second chance to view 

the deformations that have occurred along the f aul't (35.8) Notice the two anticlines in the road- in the past few million years.  
cuts on the left as we descend from the crest of the 
Placerita Ridge. Shortly we dip down and cross the (66.5) Exit Avenue S offramp and turn left.  
sandy bed of the Santa Clara River. This is a major The first small hill we ascend along Avenue S is the riverof southern California, although the stream is scarp of the San Andreas fault. You might notice 
normally no more than a few meters wide. During that In this area the San Andreas is actually not some flood periods the river bed covers the entire at the base of the San Gabriel Mountains, but 
wash. Just downstream a few miles from our crossing rather it lies out in the desert.  of the Santa Clara River a large flood took place 
in 1928. The flood was not a naturally produced Our route for the remainder of the morning and 
flood but the first engineering disaster in Los the afternoon will be along the San Andreas fault 
Angeles. William Mulholland, City Engineer of Los zone. If you have not yet read the quidebook 
Angeles at the time, had supervised the construction articles entitled, "The Great California Earthquake 
of the St. Francis Dam, a large dam on one of the of 1857" and "Prehistoric earthquakes associated 
tributaries of the Santa Clara River which was to with slip on the San Andreas fault at Pallett Creek" hold the waters brought into Los Angeles from the you may now want to do so during the half-hour 
Owens Valley to the north across the Mojave Desert. journey along the fault to Pallett Creek.  
That dam was built in a geologically unsuitable loca
tion and just after the reservoir was first filled, (695) Right turn onto 25th St. Left dogleg a landslide caused the failure of the southeast at 25th St. and Barrel Springs Road. The fault 
abutment. The complete and catastrophic failure trace is not visible at this point but it is just a 
of the dam resulted in the loss of 500 lives in the few meters north of Barrel Springs Road. Inter
Santa Clara River Valley between the dam and the section with Pearbiossom Highway. The fault con
mouth of the Santa Clara River at the Pacific Ocean tinues to pass through the juniper and sage scrub 
near Oxnard and Ventura. just off to our left a couple of meters. Crossing 

the California aqueduct. The fault crosses the (38.6) Sand Canyon Road. Past the Sand Canyon aqueduct only a hundred meters or so to the left of turnoff are exposures of interbedded conglomeratic the road. At all such fault crossings the aqueduct 
units and siltstones' and sandstones of the Mint is above ground to facilitate repair after a major Canyon Formation, a Miocene aleluvial deposit, earthquake.  

(41.9) On our left is a beautiful roadcut Intersection with 40th St. We now cross the exposing a Pleistocene river bed cut into the fault. The roadbed is cut into the fault scarp.  gently dipping Mint Canyon Formation, If you look The cottonwoods on our right are in a small closed 
quickly you can see the buttress unconformity at depression that is quite characteristic of the San the eastern end of the roadcut. The next few Andreas fault along this stretch. In 1853, when roadcuts on our left and right will expose only *the the Pacific Rairoad survey party passed through nearly horizontal Pleistocene gravels that rest on here on horseback looking for a possible railroad top of the Mint Canyon Formation at this locality, route they traveled along this line near the base 

of the mountains because it was the only route (52.4) About one mile beyond the Red Rover with an adequate supply of watering holes.  Mine Road exit, to the right of the Highway, is the scar of a fire which occurred in June of this (73.6) Intersection with 47th St. For the year. 
next several miles the fault is to our left at the 
base of a low linear hill.  (59.5) As we pass the Pearblossom Highway exit and continue on 138, we begin to see the (74.5) Right turn onto Cheseboro Road. The Mojave Desert on our right. We'll make our first drainage of Littlerock Creek is off to our left.  stop in a few miles. 
About a mile ahead and not visible to us on the bus 
at this point is Littlerock Reservoir, a concrete (61.7) Lamont-Odett Vista Point overlooking dam which holds irrigation water for the Littlerock Palmdale Reservoir and the San Andreas fault. We fruit growers. Left turn onto Mt. Emma Road. Off are now within a kilometer of the San Andreas fault, on our right is the Cougar Hill Ranch which supplies Palmdale Reservoir, in front of us, was built in many of the animals (the Mercury cougar, for ex

the 
f890's 

to supply irrigation water. It is a ample) for television. Littlerock Creek during the man-made "sag pond" which utilizes the scarp of the floods of 1978 destroyed the segment of the road San Andreas fault as its northern bank. The walls crossing the creek bottom. This creek appears to of the roadcut just northwest of the reservoir be offset right-laterally about a kilometer. That contain spectacular exposures of deformed Pliocene may indeed be the case, but it is also possible freshwater sag pond sediments. The San Andreas that the shutter ridge in front of the drainage has fault bounds the cut on its mountainward side, our diverted the creek, side, and the Littlerock fault, a sub-parallel Quaternary fault, bounds the cut on the north. (76.4) We pass the trace of the San Andreas 
fault which at this location is covered by a thick (63.2) Continuing north on Highway 14, the prism of fill for the road. From this point almost Palmdale roadcut displays spectacularly folded and unti we reach Pallett Creek, the fault will be on faulted Pliocene freshwater sag-pond sediments, our right and mostly not in view. The gravels in
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the roadcuts for the next mile or two were trans- bounded by two traces of the San Andreas fault.  

ported by Littlerock Creek (Barrows, unpub. map).  

This is one piece of evidence for a kilometer or East of the intersection is Shoemaker Canyon, 

two of right-lateral offset of Pleistocene gravels a linear valley that runs parallel to the fault.  

along this segment of the fault. The hills on the north or Mojave side of Shoemaker 
Canyon are composed of the Pleistocene Shoemaker 

(78.7) Right turn onto Fort Tejon Road. Gravel (Barrows, 1979). Distinctive clasts in these 
gravels were derived from the Pallett Creek 

drainage, 

(80.6) Intersection with 106th St. Off to 7 to 8 km to the northwest.  

the right about a kilometer is a mobile home 
on the 

side of a low linear hill. The San Andreas fault (91.4) Beginning a coupleofmllessoutheast of 

runs along the base of the hill below the mobile Shoemaker Canyon the topography along the road is 

home. Several offset gullies near the mobile home somewhat unusual. The many little ridges and 

indicate that the 1857 slippage here amounted to swales and flats are the result of thousands 

about 4.5 meters (Sieh, 1978 ). There is some and thousands of years of slip along the San 

suggestion at this location that simi larly large Andreas fault.  

events also occurred in the centuries prior 
to 1857.  

(94.1) On our right is Caldwell Lake, a body 

Although the San Andreas fault runs through of water contained behind a man-made dam. It is 

these low hills in front of the San Gabriel Moun- not a true sag pond, even though the fault passes 

tains, another important fault, the Punchbowl nearby. As we travel along the winding mountain 

Fault, lies at the base of the mountains off to our road for the next several miles we will see several 

right. This fault does not, however, appear to shutter ridges sitting in front of northward

have had significant Holocene movement, as alluvial flowing drainages. The geometry of the recent 

deposits appear to bury the fault trace along most 
traces of the San Andreas fault in this area is 

of its length (Noble, 1954). actually fairly complex. Just past Caldwell Lake, 
for example, there are two very distinct traces 

This is the area which experienced a very that can be seen in the aerial photography.  

tightly clustered swarm of small 
earthquakes at 

about 15 kilometers depth beginning in November of (96.3) Here at Camp All Nations is a good 

1976 (McNally et al., 1978). This was viewed with example of a creek blocked by a shutter ridge along 

some concern, since the San Andreas fault in the San Andreas fault. (98.2) Jackson Lake.  

southern California has been associated with very Jackson Lake provides another example of a blocked 

little seismic activity during this century. drainage. The lake occupies a closed depression 
nestled behind a shutter ridge.  

(83.5) Right turn onto Longview Road.  (99.1) Apple Tree Campground. The "bedrock' 

(.84.3) The dark asphalt patch in the road on the right hand side of the bus just past Apple 

marks the location of the San Andreas fault where Tree Campground is gneissic rock. The rock is so 

it crosses Longview Road. Contrary to a recent highly sheared, however, that it is essentially 

article in Life magazine, which claimed that this 
powder.  

patch was the county's response 
to continual 

shifting of the fault along this part of the San (101.0) SIDEHILL BENCH AND STUMP TREE STOP., 

Andreas, this patch is probably due to continual This stop, 340m northwest of Big Pines, is 

settling of the fill. There is no evidence of creep described in Kristian Meisling's article (this 

alon ths semen of he an Adres falt.volume) on trees affected by the 1857 earthquake.  

along this segment of the San Andreas fault.  

(84.6) Turn left onto Pallett Creek Road. (101.3) Big Pines. Turn left onto Highway 2.  

Eventually on your right you will see a brush- and The Big Pines Ranger Station either sits directly 

grass-covered flat. This is the Pallett Creek on or immediately in front of the San Andreas fault.  

terrace. (102.3) Holiday Hill Ski Resort. The San Andreas 
fault is concealed by the brush just off the road 

(85.4) PALLETT CREEK STOP. See the article to the left. About a half mile down the road from 

accompanying the road gui.de. Holiday Hill the fault crosses Highway 2 and 
continues on our right, sub-paral lel to the road, 

Leaving Pallett Creek. As we drive down as far as the town of Wrightwood.  

Pal lett Creek from the fault notice that the gorge, 

which is on the order of 10 meters deep at the 

fault crossing, shallows and becomes a broad wash. a careful count, I would estimate that about 
fifty houses will be damaged by surface faulting 

(86.8) Right turn onto Valyermo Road. Between in Wrightwood during the next big earthquake along 

Pallett Creek and our next stop, Big Pines, the bus this segment of-the fault. On the skyline above 

will climb along the fault from an elevation of town is Wright Mountain. The enormous unvegetated 

about 3700' to about 6600'. We will leave the high patch of land on the flank of the mountain is the 

desert and enter conifer forest. This segment of Wright Mountain landslide. No one knows how old 

the fault zone has been mapped very recently by this slide is, but it has moved periodically in 

Allan Barrows (1979) of the California Division of modern times. Debris flows composed of slide 

Mines and Geology at a scale of 1" = 1000'. materials have periodically inundated parts of 
Wrightwood, destroying or damaging homes built 

on 

(89.4) Intersection of Valyermo Road and Bob's the active alluvial surfaces. (105.4) Turn right 

Gap Road. On our left, past the intersection, a onto Lone Pine Canyon Road. (105.8) Turn left 

house sits on top of a small hill which juts up in onto Thrush Street. (106.0) Turn right after crossing 

front of Big Rock Creek. The hill is composed of the creek. On our right are enormous levees which 

young alluvium of Holocene or Pleistocene 
age and is confine the debris flows originating at the Wright
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Mountain slide. This year, removal of debris from Woodburne and Golz (1972) at U.C. Riverside 
the channel after the spring floods cost taxpayers recently have shown that these formations, although 
over $300,000. very similar, are not correlative.  

(107.3) LEANING TREE STOP. This would have (116.5) Right turn onto Highway 138.  
been our second stop to look at trees affected by (117.5) Right turn onto Interstate 15. For a 
the 1857 earthquake. Kristian Meisling's paper couple of miles we'll be traveling on the edge of 
discusses the two trees at this site which were Cajon Creek. A jog in the channel at the point 
affected by fault slip in 1857. Unfortunately, that it crosses the fault suggests that the 
the trees were removed during the construction drainage may be offset about l kilometers along 
of the large levee this year. the San Andreas fault.  

As we continue on our journey to the southeast (121.11 San Andreas fault crosses Interstate 
along Lone Pine Canyon Road we pass back and forth 15. Just before the bus enters the roadcut the 
across the fault trace. Many of the homes along San Andreas fault crosses the road. If you look 
this road are built directly on the fault trace. carefully (but quickly) you can see that the terraces 
One good humored homeowner has erected a sign in of Lone Pine Creek are offset. You may also see 
his front yard that says "Jones' Fault." I'm sure a reflection of light off Lost Lake, a sag pond along 
he'll laugh all the way to the loan company if the fault on the terrace about a kilometer distant.  
faulting splits his house in two. California does If the terraces, which were offset about 200 meters, 
not forbid the construction of a house across an were formed at about the beginning of the Holocene, 
active fault unless it is built as part of a the Holocene slip rate on the San Andreas at this 
subdivision of four or more houses. particular location has been about 2 cm per year.  

This speculated age for the terraces has not been 
(108.3) The Lone Pine Canyon Road tree is on confirmed by absolute age dating.  

our right. It was topped in about 1834, by some 
natural force other than an earthquake. As the bus For the next several miles the San Andreas 
passes the saddle separating Wrightwood from Lone fault is nestled against the base of the San 
Pine Canyon those of you on the left hand side of Bernardino mountains, on our left.  
the bus may have a nice view along this linear 
valley through which the fault runs toward San (126.1) Cable Canyon. At about 9 to 11 o'clock 
Bernardino. In its upper reaches Lone Pine Canyon is a large canyon cutting alluvial fan materials.  
is now aggrading. In its lower reaches, near Notice that the canyon does not continue straight 
Interstate 15, several large terraces indicate that into the mountains but is offset from its source 
Lone Pine Creek has actually downcut during its along the San Andreas fault. As Interstate 15 
most recent phase. Thus the gradient of the creek turns away from the San Andreas fault we will have 
has actually steepened in recent times. The our last glimpse of the fault.  
terraces at the southeastern end of the canyon near 
the freeway are offset about 200 meters. Ray There are other active faults within the 
Weldon, a graduate student at Caltech, is presently San Andreas fault system. The San Jacinto Fault cuts 
mapping these terraces and related geology. across our route to San Diego (Fig. 1). This 
Irregular linear ridges nestled against the south- right-lateral fault has been very active during the 
western side of the canyon are geomorphic indicators 20th century. The segment of the fault that tra
that the fault trace actually hugs the right or verses the San Bernardino Valley ahead of us is 
southwest side of Lone Pine Canyon. The.rupture particulary dangerous because it courses through a 
associated with the 1857 earthquake probably termi- major urban area, and also because it has not moved 
nated in the upper reaches of Lone Pine Canyon. in the historical period.  

(114.7) At this point Lone Pine Canyon Road (138.3) Orange Show Road turnoff. Notice at 
swings left through a breach in the canyon wall and about 1 to 2 o'clock the three KFXM radio towers.  
leaves Lone Pine canyon. This summer a brush fire The central tower is within a few meters of the 
burned toward this point from the southeast and trace of the San Jacinto fault (Sieh et al., 1973).  
charred most of the vegetation along the fault in The Holiday Inn, just between the towers and the 
the canyon below this point. This affords an intersection of 1-15 and 1-10, is bisected by the 
unusual opportunity to study the geomorphology and San Jacinto fault; all four ramps of the northern 
geometry of the faulting. abutment of the freeway interchange pass over the 

faulIt.  
At the summit of the breach in the canyon wall, 

those of you on the left will be able to get a brief I am in the midst of a study of the late 
glimpse of the Cajon beds which dip gently away Holocene history of this fault at a site about a 
from us toward the northeast. The Cajon beds were mile southeast of the freeway interchange. This 
first mapped by the late Levi Noble, a geologist study will hopefully yield information on the San 
employed by the USGS, who used to live near Pallett Jacinto fault similar to that found along the San 
Creek. Noble recognized that these Cenozoic Andreas fault at Pallett Creek. The site is under
alluvial deposits had weathering characteristics and lain by sands, peats, and clays which were deposited 
a general appearance very similar to rocks he between 6000 yrs B.P. and last year. At the present 
mapped on the opposite side of the fault near time, I can say that at least two events have 
Pallett Creek which he called the funchbowl Formation. occurred since about 200 A.D. and one occurred 
It was on the basis of the separation of these two bo- within a few decades of that date. If we have time, 
dies of rock--the Cajon beds on the northeast side of we will visit this site before dinner.  
the fault and the Punchbowl Formation near Pallett 
Creek, on the southwest side--that Noble (1954) REFERENCES 
first made the suggestion that post-Miocene strike
slip motion on the San Andreas fault was 25 miles. Barrows, A.G., 1979, Geology and fault activity of
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BACKGROUND to the mouth of the Colorado River in Mexico (Figure 

1). Destructive intensities above Modified Mercali 

The segment of the San Andreas fault traversed VI occurred throughout much of central and southern 

during this field trip is part of a 360-km segment California between Los Angeles and Monterey Bay.  

which last ruptured in 1857. This short paper is Were the earthquake to recur today, about twenty 

intended to familiarize you with that earthquake million people would experience its effects.  

and its associated phenomena.  

The California earthquake of the morning of 

January 9, 1857, commonly called the Fort Tejon Figure 1 shows the length of the fault rup

earthquake, is one of the three great earthquakes ture which produced the earthquake. This length is 

that has happened in California in historical times. known in part from historical accounts, but also 

Over 70 historical accounts tell of the earthquake. from tilted trees near the southeastern end of the 

Several of these historical accounts are appended at rupture. We will be visiting some of these trees 

the end of this article for your interest and today.  

amusement. The majority of the accounts indicate 

that the shaking lasted between one and three Only the sketchiest historical information 

minutes and was felt from points north of Sacramento exists concerning the nature of fault slippage during 
the 1857 earthquake. Contemporary accounts indicate 

strike-slip movements of perhaps several meters. A 

FELT LIMITS, 1906 EARTHQUAKE wealth of geomorphic information indicates that 

right-lateral slippage ran~ed from 3 to about 10 

meters along the fault (Figure 2). Along much of 

the northwestern half of the trace, the offset of 

smaIll streams and other reference features ranged 

from 6 to 10 meters. Along the southeastern half 

0 NOT FELT OR NOT MENTIONED of the rupture, such features were typically offset 

IN PAPERS OR DIARIES between 2.5 and 5.meters; it is the southeastern 

0 FELTsegment 
that we will be traveling today.  

- 0 SEVERITY OF GROUND SHAKING FORESHOCKS 

MARYSVILd LMdfedMrolOSae 
LL t. (MdfE Merao Scle Several large foeshocks gave an unrecognized 

CRA ENTOO warning of the Impending great shock during the 

1t 
hours prior to its occurrence (Sieh, 1978a).  

SANSeveral 
of the historical accounts indicate that 

FRANCISCO moderate shocks were felt between Santa Barbara and 

San Francisco (Figure 3) one to two hours prior to 

a the mainshock. The isoseismal maps of these fore

MONTEREY 
shocks are comparable to the intensity maps of 

VSEVITYO GOND SHAIN 

several moderate historical earthquakes for which 

the epicenters and surface ruptures are 
known to 

be at the northwestern end of the 1857 main rupture.  

This Is at the southeastern end of the creeping 

segment of the fault, near a town called 
Parkfleld 

N (Figure 3). The foreshocks probably also occurred 

NA at that point. This stronglysuggests that the 

LOSepicenter 
of the mainshock was near Parkfeld, 

*0 . because foreshocks usually occur near or at the 

V4 epicenter of the Impending mainshock. Thus, 

OA the reasonable Inference Is that the1857 event began 

KILOMETERS within the creeping segment of the fault and pro

............................ / pagated southeastward toward Los Angeles. If the 

rupture velocity was 3 km/sec., the 70-km 
long seg

ment we are traveli-ng today did not begin to rupture 

Figure 1. The great 1857 earthquake was felt until 80 seconds after the event began 240 kilometers 

throughout southern and central Califor- to the northwest. And we can visualize that the rup

nia. Over 70 detailed accounts are col- ture took about 25 seconds to traverse the 70 km 

lected in Agnew and Sieh (1978). segment that we will be traveling along for half of 

55



56 

- WELL- CONTROLLED 
Q- lOm VALUES 

V..INTERPOLATED AND 
EXTRAPOLATED VALUES .. today's route 

5m 

0 100 km 200 300 

-Lo 

Figure 2. Right-lateral movements along the San Andreas fault in 1857 ranged from about 3 to 10 meters (Sieh, 1978b).  
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Figure 3. Iet areas of the two principal foreshocks. of the 1857 earthquake.  -F San Francisco; SB = Santa.Barbara
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today. One engineer has estimated that millions of and lasted between 80 and 90 seconds. It began 

dollars of damage could be avoided by certain manu- very gently, became strong, and was a little less 

facturers in the Los Angeles area if they were given strong when it ended. The ground immediately 

even a few seconds' warning of a future event such around us seemed to shake violently like a cradle 

as the 1857 shock. rocking. Only rarely do earthquakes last so long 
and have such strange motions. The water standing 

FUTURE EARTHQUAKES in pools was thrown about and splashed over their 
edges. The water in the ditches around the village 

Allen (1968) proposed that the historical was also thrown about and over the banks, and from 

behavior of the SanAndreas fault is characteristic being crystal clear became thick with mud. Dogs 

of its Holocene behavior; that is, the 1857 seg- howled and the beasts stood like statues while 

ment has been and will continue to be characterized flocks of startled birds flew shrieking from south 

by great earthquakes with major strike-slip motion to north as if moved by an invisible force. The 

on the fault separated by long periods of fault people fled into the streets; many could not stand 

dormancy. To what degree might the 1857 event and in terror fell to their knees and cried out, 

actually be characteristic of great earthquakes "Lord have mercy." The houses cracked and if they 

along this segment of the fault? This is currently did not have light roofs of asphalt would have 

an unresolved issue. If every earthquake is asso- fallen in, which would have made this earthquake 

ciated with offsets such as those that occurred in as destructive as the one in San Salvador in Central 

1857, then the slip rate along the northwestern America. Many people were nauseated. Along the 

segment of the fault is about twice as great as it banks of the creek near here the earthquake has 

is along the southeastern segment. Alternatively, produced long open cracks of varying width. A few 

great earthquakes may occur twice as frequently minutes after 8 there was another earthquake which 

along the southeastern half of the rupture where the lasted for a short time. At 11 at night there was 

offsets were only 5 meters in 1857 than along the a third shock which lasted 4 seconds; during the 

northwestern segment where the offsets were 10 night three more were felt, making a total of six 

meters. Continuing efforts to unravel the Holocene that were noticed by most people. There Is also 

history of the San Andreas fault may someday provide another phenomenon. From the first shock at 10 A.M.  

a basis for selection of one model over another. until 5 P.M. the earth has been moving constantly, 
though it has reguired close attention to notice 

CONTEMPORARY ACCOUNTS OF THE 1857 EARTHQUAKE this. There have certainly been more than a few 
periods, up to 20 minutes long, of almost Impercep

Letter of W.M. Johnson to A.D. Bache, January tible earthquakes. It seemed as though the Earth, 

19, 1857 (pp. 139-145), Vol. 23, 1857 Correspondence tired of suffering our sins, was shaking herself 

of the Superintendent, Records of the Coast and free of us as birds shake off what disturbs their 

Geodetic Survey, Record Group 23, U.S. National feathers.  

Archives microfilm MC642, Roll 176, frames 294-297 

Camp Sycamore Valley Call 
Jan. 19th 1857 Fort Tejon, Cal., Jan. 11th, 1857 

Prof. A D Bache 
Wasingon ityEditor of Los Ange 7es Star: 

Washington City 

My der sirSIR - Presuming that your readers would be 

My dear sir pleased to obtain some information respecting the 

On the morning of the 9th inst we experienced effects of the terrific earthquake experienced at 

the most violent shocks of an earthquake ever this post, I will endeavor to give you a slight 

remembered to have been felt in this state and description of the same. The first shock took 

should it extend to San Francisco without diminution place about thirty minutes past six o'clock, A.M., 

of its force as felt here, we may expect to hear a on Friday, January 9th, which was succeeded, at 

melancholy account of the loss of life and property. twenty-seven minutes previous to nine o'clock A.M., 
by the most terrific shock imaginable, tearing the 

The motion to me was vibratory only, though Officer's quarters to pieces, severely damaging the 

others contend that it was also undulatory, in a Hospital, and laying flat with the ground the gable 

direction from SE to NW and was first felt at 24m ends of nearly all the buildings erected, including 

past 8 A.M. on the 9th inst and lasted about 2 the Quartermaster's storehouse. Immense trees have 

minutes. During that time we with difficulty kept been snapped off close to the ground, and every 

on our feet. Many things in camp were thrown vio- building between Fort Tejon and Lake Elizabeth 

lently to the ground. The tents shook as by a gale. leveled with the ground. Many persons have been 

My sensations at the time were those of exhilaration 
seriously Injured, and one woman killed at "Reed's 

and yet the cause producing them made us also feel 
Rancho." The officers and troops at this post 

sensible of a nausea similar to that occasioned by have thus far escaped any Injury.  

being at sea: several persons have since told me 

they were so powerfully affected as to vomit... 
The shocks and vibrations have continued at 

--- regular intervals up to the present time, say five 

o'clock P.M. It Is very evident that a powerful 

Los Angeles El Clanor Publico January 17, 1857 volcanic eruption is in progress a few miles to the 
southward of the garrison. You can well Imagine 

THE EARTHQUAKE the alarm constantly existing In the minds of 
every person, caused by the frequency of these 

The first shock started at 8 in the morning frightful shocks.  

NWest of Los Angeles, along the coast. 
The earth has opened In many places for a dis-
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tance of twenty miles. Many instances occurred of shock may occur in half an hour. In suspense we narrow escapes from injuries by the falling buildings. waited, and it came. Then the skies cleared, the Amongst them, the lady of Capt. R. W. Kirkham, air moved with cool, swift wings, the stream ran Assistant Quartermaster, who is absent from the Post clear, and the earthquake's spell had passed. When on official duty; also, Lieut.-Col. B. L. Beall, we ventured towalk around at a little distance commanding the Post, who had barely sufficient time from the house, we found, about twenty rods away, a to escape from his bed amidst the falling of plaster, rift in the solid ground, a foot wide, a hundred the crashing of material, falling of chimneys, &c. feet long, and so dark and deep, we feared even to It is a miracle that no lives were lost, for which measure it.  
mercy we are indebted to the protecting influences ms i 
of an All wise Providence.  

Reminiscence by Stephen Barton, 1876 (From the 
We feel quite anxious to learn the effects at Visalia Iron Age, December 28, 1876, p. 1, Los Angeles, as the line of disruption seems and col 2) 

does extend from south-east to north-west.  

S......This line was marked by a fracture of the Mr. David Alexander has come into garrison earth's surface, continuing in one uniform direction from the vicinity of Santa Amelia, and reports that for a distance of some two hundred miles. The fracthe beds of many small streams have been enlarged, ture presented an appearance as if the earth had and now form almost rivers; and that immense numbers been bisected, and the parts had slipped upon each of fish have been thrown out of the Lakes upon dry other. Sometimes the earth on one side would be several feet the highest, presenting a perpendicular 
wall of earth or rocks. In some places the sliding The effect of this convulsion of nature will movement seems to have been horizontal - one side be felt far and near. I have just learned that some of the fracture indicating a movement to the northof the buildings at the Reservation have been much west, the other to the southeast. The fracture purinjured, 
sued its course over hill and hollow, and sometimes this sliding displacement would give to the points Yours, truly, 
of hills and to gulch channels a disjointed appearALONZO C. WAKEMAN ance.  

Quartermaster's Deputy, USA 

Reminiscence by Augusta J. CrocheronI (From Santa Barbara Gazette January 22, 1857 p. 2 
Crocheron, 1885, pp. 371-372) ...... A large rent in the earth was traced by Mr.  Warner a distance of eight leagues. When on the Can any one who has ever experienced an earth- high ground by Elizabeth Lake it could still be quake, overcome a dread of its recurrence; or mis- discerned running in an easterly direction towards take the signs that are usually premonitors of its the Colorado river. This rent was in some places coming? One pleasant morning I was searching five to 10 yards wide, the earth at times filling it through garden paths for roses for the breakfast up like ploughed furrows; at others the ground stood table, when the air seemed to hold still, not a apart, leaving a deep fissure. Its course was in a breath stirring. I heard a far off smothered, straight direction, across valleys, through lakes and rumbling sound, that I scarecely noticed, for I over hills, without regard to inequality or condition thought I was growing dizzy, and not understanding of surface. On either side, the ground had been more 

why I should feel so, I started for the house. As or less disturbed for a long distance ....  I stepped across a narrow stream, the opposite bank 
seemed first to recede from me, then Instantly to heave upward against my feet. As this threw me from REFERENCES 
my equilibrium, the water emptied out on either bank, Agnew, D.C., and K.E. Seh, 1978, A documentary and hearing an Indian's voice in loud supplication, study of the felt effects of the great I turned and saw our Lothario on his knees, the California earthquake of 1857: Selsmol. Soc.  ground rising and falling in billows around him. At America Bull., v. 68, p. 1717-1729.  
the same instant I saw my parents and sisters Allen, C.R., 1968, The tectonic environments of clinging to large trees, whose branches lashed the seismically active and inactive areas along ground, birds flew irregularly through the air the San Andreas fault system: in Proceedings shreiking, horses screamed, cattle fell bellowing of Conference on Geologic Problems of San on their knees, even the domestic feathered tribe Andreas Fault System, W.R. Dickinson and A.  were filled with consternation. Voices of all Grantz, eds., Stanford Unv. Publications in creatures, the rattling of household articles, the the Geological Sciences, v. 11, p. 70-82.  cracking of boards, the falling of bricks, the Sieh, K.E., 1978a, Central California foreshocks of splashing of water in wells, the falling of rocks the great 1857 earthquake: Seismol. Soc.  in the mountains and the artillery-like voice of America Bull., v. 68, p. 1731-1749.  
the earthquake, and even that awful sound of the Sieh, K.E., 1978b, Slip along the San Andreas fault earth rending open - all at once, all within a few associated with the great 1857 earthquake: seconds, with the skies darkened and the earth Seismol. Soc. America Bull., v. 68, p. 1421rising and falling beneath the feet - were the work 1448.  
of an earthquake. It passed - we rejoined each 
other, thankful that life was spared, and looked 
around with trembling, upon the scene, where 

'utmost terror had reigned. Said father, it is scarcely time to congratulate ourselves, another 

1Her home In 1857 was in San Bernardino.



PREHISTORIC LARGE EARTHQUAKES PRODUCED BY SLIP ON THE 
SAN ANDREAS FAULT AT PALLETT CREEK, CALIFORNIA 

Kerry E. Sieh 

Division of Geological and Planetary Sciences 
California Institute of Technology 

Pasadena, CA 91125 

MOJAVE DESERT ABSTRACT 
AB T A TSouthern Sierra Nevada Death Valley 

Late Holocene marsh deposits composing a Palmacl Fut TBiRcCeF 
terrace about 55 km northeast of Los Angeles, 
California, contain geologic evidence of many large 
seismic events produced by slip on the San Andreas 
fault since the sixth century A.D. I excavated 
several trenches into the deposits in order to 
study this evidence. The principal indicators of 
past events are (1) sandblows and other effects of 
liquefaction, (2) the termination of secondary 
faults at distinct levels within the stratigraphic 
section, and (3) sedimentary deposits and 
relationships along the main fault. The effects 
upon the marsh deposits of the eight prehistoric 
events are comparable to those of the great 
(MS=8.25+) 1857 event, which is the youngest of 
the nine events that disturbed the strata and is 
associated with about 4.5 m of right-lateral slip 
nearby. Radiocarbon dates indicate that the events 
occurred in the nineteenth, eighteenth, fifteenth, 
thirteenth, late twelfth, tenth, ninth, seventh, 
and sixth centuries A.D. Recurrence intervals 
average 160 years but vary from 2 century to about 
3 centuries. The dates may indicate a fairly 
systematic pattern of occurrence of large earth
quakes.  

BACKGROUND SAN ANDREAS FAULT 

SAN GABRIEL MOUNTAINS 
At one point along the 1857 rupture, where the 

San Andreas fault forms the boundary between the Figure 1. At the northern margin of the San Gabriel 
San Gabriel Mountains and the Mojave Desert, the Mountains, Pallett Creek flows across the 
fault traverses Pallett Creek. This small stream San Andreas fault.  
flows northward across the fault and onto the 
Mojave Desert (Figure 1).  

stilP older Holocene sediments. These more recent At the present time, the stream flows across excavations are not illustrated in the figure, but 
the fault within the confines of a steep-walled gorge will be open for your inspection today.  (Figure 2). Old land surveysF (in 1855, 1904 and 
1923) and aerial photographs and topographic maps of Figure 4 illustrates the nature of the upper various ages indicate that the gorge was formed 5 meters of the deposits. You may want to use this sometime between 1904 and about 1915, and has been figure as a guide to the strata you will see today.  
widened by one or two later floods. In 1855, and The sediments include peats, wind-blown silts, and presumably in 1857, the stream wandered across the stream-deposited sand and gravel. The ages of the fault through a swamp or marsh. At the turn of units are well determined by radiocarbon dates.  the century, the crossing sported a dense willow The pollen in the peats indicates that a marsh or thicket nourished by springs and a high water table, swamp (not a sag pond) has intermittently occupied 
The incision of the gorge early in the 20th century the site for at least the 1800 years prior to the served to dry out the upper m of sediments at the 20th century. The 14C dates indicate that the fault crossing. sediments have accumulated at an average rate of 

about 30 cm/one yr -- a rate of sedimentation fast Thus, inspection of these youngest sediments enough to bury fault scarps and other features was possible. Shown in Figure 3 are the excavations produced during one earthquake, before the next made by backhoe, bulldozer, and shovel in 1976. large earthquake. This site, therefore, is well The dark, continuous, nearly horizontal lines are suited to record the effects of large faulting peat layers. Excavations made during the summer of events during the past two millenia.  
1979 northwest of trenches 10 and 11 have revealed 
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Figure 4. The marsh sediments consist of interbedded fluvial sands and gravels, peats, 

and aeolian silts. Abundant peat and wood enable absolute determinations of 
the ages of the sediments.
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SEISMIC HISTORY 

The plates (issued to field trip participants EVENT DATE R.  
and in Sieh (1978)) that accompany the guidebook are 
cartoon representations of the sediments and faults 
that were visible in the walls of the 1976 excava
tions (see Figure 3 for trench locations). The Z 1857 

uppermost gravels and sands (Unit 90) were deposited 112 f..t I Rg 
after the 1857 earthquake but before the cutting of 1800 A..  
the gorge. The top of Unit 80 was the ground X 174552 

surface at the time of the 1857 earthquake. Evi
dence of the earthquake includes the severe distur- 275 68 

bance of Unit 80 seen especially well in exposures 
2, 10, and 11. An earlier large earthquake 
occurred when Unit 81 was the surface of the marsh.  
This is indicated on the right side of exposure 10 V 1470140 
by the fault (labeled "X-10-1") which breaks Unit 

81 and all underlying units and by a sandblow 
deposit (labeled "X-10-2") lying upon Unit 81. A 225 ± 60 
fissure which developed when Unit 68 was at the 
surface of the marsh (right of exposure 10, "V-10-1") T 1245 !45 
is associated with yet another earthquake. A (57±9) 

buried scarp in exposure 11 (labeled "V-11-1") also R 1190145 

was formed at this time. A small fault which offsets 
Unit 61 but not 68 in exposure 10 (T-10-1) is one 225±67 
of the pieces of evidence for another large earth
quake. Two kettle-drum-like sandblows which inter- 1000AD.  
rupt the continuity of Units 38 and 34 in exposure N 965150 

1O(F-10-1 and F-10-2) are related to liquefaction 105161 (not <72±20) 
which occurred throughout the marsh during a large 860135 
earthquake at the time that Unit 38 constituted the 

surface of the marsh. Similar features occur in 1951:87 

exposure 7 (F-7-1), exposure 11 (F-11-1), and in 
exposure 11a (F-11a-1). Recent excavations by 
Kristian Meisling near exposure 5 have helped F 665f60 

clarify the mechanism of emplacement of these 90±92 (not<95119) 
sandblows (see following article this volume). D 575 ±45 

In summary, three types of features help 
identify earthquakes at Pallett Creek; these are 
1) scarps and other disruptions along the main 
fault trace, 2) secondary faults, which may or may 
not be tectonic in origin, and 3) liquefaction 

phenmen, sch a sadblws.mark in the sedimentary record at 
phenomena, such as sandblows.Creek.  

The features emphasized in the discussion 
above are only a small sampling of those used to 
construct the earthquake history of this segment REFERENCE 
of the San Andreas fault for the past 1400 years.  
These and other features studied in 1976 and 1979 
are the basis for Figure 5, which summarizes what prdhe bE s978 or lar eathqukes 
are believed to be the nine large earthquakes PalIett Creek, California: Jour. Geophys.  
affecting the site since about 500 A.D. All can Res. v. 83, p. 3907-3939.  
be considered to be 1857-size events. That is, 
their lateral offset at the site is several meters.  

DISCUSSION 

The average recurrence interval between major 
earthquakes at Pal lett Creek is about 160 years.  
However, the large variation in actual intervals 
between large events casts considerable doubt on 
the usefulness of the conceptof "average recur
rence intervals" for purposes of risk analysis.  
Yet, the apparent alternation of short and long 
dormant periods may indicate a fairly repetitive 
failure sequence, i.e. there may be a somewhat 
predictable temporal and spatial relationship 
between large earthquakes on the San Andreas fault.  

275168______



POSSIBLE EMPLACEMENT HISTORY OF A SANDBLOW 
STRUCTURE AT PALLETT CREEK, CALIFORNIA 

Kristian E. Meisling 

Division of Geological and Planetary Sciences 
California Institute of Technology 

Pasadena, CA 91125 

Detailed study of a pre-historic sandblow (Figure 2/6). Laminations sharply abut the walls of 
structure at Pallett Creek, California, indicates a the pit, are locally vertical, and enter embayments 
complicated and enigmatic history of development. in the host strata (Figure 2/5). Concentrations of 

leafy debris, bark, charcoal, and seed pods occur The sandblow feature is located four meters directly beneath overhangs in the pit wall (Figure 
west of the main trace of the San Andreas fault in 2/10), and within laminations near the base of the 
a late Holocene section of peat and fluvial silt, deposit (Figure 2/8); no such material was found in 
sand and gravel (in exposure 5, Fig. 3, previous ar- the surrounding peat, silt, sand or gravel.  
ticle, this volume). Elsewhere at the site, the 
strata containing the sandblow are characterized by These observations are difficult to reconcile 
minor faulting, disruption of the pre-historic with any simple emplacement mechanism. Was the 
surficial layer, and other liquefaction features sand fill emplaced in the fluid state, or simply 
which are interpreted by Sieh (1978) as evidence of deposited rapidly in standing water? If deposited 
a major earthquake in the 7th-century A.D. in standing water, how was the soft sediment in the 

overhanging-walls supported? If the deposit was The geometry and infernal structure of the emplaced in the fluid state, how were the lamina
sandblow feature were determined by mapping a tions, tongues and lining emplaced? Is the source 
series of parallel vertical sections-at a scale of of the pit filling the lower sand layer exposed in 
1:20 and study of a lacquer peel and thin sections. the excavated sections,. or was the sand introduced 
Representative vertical sections appear in Figures from outside the pit? If the lower sand layer is the 
1 and 2. Detailed observations of remarkably source, where did the plant litter come from, and 
uniform laminations that persist throughout the where is the vent connecting the pit and the lower 
feature were made in an effort to determine their sand layer? If the sand was introduced from out
importance in the evolution of the sandblow. side, why are there no chunks of the pit wall in 

the deposit? Could other nearby sandblows have The feature consists of an elongated bathtub- introduced the sand via the ground surface? By 
shaped pit, below the 7th-century ground level, what mechanism was the pit excavated, by water alone 
filled with laminated silt and sand. The pit is or sediment slurry? Was the pit excavated from 
1.5 m wide,,1.0 m deep and over 2 m long. Although below and filled from above or vice versa? Finally, 
the pit terminates abruptly at one end, its opposite how can these observations be reconciled with eye
end had not been excavated at this writing (May, witness accounts of sandblow formation during 
1979). The pit deposit and 7th-century surface are historic earthquakes? 
over lain by an extensive, poorly laminated, 
tabular sand body that varies from 10 to 50 cm in Figure 3 illustrates a possible sequence of 
thickness, and appears to be contemporaneous with events in the formation of the sandblow. Movement 
the pit sand. on the fault (1) along which the sandblow was 

emplaced liquefied (2) the source sand layer and Silt and clay, which in many places penetrate created a weak, fractured zone in overlying strata; 
the host strata in tongues and stringers (see Figure the liquefied sand layer partially dewatered through 1/J), line the irregular but.sharp and continuous overlying gravel filter". Flow of water along base 
pit boundaries (Figure 1/D). In section 5 (not of impermeable layer and up to surface along weak 
shown) a coherent block of host peat, silt and sand zone widened fracture at highest flow locality (3).  
is almost completely separated from the pit wall by Undercutting and enlargement of pit by slumping.  a tongue of silt and clay. Despite such evidence Removal of chunks of host and grain-by-grain erosion 
of piece-meal excavation, no isolated chunks of of pit. Alternate scouring and deposition of silt 
host material were recognized in the pit deposit. and clay at base of pit (4). Collapse of gravel 
The locally rounded form of the pit wall suggests layer through sand onto lower unit (5). Emplacement 
that grain-by-grain erosion (Figure 1/1; Figure 2/11) of liquid sand within the pit (6). Upward advance 
accompanied removal of blocks (Figure 1/E). of liquefaction/solidification front and channel

lization (7). Deposition of silt and clay in The laminated pit deposit coarsens upward from tongues, pit lining and fine laminations (8).  
silt and very find sand to medium and coarse sand. Accumulation of woody and leafy material (8). Coi
The pit laminations, defined by both grain size paction of sand and fluvial reworking (9).  
variation and alignment of platy minerals, are 
laterally continuous, concave upward, and spaced A moderate southeastward dip of the pit lami
from 4 to 23 mm apart (Figure 2/7, 9). Spacing nations, and a pronounced southeastward thinning of generally increases toward the center of the deposit the tabular sand body, suggest a major source of 
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I METER 

A. NO CHUNKS OF HOST IN 
PIT DEPOSIT 

B. IRREGULAR, SHARP, CONTINUOUS 
PIT BOUNDARIES 

C. PIT ELONGATED PERPENDICULAR 
TO SECTIONS 

D. SILT AND CLAY 
LINING PIT 

-D E. FAULT BLOCK MOVEMENT 
OF WALLS INTO PIT 

G F. CHANNEL STRUCTURES 
AT TOP 

. ........ G. LITTLE SHEAR OF 
LAMINATIONS 

H. DISRUPTION OF SAND & 
GRAVEL LAYER 
BENEATH PIT 

1. SCOUR AT BASE IN 
Kj SILTY CLAY UNIT 

J. TONGUES OF SILT AND 
CLAY 

Figure I. Pit structure -- 10 most critical observations (explanation accompanies Figure 3).
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1. LAMINATIONS ARE CONCAVE UP 

2. LAMINATION ARE LATERALLY 
CONTINUOUS 

3. PLATY MINERALS ALIGNED 

4. PIT DEPOSIT COARSENS UP 

I METER 

7LAMINATIONS SHARPLY ABUT 
6 BOUNDARY AND ENTER 

9 EMBAYMENTS, 

6. LAMINATION SPACING 
INCREASES TOWARD 

5 SCENTER OF PIT 
7 LAMINATIONS EXTEND INTO 

5 LATERAL SILT 

8Y 8. LEAFY DEBRIS, BARK 
CHARCOAL & SEE6 PODS 
FORM THICK LAM'S AT 
BASE OF PIT 

9. LAMINATIONS IN UPPER PART 
OF PIT DEFINED BY 
GRAIN SIZE VARIATION 

10. LEAFY DEBRIS, BARK, 
CHARCOAL & SEED PODS 
CONCENTRATED UNDER 
OVERHANG 

II. SCOUR WITHIN SAND AT 
BASE 

Figure 2. Pit laminations -- 11 most critical observations (explanation accompanies Figure 3).
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1) EARTHQUAKE 2) LIQUEFACTION 3) EROSION 

HO H2 

L~~ L 0 L~:- 
-LL~ L_ _ _ _ _ _ 

4) SETTLING 5) COLLAPSE 6)SAND 
EMPLACEMENT 

4~ /' 

7) CHANNELLIZATION 8) LAMINATIONS 9) FLUVIAL REWORKING 
Figure 3. Possible sequence of events in 

sandblow emplacement. Contacts: Symbol

sand located to the northwest in the unexcavated Grdatirnoa 

part of the sandblow. We expect to have excavation Gradtoal Roots 

completed by the time of the field trip. Lamina

tions may have formed during the upward advance of Uthlgy: 

a liquefaction/solidification front and concomitant 

dewatering. Water, bearing elutriated fines and c Clay 

plant litter, could have flowed laterally toward Laminated 

the pit walls and then upward along them, depositing 
Silt to very fine sand 

the silt and clay lining. Thus the observed Non-led 

laminations may represent a dewatering phenomenon 

not previously recognized in sedimentary deposits.  

The value of liquefaction structures as 

indicators of pre-historic earthquakes wi I I Coarse sand to granules 

increase with greater understanding of their mor

phology and emplacement mechanisms. This study 

establishes a basis for systematic dissection and Peaty horizon within host 

comparison of other naturally occurring sandblow 

deposits. Hopefully, one will be exposed at the Leafy debris and bark thi sandblow 

time of the field trip. Future studies should be 

directed at modeling sandblow emplacement in the 

laboratory, and carefully recording sandblow occur- Rock tragment 

rence, geometry and internal structure in the 

natural envi ronment. 
Wood f ragment 

~ Accumulations of seed pods, bark, leafy 

debris and charcoal wcohin sandblow



THE EFFECT OF THE 1857 FORT TEJON EARTHQUAKE 
ON TREES NEAR WRIGHTWOOD, CALIFORNIA 

Kristian E. Meisling and Kerry E. Sieh 

Division of Geological and Planetary Sciences 
California Institute of Technology 

Pasadena, CA 91125 

INTRODUCTION measured a little more than 23 m in height. The 
Stump Tree shows a dramatic reduction in ring width 

Trees may suffer damage during major earth- beginning 101 years before it was felled (Figure 4).  

quakes due to shaking and faulting of the ground Recovery from the trauma took about 25 years.  

beneath them. External effects, such as topping, According to Ranger S. R. Carbaugh (pers. comm.), the 

root and limb damage, and scars may result in a Stump Tree was probably killed during a "sanitation 

temporary reduction in the width of their annual salvage" logging program in about 1957-58. If the 

growth rings. Tilting and changes in environmental ring record is plotted so that the last ring dates 

factors, such as light, space and water availability from 1958, the slowdown begins in 1857. Killing of 

may initiate asymmetric growth. Dendrochronologic the Stump Tree in 1958 is consistent with the sudden 

techniques enable dating of such growth anomalies, burst in growth on the southeast side of the Sidehill 

and hence earthquakes. Bench Tree beginning about 1960 (see Figure 3). We 

To determine whether or not trees contain 
useful records of pre-historic earthquakes In 
southern California, we cored five trees along the 
1857 break of the San Andreas fault near Wrightwood, 

California. Sampling was neither systematic norI 
exhaustive, since we restricted sampling to conifers 
recognized during the course of earlier geologic 
studies along the fault trace. We extracted sample 
cores with both power and manual increment borers.  
Dates were determined by counting annual rings.  
The width of each was measured and plotted against 
its growth year. We examined all significant depar
tures from normal growth trends and tried to inter
pret them in light of the 1857 earthquake and other 
known environmental factors.  

THE TREES 

A healthy Jeffrey Pine, the Sidehill Bench Tree, 

is growing astride the San Andreas fault on a fault
related sidehi II bench northwest of Big Pines (Figure 
1). A core taken from the northwest side of the tree 
reveals a scar involving the growth rings of the 
years 1855-57; the 1856 and 1857 rings are missing 

altogether (Figure 2, WRW 35). In other cores a 
growth minimum is evident in 1857 (Figure 2 WRW 36).  

The ring-ratio plot (SE/NW), calculated by 
dividing the ring widths on the southeast side of 
the Sidehill Bench Tree by correlative ring widths 
on the northwest side, displays two conspicuous 
anomalies (Figure 3). The ring ratios are close to 
1 .0 except during the ten years following 1857 and 
during the twenty years starting about 1960. The 
first anomaly we attribute to damage to the northwest 
side of the tree during the 1857 earthquake. The 
second anomaly is probably due to an increased growth 
rate on the southeast side of the tree resulting from 
the removal of a nearby competitor, the Stump Tree.  

A few meters southeast of the Sidehill Bench Figure 1. Sidehill Bench Tree. Stump Tree hidden 

Tree, and a meter northwest of the fault zone, lies by brush in foreground.  
the stump of a White Fir dubbed the Stump Tree. A 
part of the tree's crown, discovered nearby, suggests 
that the tree was never topped and original ly 
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were not successful in precisely dating the Stump the Leaning Tree famed in 1846; the tree was 

Tree records by correlation with the Sidehill Bench probably about 1.5 m tall in the late 18301s. One 

Tree; but, in light of the evidence presented herein, core on the northwest side shows a slowdown and 

it seems likely that the Stump Tree suffered root recovery anomaly beginning in 1856 (Figure 7, WRW 18).  

and/or limb damage during the 1857 earthquake. The ring-ratio plot (SE/NW) shows a 20-year positive 
anomaly beginning in 1856, followed by a long 

In Wrightwood, a pair of Jeffrey Pines are sustained negative anomaly (Figure 9).  

located on a low, linear mound southeast of the 

engineered levee of Heath Creek (Figure 5). They Morphological features and ring data for both 

lean away from each other and show a pronounced the Leaning Tree and the Leaning Companion Tree are 

asymmetry of both trunk and crown. Bends occur in consistent with a single tilting event in 1857. The 

the trunks of both the Leaning Tree and the Leaning Leaning Tree was about 20 years old, 10 m high and 

Companion Tree. The lower 7.5 to 12 m of the Leaning about 15 cm in diameter at the time of the earth

Tree tilts 12' to the northwest; above 12 m the trunk quake. We propose that the 20-year ring-ratio 

ti Its considerably less. The Leaning Companion Tree anomaly reflects trauma caused by root or limb 

tilts 130 to the southeast below an abrupt bend in damage suffered during fault slippage underfoot in 

the trunk at about 3.5 m; above this bend the trunk 1857. After recovery, the tree's shifted center of 

is nearly vertical. These effects could be the gravity led to increased growth on the northwest 

result of mutual competition for space and light, but, side relative to the southeast side. The competitive 

because both trees are rooted in the fault zone, we influence of the Leaning Companion Tree heightened 

suspected that the tilts might also be related to the the tendency. The asymmetry of the Leaning Tree 

1857 earthquake. Eight cores were taken from the actually began in 1856. According to available 

Leaning Tree and one from the Leaning Companion. rain records, 1856 was a moderately dry year, but 
response to water shortage should not have been 

Different core records within the Leaning Tree asymmetric. Although it is tempting to interpret 

correlated well with each other, although attempts to this early onset of trauma asevidence of root 

correlate with ring records from other trees were damage caused by creep during the year preceding 

unsuccessful. The oldest ring penetrated by cores of the earthquake, there are not sufficient data to 
warrant this conclusion. Pest and wind damage might 

have resulted in asymmetric growth and thus cannot 

be ruled out.  

LEANING i- MING The Leaning Companion Tree is rotten in the 

REE pbalcenter and the rings older than about 1869 are not 

preserved, It is not clear how many years of early 

record are missing, but our estimates place the 

Leaning Companion Tree at a height of 1.5 m during 

the early 1840s. Thus the tree was about 15 years 

old, 4 m high and about 10cm in diameter in 1857.  

Morphological features and ring data for the Leaning 

Companion Tree are also consistent with a single 

tilting event in the mid-1800's through which only 

the outer rings survived intact. Considered 

together, the Leaning Tree and the Leaning Companion 

cree offer compelling evidence of a single tilting 

event in 1856-57.  

The Lone Pine Canyon Road Tree, in contrast, 

ahows no effect of the 1857 earthquake (Figure 8).  

It is situated just south of Lone Pine Canyon Road, 

west of the saddle at the head of Lone Pine Canyon.  

aIt lies about six meters southwest of the main trace 

of the San Andreas fault, and was once topped about 

15 m from its base, where three large branches have 

subsequently grown. The tree appears to have lost 

its entire crown at the time of the topping.  

The Lone Pine Canyon Road Tree was about 1.5 m 

high in 1749. A slight southwestward tilt of the 

lower 1.5 m of the trunk suggests a tilting event 

in the mid-1700. A core taken on the northeast 

side shows a dramatic s owdown beg nning in 1834 

(Figure 6). The core shows no obvious effect of the 

1857 earthquake. Either the Lone Pine Canyon Road 

Tree was not seriously damaged during the 1857 earth

quake, or the damage sustained in 1834 so limited the 

tree's growth that the effect of later damage cannot 

be recognized. We favor the second hypothesis, and 

cite as evidence the anomalously long 55-year 

recovery period that follows the topping eveht (see 

Figure 5 Leaning Tree and Leaning Companion Tree. Figure 6). No large or moderate earthquakes are 

recorded for this region In 1834, s we conclude that 

the tree was probably topped by lightning or wind in 

1834.
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CONCLUSION 

Clearly, no seismic event should be postulated 
on the evidence of one tree alone. It would be an 
embarassing mistake to attribute to a great earth
quake damage actually produced by a mere lightning 
strike or a strong gust of wind! If an undocumented 
earthquake is suspected, many trees should be 
examined and evaluated for consistency before the 
event is formally proposed. Further study of 
ring-ratio plots may help establish criteria for 
distinguishing damage due to earthquakes from 
damage due to other natural agents.  

Our preliminary survey indicates that the 
1857 Fort Tejon earthquake was indeed recorded by 
several conifers on or near the fault rupture. Of 
five trees sampled in Wrightwood, four show damage 
effects and/or growth anomalies attributable to the 
1857 earthquake. Our success in recognizing the 
effects of the 1857 event in these trees, despite 
capricious sampling, suggests that a suite of older 
trees may contain a valuable "dendroseismological" 
record of large pre-historic earthquakes in 
southern California.  

Figure 8. Lone Pine Canyon Road Tree.
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ABSTRACT 

Field studies in the Whipple Mountains, south- mylonitic rocks) fanglomerates, lacustrine sedi

eastern California, and in the Buckskin and Raw- nents, and volcanics, all of the Oligocene(?) to 

hide Mountains, western Arizona, have defined the Early Miocene Gene Canyon Formation. Redbeds and 

existence of an Oligocene(?) to Middle Miocene volcanic rocks of the Copper Basin Formation over

gravity slide complex that is at least 140 km lie Gene Canyon rocks unconformably, and are 

across in the direction of its transport (N 50o+10
0E). tilted less steeply than the older Tertiary rocks 

The regionally-developed complex is underlain by along northwest-dipping listric normal faults that 

a subhorizontal detachment fault, named the occur widely within the upper plate. In the 

Whipple detachment fault in western areas and the Whipple Wash area of the eastern Whipple Mountains, 

Rawhide detachment fault in eastern. The fault, volcanic rocks of the Copper Basin Formation sit 

which was warped and domed after its formation, unconfornably on brecciated lower-plate mylonitic 

separates a lower plate assemblage of Precambrian rocks in a channel cut approximately 70 m below 

to Mesozoic or Early Cenozoic igneous and meta- the Whipple detachment fault. These volcanics were 

morphic rocks and their deeper, mylonitic equi- themselves involved in renewed detachment faulting 

valents from an allochthonous, lithologically- along that fault. Collectively, these strati

varied upper plate. graphic-structural relations indicate that de
tachment faulting occurred during Tertiary sedi

Most lower-plate crystalline rocks were sub- mentation over a significant period of time, and 

jected to regional Late Cretaceous and/or Early was therefore of growth-fault rather than catas

Tertiary mylonitization and metamorphism. The trophic nature. Late Miocene valley-fill sedi

abrupt (3 to 30 m-wide) upper limit of myloniti- ments and alkali basalts unconformably overlie 

zation, the Whipple "mylonitic front," is a upper plate structures and tilted strata, thus 

mappable zone of high strain and, presumably, high providing an upper age limit for the detachment 

thermal gradient. In parts of the Whipple Mountains faulting.  

mylonitization was accompanied by the intrusion 
of 

subhorizontal sheets or sills of adamellite to Northeastward movement of the thin.(<5 ki) 

tonalite up to a few hundreds of meters thick, upper plate is believed to have occurred under 

although elsewhere thick sections of mylonitic the influence of gravity, although the Whipple

rocks are devoid of such sills. The sills include Rawhide detachment fault could not have originally 

both peraluminous and metaluminous varieties and dipped more than a few degrees. The head or 

are compositionally distinct relative to plutons break-away zone of the crustal slide is apparently 

in the overlying upper plate, being richer in Al, defined by northeast-dipping normal faults in 

Mg, Ca, Na, and Sr and depleted in K and Rb. The the Mopab Range, just west of the Whipple Mountains.  

compositions of a majority of the minerals in the Central areas of the slide complex in the vicinity 

mylonitized sills and their country rock gneisses of the Colorado River (Whipple and Buckskin Moun

did not reequilibrate during metamorphism. How- tamn) are characterized by extreme distension of 

ever, reequilibrated phases do occur in the ultra- the detached slab along northwest-striking, north

fine-grained mylonitic matrix and in tension east-dipping, listric normal faults. Telescoping of 

gashes developed perpendicularly to mylonitic allochthonous units in distal, or toe, portions 

lineation. As a result of incomplete reequili- of the slide complex is present in the Rawhide 

bration, bimodal compositional ranges exist for and Artillery Mountains of western Arizona, where 

plagioclase, epidote, celadonitic muscovite, and thrust faulting of older rocks over rocks as young 

biotite. The minimum depth for intrusion and as Middle Miocene is common. Northeastward dis

mylonitization is estimated to be 9.6 km from con- placements of allochthonous units in excess of 

sideration of the interaction of compositionally- several tens of kilometers are indicated by field 

corrected curves of muscovite stability and the relations in Buckskin and Rawhide Mountains.  

adamellite solidus. Metamorphic mineral assem

blages and feldspar thermometry indicate that myloni- 
INTRODUCTION 

tization occurred from solidus temperatures of the 

plutonic sills down to middle greenschist grade. Detachment Faults, Regional Setting 

Allochthonous (upper-plate) units in the de- Nearly two decades ago Peter Miach (1960) 

tachment complex include Precambrian to Mesozoic described an extensive terrane in the border area 

crystalline rocks, Paleozoic and Mesozoic meta- between northern Nevada and Utah that he believed 

sedimentary and metavolcanic rocks, and Tertiary to be underlain by a low-angle regional fault 

volcanic and sedimentary rocks. The oldest (Fig. 1). He named this fault the Snake Range 

Tertiary rocks are debris flows (some containing d6collement, and the area in which it occurs 
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the "Northeastern Nevada structural province." The 
d~collement typically separates complexly faulted, 
unmetamorphosed, upper-plate rocks from strati
graphically older, lower-plate crystalline com
plexes, the latter now known to include metamorphic SRP rocks of both Mesozoic and Tertiary age. Misch 
notes that while some mountain ranges in the 
structural province were fault blocks of basin
and-range type, others were "elongate-domal 
uplifts" with only subordinate block faulting. In 
recent years "dicollement" structures and domal 
ranges of the type recognized by Misch have also 
been discovered in more southerly areas of the A 
Cordillera (Fig. 1), in the Death Valley area of 
California (Keene Wonder fault and Funeral Range; 
Reynolds, 1974) and, more extensively, in southern
most Nevada, southeastern California, and Arizona-
the area discussed here.  

G 

Many of the low-angle faults in the Nevada-Utah 
region studied by Misch are found in areas that 
lack Tertiary rocks (or direct evidence for the 
involvement in faulting of Tertiary units) and are 
complicated by the superposed disruptive effects 
of basin-and-range faulting. As a consequence, 
the age and origin of these low-angle faults are 
highly controversial. Nevertheless, Armstrong 
(1972) has presented a strong case that the Snake 
Range d6 collement and higher, related faults are 
(1) Tertiary in age or, at the least, show 260 600km 
Tertiary reactivation, (2) that they formed in an 
extensional regime, and (3) that they result from Figure 1. Distribution of extensional tectonics in 
thinning of supracrustal rocks by normal faulting the southwestern United States. Areas affected 
above a basal detachment surface (denudational by normal faulting of basin-range type are in
tectonics). In contrast, Misch (1971) considers dicated by NE-SW ruled pattern. Areas of low
the Snake Range dicollement to be Mesozoic in age angle detachment faulting are stippled. The 
and compressional in origin. Hose and Danes (1973) inferred distribution of a crustal low-velocity 
offer still another interpretation, i.e. that the layer (Smith, 1978) is shown by NW-SE ruled 
d~collement is the consequence of regional east- pattern. Geographic localities from north to 
ward gravity sliding during Mesozoic time. south: SRP=Snake River Plain; Y=Yerington; S 

Snake Range; F=Funeral Range; P=Pahranagat The case for a Tertiary origin for the low- Shear System; G=Garlock fault; LVLas Vegas; 
angle detachment faults of the northern Nevada- B-Eldorado Mountains; W=Whipple Mountains; P 
Utah area is greatly enhanced by geologic relations Phoenix; I-Tucson.  
in the closely similar (and comparably enigmatic) 
terrane of low-angle faults that begins near Hoover drawn from our studies may not be applicable to 
Dam in the Las Vegas area, follows the Colorado 
River trough as far south as Parker, then swings Tchn te s farthe eas, e7g. in the 
southeastward and extends across southern Arizona Ton aea -Hav 1975, 1977) orin th 
into areas near Tucson (Fig. 1). Here, too, on Miach (1960). Ours are not the only investiga
the flanks of a score of ranges that characteristi- tions in the Whipple-Buckskin-Rawhide terrane.  
cally owe their elevation to doming or arching 
rather than to block faulting, are found detach- Carr and Dickey (97 Lucchitt and huneso 
ment faults that separate allochthonous upper- studied areas within or adjacent to the terrane.  
plate units from crystalline rocks in the cores of 
the ranges. Tertiary strata as young as Middle Previous Studies, Colorado River Trough 
Miocene are widely involved in the low-angle 
faulting, as are Precambrian gneisses, Paleozoic F. L. Ransome may have been the first geologist 
and Mesozoic metasedimentary rocks, and Precambrian to observe and report low-angle faults in the 
and Mesozoic plutons. Lower-plate rocks in the Colorado River trough. In a consulting report 
terrane include Precambrian gneisses and plutonic submitted to the Metropolitan Watr District of 
rocks, Mesozoic and Tertiary plutonic rocks, and Southern California (1931), he described the axis
strongly lineated mylonitic gneisses of Cretaceous(?) tence in the upper Bowmans Wash area, south
to Tertiary age.  

to Tetiaryage.eastern Whipple Mountains, of a low-angle thrust Thisreprt teat potion ofthenortwesernfault, along which Tertiary rocks had been displaced This report treats portions of the northwesternacosrytliebemnrck(P.12) 
third of the Nevada-California-Arizona detachment 
terrane (Fig. 1). It summarizes data and conclu- Curiously, Kemnitzer in a later study (1937), 
sions drawn from an ongoing University of Southern although aware of Ransome's findings, concluded that 
California research program in the Colorado River the dominant structures in the range consisted of 
area, primarily in the Whipple Mountains of south- northwest-striking normal faults which cut both 
eastern California and in the conterminous Buckskin Tertiary and underlying basement rocks. Although 
and Rawhide Mountains of west-central Arizona he recognized evidence for movement along some (Fig. 2,3). We wish to emphasize that conclusions Tertiary-basement contacts, he regarded all such
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location of regional low-angle 
fault(s) (hatchured contacts) separating 

undifferentiated allochthonous 

upper-plate units (stippled pattern) from autochthoous 
lower-plate rocks. Lower-plate lithologies include 

undifferentiated metamorphic and 
intrusive rocks (short lined pattern) and their mylonitic equivalents 

(wavy lined pattern). The two lower-plate assemblages 
are separated by a "mylonitic front" 

(MF) in the 

Whipple Mountains. Heavy dashed lines represent the axial traces 
of broad antiformal (triangles point out

ward) and synformal (triangles 
point inward) folds that warp the basal detachment 

fault(s). Strike and 

dip symbols show orientation of 
bedding in Tertiary units contained within 

upper-plate tilted fault blocks.  

Communities (letters in squares): N =Needles; LH = Lake Havasu City; P =Parker. Mountain ranges, from 

NW to SE: i-i Homer; D3 = Dead; S =Sacramento; M = Mohave; C =Chemehuevi; Mo = Mopah; W = Whipple; 

B = Buckskin; R = Rawhide; A = Artillery. Geologic relations north of the Whipple Mountains first 

ascertained by geologists of the 
Southern Pacific Land Company (unpublished studies), and confirmed and 

supplemented by E. G. Frost and 
G. A. Davis. Geologic relations in the Rawhide 

Mountains from Shackelford 

(1976). The cross-section reference (Whipple 
Mountains) is to Figure 8.  

contacts as unconformities. "Thrust faulting," he 
Terry (1972) later recognized low-angle 

fault

reported (p. 126), "which might have involved the 
ing in the Whipple Mountains, but 

not with the 

Tertiary mantle as an over-riding 
block on the Base- relations described by Ransome. 

She mapped an 

ment Complex has been considered 
and is regarded extensive shallow-dipping fault around 

the northern, 

as untenable." 
eastern, and southern periphery of the range 

between
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Plate 1. View to north Of Whipple detachment fault as exposed in area west of Bowmans Wash. Note steep orientatin of souhwest-dipping Tertiary strata into the fault surface. Lower-plae roks ae mylonitic gneisses.  

4t1 

Plate 2. View due south of southwest-tilted Tertiary strata cut by Whipple detachment fault, south central Whipple Mountains. The characteristic ledge seen directly below the fault surface is composed of microbreccia overlying sheared, shattered, and altered mylonitic gneisses. (Stop 4C)
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contrasting upper- and lower-plate crystalline assem- and are treated in a subsequent section. The 

blages. She, like Kemnitzer, interpreted all con- two deformed assemblages are separated by a prominent 

tacts between Tertiary strata and crystalline base- detachment surface, or fault, which is regionally 

ment rocks as unconformities. Because the involve- subhorizontal in orientation. Rocks above this 

ment of Tertiary rocks in low-angle faulting was not detachment surface are allochthonous to varying 

recognized, Terry regarded the low-angle fault con- degrees. These upper-plate rocks include repre

tact which she had mapped between crystalline sentatives of the entire stratigraphic sequence in 

rocks as a thrust fault (the Whipple Mountains this region (Precambrian to Middle Miocene), as 

thrut fult)of esozic ge.well as igneous intrusive rocks of Precambrian, 

thrust fault) of Mesozoic age.Mesozoic, and Cenozoic age. The plutonic 

In neighboring ranges "thrust faults" had also terrains of the upper and lower plates are 

been recognized by other workers. Wilson and Moore strikingly dissimilar in terms of texture, 

(1959) and Wilson (1960) mapped low-angle faults in mineralogy, and composition. With the one 

the Buckskin and Rawhide Mountains, Arizona, which important exception of areally limited 

Wilson (1962) regarded as thrust faults of Laramide Tertiary strata in the Whipple Wash area (see 

or younger age. At the same time, geologists of the later discussion), Tertiary sedimentary or volcanic 

Southern Pacific Company were mapping several rocks have not yet been recognized in an autoch

mountain ranges in California near Needles (Fig. 2). thonous (lower-plate) position. Coonrad (1960, 

Typical of their findings is the report by Coonrad 
p. 20) reported a similar relation in the distri

(1960) for an area in the eastern Chemehuevi Moun- 
bution of Tertiary rocks in the extensive region 

tains. He described extensive "thrust faults" studied by Southern Pacific geologists: "At no 

involving crystalline and late Tertiary rocks, and place within the region studied have the thrusted 

perceptively stated (p. 20) that the "thrust faults 
rocks of Tertiary age been found in unequivocal 

in this area seem to be part of an active zone of original depositional position." Lower-plate 

thrust adjustment that extends at least from the rocks in areas east and southeast of the central 

Harquahala Mountains in Western Arizona to the Whipple Mountains characteristically exhibit the 

Homer Mountain region northwest of Needles, a dis- effects of a regional metamorphic and mylonitic 

tance of 120 miles." Referring specifically to event of probably Late Cretaceous and/or early 

the Whipple Mountains, Coonrad stated (p. 21) that Tertiary age. The distinctive mylonitic gneisses 

"most, if not all, of the Tertiary rocks described and igneous rocks that formed during this event 

by Kemnitzer (1937) in the Parker Dam area are are essentially restricted to a lower-plate struc

probablytural 
position. However, cobbles and boulders of 

probblyin hru~t aultteltioshis."these rocks occur within younger sedimentary units 

Anderson's study (1971) of low-angle faulting (Gene Canyon and Copper Basin Formations) that are 

in the Eldorado Mountains, Nevada, 100 km (63 now allochthonous (i.e., that have an upper plate 

miles) north of Needles, was the first to attribute position).  

the low-angle faults of the Colorado River area 
to 

non-compressional tectonics. He described the The descriptions of upper- and lower-plate rock 

Eldorado Mountains as an area of major imbricate units that follow are drawn primarily from recent 

normal faulting accompanied by pronounced eastward and ongoing studies in the Whipple and western 

rotation of Tertiary strata. Miocene normal faults, Buckskin Mountains. Shackelford (1976) has 

which dip westward, were interpreted as flattening described the petrology of faulted units in the 

downward and merging with a subhorizontal basal Rawhide Mountains, which generally resemble those 

fault surface below which extension by normal treated here.  

faulting had not occurred. Displacement of Tertiary 

rocks above the inferred basal surface was, as a Upper-Plate Units (Allochthonous) 

consequence of fault geometries, westward (S 70
0 W) 

relative to lower-plate autochthonous units. Crystalline Basement Rocks 

PRE-MIDDLE MIOCENE ROCK UNITS, Crystalline rocks of the upper plate prinarily 

WHIPPLE-BUCKSKIN-RAWHIDE MOUNTAINS form the eastern third of the Whipple Mountains 
(Fig. 3). Preliminary aspects of their petrology 

General Statement 
have been reported by Podruski (1979) and Anderson 

and others (1979).  

Remapping of the Whipple Mountains fault 

recognized by Ransome (1931) and Terry (1972) The oldest units in the upper-plate crystalline 

demonstrates that it is of Tertiaryi complex (Fig. 4) are a middle to upper amphibolite 

this regio (Pecmbia toa Mideiicnea 

underlies an extensive ( >3000 kig2) normal-faulted grade, Precambrian metamorphic package consisting 

terrane that includes the Whipple, Buckskin, and of quartzofeldpthic metasedimentary rocks, 

Rawhide Mountains (Shackelford, 1976, 1977; amphibolite, and a granitic meta-plutonic suite. The 

Lingrey and others, 1977, Davis and others, 1977). metasedimentary rocks are of meta-arkose, 
quartz 

The fault may be coextensive with similar 
low- arenite, and greywacke. Where these rocks have not 

angle faults originally mapped by Southern 
Pacific been migmatized, laminar and non-laminar (cross

geologists on the flanks of the Chemuheuvi, *Sacra- bedding, channels) sedimentary structures 
are well 

mento, Dead, and Homer Mountains to the 
north preserved. Layers of felsic metavolcanic rock are 

(Fig. 2). 
present, but are rare. A near-vertical tectonic 

foliation is generally parallel to bedding; small

The rock units of the Whipple, Buckskin, 
and scale, isoclinal folds with fold axes 

parallel to 

Rawhide Mountains can be divided into three 
assem- foliation are common. Mineralogically, the met

blages, of which the older two were involved in sedimentary rocks are fine- to medium-grained, 
grano

pre-Middle Miocene deformations. The youngest blastic to weakly foliated, and consist of quartz, 

assemblage consists of sedimentary and volcanic 
alkali feldspar, plagioclase (Anea m3oc ) biotite, 

units that postdate most Miocene low-angle 
faulting Fe-Ti oxides + muscovite, garnet, sillimanite, 

and
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retrograde chlorite. Key metamorphic assemblages oTZ 
include Qz + Mu + Plag + Ksp + Gar + Bio + Sill 
(Ksp-sill zone of Evans and Guidotti, 1966) and 
Qz + Plag + Gar + Bio + Sill (upper sill to Ksp
sill zone). Migmatitic rocks contain abundant leuco
somal veins of quartz, alkali feldspar, and albite 
(Ano6-1 o) and post-kinematic garnet porphyroblasts 
(to 2 cm in diameter) in medium-grained quartz
feldspar-biotite gneiss.  

Layers of amphibolite (0.1 to 350 m thick) are 
common throughout the metasedimentary section, and are concordant to locally discordant to the relict 
bedding of the metasedimentary rocks. The amphibo
lite possesses the same foliation as the metasedi
mentary rocks and it contains the primary metamor
phic assemblage of andesine-labradorite (Anas-ss) + hornblende + cummingtonite in addition to retro- -/ 
grade chlorite, epidote, and actinolite. Inter
preted as sills, the chemistry of the amphibolites 
(assuming isochemical metamorphism) indicates a 
quartz tholeiitic composition (Si0 2 = 51.3 to 51.7 
wt% with normative hypersthene and quartz). A 
meta-plutonic suite consisting of biotite-hornblende 
adamellite and granodiorite and lesser biotite Figure 5. Modal composition of upper-plate granitic 
granite (Fig. 5; Table 1) is intrusive into the plutons in terms of quartz, plagioclase, 
metasedimentary rocks and amphibolite and occurs as alkali feldspar. Pluton symbols are mgd 
elliptical to lensoidal bodies with contacts and metagranodiorite; mad = meta-adamellite; mgr 
foliation concordant to the foliation of the older metagranite (all of metaplutonic suite), 
units (with local exceptions). The granodiorite qmd = quartz monzodiorite, gp = granite 
is dark grey and medium-grained and consists of porphyry, and ad = biotite adamellite. The 
plagioclase (An32-35 ) and alkali feldspar (Orsr.65 ) rock classification of Streckeisen (1973) in a foliated matrix of hastingsitic hornblende, is used throughout this work with the single 
biotite, and quartz. The foliated adamellite is modification of dividing the granite field 
characterized by medium- to coarse-grained alkali into one of adamellite and granite.  
feldspar augen (Or8 5 ; 0.3-1.2 cm) enclosed by 
interstitial plagioclase (An 2 7 - 2 8 ), quartz, and so 
biotite + hornblende. The weakly foliated biotite 
granite phase is red, coarse-grained, and inequi- ad\ 7 granular. It contains quartz, alkali feldspar, UPPER PLATE and interstitial plagioclase and biotite. Acces- CA 
sories in all granitic units are allanite (non- 70M 
metamict), sphene, magnetite (with little or no g.  
ilmenite), apatite, and zircon. The composition 
of the three rock types is subalkalic, and uni- 65" 
formly too high in Fe/Mg to be calc-alkaline (Fig. IV 1 
6). Because the units are compositionally distinct o 0- gdb 
from each other (with respect to K, Rb, Ba, and IC 

Sr; Fig. 7), they do not form a fractionation 
sequence and represent three separate intrusive 
events.  

50 - ----am 
The oldest post-metamorphic plutonic unit is 

a dark grey, porphyritic quartz monzodiorite 
(Si0 2 = 60.9-63.8%) restricted to large inclusions 
(0.2 to 1.2 km in diameter) in a granite porphyry 
described below. The rock contains scattered 40 1 I 1 1 

0 .2 .3 .4 .5 -6 .7 .8 . 10 phenocrysts (1-5%) of euhedral to subhedral to 
plagioclase (An29 37) and lesser amounts of 
alkali feldspar (Orys-as) and idiomorphic quartz 
set in a fine-grained matrix of quartz, two feld
spars, biotite, ferroedenitic to hastingsitic r 6. Cp t of uer-plate crstlln 
hornblende, and accessoriesof allanite, apatite, rcs i0 Ws FeOFe +fter zircon, and magnetite + ilmenite. The restricted AlFas FeO. Diagra modfe ater 
occurrence and hypabyssal texture suggest that the Miyasr o 7 u mbols as i 
inclusions are stope blocks from the roof of the 5 d as w = ampiboie d = 
granite porphyry pluton. The rock exhibits e 
various degrees of recrystallization and incipient 
foliation related to proximity of the contacts 
with the porphyry. Compositionally the quartz 
monzodiorite is tholeiitic (Fig. 6) and similar to level of Ba (1300-1650 ppm) and moderate level of Sr 
the granodiorite phase of the meta-plutonic suite (278-325 ppm), but it is uniformly lower in A1 2 03 in most major elements. It likewise has a high (13.2 to 13.8 wt% versus 14.6 to 15.6%).
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Table 1. Average Major and Trace Element Composition of Upper-plate Crystalline Units1 

ams mgrd mad mgr qmd gp di ad dac d2 

No2  2 4 4 2 5 9 4 1 2 2 
Si0 2  51.51 61.11 71.82 70.71 62.17 67.00 47.13 72.25 69.38 45.05 
TiO2  1.40 1.46 .45 .31 1.40 .90 1.76 .15 .20 1.63 
A12 03 15.69 15.08 13.23 14.10 13.53 13.94 16.79 14.98 15.98 16.25 
FeO 12.18 7.82 3.97 2.06 8.13 5.15 11.77 1.18 1.74 10.13 
MgO 4.50 2.02 .79 .32 1.55 1.00 7.13 .34 .38 8.67 
MnO .230 .12 .061 .040 .130 .080 .184 .081 .066 .094 
CaO 8.29 4.12 1.77 1.32 4.07 2.44 9.55 2.01 3.29 11.77 
Na2O 3.30 2.93 2.66 2.59 2.75 2.73 2.77 3.48 3.79 2.38 
K20 1.23 4.03 4.74 6.35 4.13 5.28 1.23 4.68 3.96 1.40 
Total 98.33 98.69 99.49 97.80 97.86 98.52 98.30 99.15 98.80 98.20 

K20+Na20 4.53 6.81 7.40 8.94 6.88 8.01 3.98 8.15 7.73 3.78 
FeO/(FeO+MgO) .73 .795 .834 .866 .840 .837 .622 .776 .822 .539 
"Al"4  

.687 .905 1.040 1.043 .826 .953 .723 1.038 .970 .609 

Li 4.7 14.8 8.70 22.5 22.7 15.3 9.3 5.60 5.91 42.1 
Rb 29.5 159 139 348 121 230 40.1 82.0 92.7 40.8 
Sr 125 272 123 119 291 188 322 424 293 429 
Ba 318 1390 918 567 1458 1111 304 530 625 240 

Ba/Sr 2.55 5.10 7.43 4.76 5.01 5.89 .940 1.25 2.13 .56 
Ba/Rb 10.5 8.71 6.59 1.63 12.1 4.84 7.58 6.46 6.74 5.87 
Rb/Sr .237 .588 1.13 2.92 .414 1.22 .125 .193 .317 .095 
K/Rb 46.1 210 283 151 284 191 254 474 344 386 

1 Analyses at U.S.C. Petrochemistry Laboratory by J. A. Podruski, Gregory A. Benson, and J. Lawford 
Anderson.  

2 No. = number of analyses averaged.  

All Fe as FeO; major elements as Wt.%, Li, Rb, Sr, Ba as ppm.  

"Al" = molecular proportions of A120/(K20+Na 2O+CaO); peraluminous when> 1, metaluminous <1.  

s Unit symbols: am=amphibolite, mgrd=metagranodiorite, mad=metaadamellite, mgr=metagranite, qmd=quartz 
monzodiorite, gp=granite porphyry, d1 =early diabase, ad=biotite adamellite, dac=dacite dikes, 
d2=late alkalic diabase and lamprophyre.  

A granite porphyry is the major crystalline mineralogical, and compositional affinities to 
unit of the eastern Whipple Mountains upper- unique, late Precambrian, potassic, iron-rich 
plate basement complex. It exhibits sharp intrusive granites of 1.4-1.5 b.y. age (Silver and others, 
contacts (generally concordant) with all rocks 1977; Anderson and Cullers, 1978) but may be as 
described above. The rock is distinctive in having young as Jurassic as indicated by a 156 n.y. K/Ar 
abundant (34-70%), coarse-grained, alkali feldspar date on biotite (Terry, 1972).  
phenocrysts (1-4 cm; OrB2-88) that are aligned in 
a well-defined planar flow fabric. Interstitial Intrusive into the granite porphyry and all 
to the large alkali feldspars are anhedral quartz, older units are numberous dikes and sills (1-10 m 
plagioclase (An24- 29 ), biotite + hastingsite to wide, up to 1.1 km long) of diabase that range in 
hastingsitic hornblende, and accessory allanite, composition from olivine tholeiite to alkali
sphene, magnetite + ilmenite, apatite, and zircon. olivine basalt (Si02 = 45.2 to 47.7 wt%). The 
The pronounced flow fabric and texture of the diabase ranges in grain size from fine (at chilled 
porphyry indicate that it was forcefully intruded contacts) to coarse and has a distinctive ophitic
as a crystal mush. Like the meta-plutonic suite like texture of euhedral, normally zoned plagio
and the quartz monzodiorite, the porphyry is sub- clase (An 3..62) enclosed, or partially enclosed, 
alkalic and is too iron-rich and aluminum-poor within late magmatic(?), interstitial, pale-green, 
to be calc-alkaline. The granite porphyry does actinolitic hornblende. Secondary deuteric minerals 
have a wide range of modal and chemical composition are common and include fine-grained, dark green, 
(Si0 2 = 64.7 to 69.9 wt%, K20 = 4.26 to 6.61%). more aluminous, nagnesio-hornblende (A1203 increases 
Less silicic members have less quartz and alkali from 4.1 to 10.4 wt%), biotite, chlorite, epidote, 
feldspar, more plagioclase and total mafic mineral and calcite. Accessory minerals include apatite, 
(to 18.9 volume %), and increased hornbende over magnetite, and ilmenite.  
biotite. A fractional crystallization model 
(Podruski, 1979) based on trace element data of The youngest granitic event in the crystalline 
nine samples indicates about 58% fractionation of basement of the upper plate is represented by 
hornblende and lesser amounts of plagioclase, several leucocratic biotite and biotite-muscovite 
alkali feldspar, and biotite. The absolute age of adamellite plutons that intrude the granite por
the porphyry is presently unknown. It has textural, phyry, the diabse, and the older rocks. Biotite
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IRawhide terrane consist of highly deformed marble, 
quartzite, and phyllite. Original bedding has 

UPPER PLATE been almost completely destroyed, leaving a pro
nounced transposition foliation in these greenachist

500- grade metasediments. In the western Buckskin 
~2Mountains, this foliation defines several, large, 

northeast-trending folds. Individual formations 
gp are tectonically intermixed within these folds 

and are characterized by pronounced tectonic 
t: \mgd q. thinning, or attenuation, on the limbs of some 

%mad folds. A similar deformation style has been 

tto -- gmd|1 I I I 

documented to the southwest in the Big Maria 

10 Mountains by Hamilton (1971).  

The ages of these rocks and their correlation 

/1with other Paleozoic sections are as yet un

Fl resolved. A prominent white marble that contains 
dabundant brown chert as transposed layers is 

K-Ar"probably correlative with the Permian Kaibab 
s eLimestone of the Grand Canyon section. A thick 

quartzite adjacent to the Kaibab(?) may be the 
Permian Coconino Sandstone, although Carr and 
psckey (1977) have suggested that it may be more 
closely related to the Queantoweap Formation of 

(A 7McNair (1951). The identity of other units is 
500 1000 even more tentative, but all are probably upper 

Sr(ppm) Paleozoic or Mesozoic. Rocks that appear to be 
correlative with the Cambrian Bright Angel Shale 
and Tapeats Sandstone are present in the Rawhide 

Figure 7. Composition of upper-plate crystalline Mountains (Shackelford, 1976).  

rocks: Rb(ppm) vs. Sr(ppm). Pluton symbols 

as in Figures 5 andc6. Similar, though considerably more complete 
sections, are present to the southwest in the 

K-Ar dates of 81 + 2 .y. (Terry, 1972, southern Big Maria Mountains (Hamilton, 1964; written 

Whipples) and 74+ 3.2 .y. (Bull and Ku, 1975) communication, 1979). Another section very similar 

suggest a late Cretaceous emplacement age. These to thatinthe Buckskin Mountains is present in 

plug-like bodies typically measure 0.8-16 km in the Arica Mountains, sixty kilometers west of 

diameter and are generally massive and unmetamor- Parker, Arizona (Edward Steiner, work in progress).  

phosed. The rock is even-grained and consists Other documented Paleozoic sections that appear 

of quartz, alkali feldspar (Or8..3 ), oligoclase similar to the rocks in the Rawhide and Buckskin 

(An20 o27) and lesser amounts of biotite s3%) + Mountains are present in the Plomosa (Miller, 

muscovite; accessories include allanite, zircon, 1970) and Harquahala Mountains (Varga, 1977) of 

apatite, and magnetite. Compositionally this is west-central Arizona.  
the only calc-alkaline granitic unit that has 

been found in the upper plate and hence it is Mesozoic(?) Rocks 

distinct from all lithologies described above. It 

is also compositionally peraluminous (based on Mesozoic(?) rocks are present within the south

molecular proportions of K, Na, Ca, and Al) as sub- western Buckskin Mountains, near Osborne Wash, and 

stantiated by the presence of biotite + muscovite. in the central Buckskin Mountains, in the Mineral 
Wash and Planet Ranch areas. Similar, primarily 

Subsequent igneous activity is represented by metavolcanic rocks are present in the Rawhide 

dikes of Tertiary(?) dacite (volcanic feeders ?) Mountains, but could also be correlative with Pre

followed by late dikes and sills of pyroxene cambrian metavolcaics (Shackelford, 1976). In 

lamprophyre and alkalic hornblende diabase. The the Buckskin Mountains, these rocks consist pri

latter constitute the third generation of mafic marly of phyllite composed of quartz, feldspar, 

dike and sill emplacement into rocks of the upper sericite, talc, and epidote. These phyllites were 

plate. They are compositionally similar to the originally a thick sequence of sandstones, silt

earlier diabase, except for slightly higher levels stones, arkoses, and mudstones. A rhyolite flow is 

of CaO and MgO. Texturally they differ in having also present within the section in the southwestern 

prismatic, euhedral hornblende (not interstitial) Buckskin Mountains. These rocks are exposed in a 

and interstitial (not euhedral) plagioclase. section approximately 1300 meters thick but the 
total stratigraphic thickness is unknown.  

Paleozoic Metasedimentary Rocks 
Several conglomeratic layers are present near 

Paleozoic metasedimentary rocks are present the base of this section, but each is only a few 

within the western Buckskin and Rawhide Mountains meters thick. Clasts consist mostly of quartzite, 

but appear to be absent from the Whipple Mountains, although some carbonate clasts are also present.  

Within the western Buckskin Mountains, these rocks Pebbles within the lowermost conglomerate are 

occur in three separate areas, each about two elongated in a northeast-southwest direction and are 

square kilometers in extent. Numerous, isolated contained within phyllite which locally has a 

patches of metasediments crop out in the Rawhide northeast-trending lineation. Metasedimentary and 

Mountains, most as klippen resting directly on metavolcanic rocks in the Rawhide Mountains also 

the basal detachement surface.(Shackelford, 1976). contain a northeast-trending lineation (Shackelford, 
1976). This orientation is somewhat variable where 

All the Paleozoic rocks in the Buckskin- the phyllitic rocks have been highly folded. Some
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quartzites within the Paleozoic section also exhibit deepened in that direction. Northeast of the 
a faint, northeast-trending lineation, and tremo- Whipple Mountains in the Aubrey Hills, Arizona, the 
lite crystals within some marbles are locally Gene Canyon section consists of a thick sequence of 
elongate in a northeast-southwest direction. Meta- volcaniclastic rocks, which appear to interfinger 
morphism of upper-plate Paleozoic and Mesozoic(?) with lacustrine and fanglomerate deposits to the 
rocks probably occurred during the same event south.  
responsible for metamorphism and the development 
of northeast-trending mineral (mostly quartz) Monolithologic breccias, or debris flows are 
lineations widespread in mylonitic gneisses of widespread within the Gene Canyon Formation and 
the lower plate. consist of fragments of quartzite derived from 

Mesozoic(?) metasedimentary rocks, mylonitic Gene Canyon Formation (P1. 3) and non-mylonitic adamellite and granodio
rite and chlorite-rich cataclastic rocks. Some The oldest Tertiary units in the Whipple- clasts within the debris flow are over two meters 

Buckskin-Rawhide terrane are the Gene Canyon Forma- in diameter. One section in the eastern Whipples 
tion and the probably correlative Artillery Forma- contains a coherent block of meta-igneous rock 
tion of Lasky and Webber (1949). Named by Ransome approximately one-half kilometer long and 50 meters 
(1931) in his geologic reconnaissance for the thick. Coarse fanglomerate deposits with large, 
California aqueduct project, the Gene Canyon Forma- angular clasts of Mesozoic(?) metasedimentary 
tion consists of volcanic and clastic rocks that rocks as well as crystalline rocks are also 
were deposited in local basins whose location was widespread. These phyllitic, very fissile, meta
significantly different from that of present-day sedimentary clasts strongly suggest that the 
basins. In its type area, the Gene Canyon Forma- fanglomerates were transported only short dic
tion is composed of 585 meters of interbedded red tances and across an area of high relief. The 
to buff sandstone, amygdaloidal andesitic (?) abundance of such coarse clasts and debris flows 
volcanic rocks, coarse debris flows of crystalline suggests that the Gene Canyon Formation is in 
rocks, and siltstone (Kemnitzer, 1937); limestone part derived from erosion of active fault scarps 
is an important component of the formation in other that formed during Gene Canyon time. The overall 
areas. Individual units are discontinuous along facies environment may be caldera-related as has 
strike, extending for only a few kilometers. Gene been suggested for similar rocks to the east of 
Canyon sediments mantled a low topography which was the Rawhide Mountains at the Anderson Uranium 
developed atop the crystalline basement rocks of Mine (Sherborne and others, 1979).  
the upper plate. The upper surface of the forma
tion is a marked angular unconformity in the type The age of the Gene Canyon formation is 
area, preserving a break in Tertiary sedimentation poorly known. Volcanic rocks from the overlying 
that produced a relief of 50 to 100 meters. Lacus- Copper Basin Formation have been dated by 
trine beds thicken to the southwest of the type Kuniyoshi and Freeman (1976) at 19-21 n.y. (K/Ar), area, suggesting that the basin of deposition or Early Miocene. Kemnitzer (1937) found an 

~ 44wt4n: 

S7 

411 

WWI 

Plate 3 Large clast of mylonitic biotite adamellite in monolithologic breccia 
of Gene Canyon Formation, south of Gene Wash Reservoir. Not strong quartz 
grain-defined lineation. Width of clast approximately 20 cm. (Stop 6).
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Figure 8. Diagrammatic cross-section across the Whipple Mountains, southeastern California, (see Fig.  

2 for approximate location), illustrating Middle Miocene geologic relations prior to domal up

lift and warping of the Whipple detachment fault (WDF). The cross-section illustrates evidence 

for two phases of rotational, normal fault displacement along the basal detachment surface.  

TI = older Tertiary (Gene Canyon) sedimentary and volcanic rocks; T2 = younger Tertiary (Copper 
Basin ?) sedimentary and volcanic rocks deposited across the detachment fault prior to their 

involvement in renewed fault displacement. MF = mylonitic front, the abrupt non-faulted contact 
between undifferentiated lower plate metamorphic and intrusive rocks (xln) and their largely 

mylonitic equivalents (mxln); br = breccias developed below the basal detachment surface. Hori

zontal scale is approximate, but break-away zone for detachment probably lies in Mopah 

Range, 25 km to west. Vertical dimensions are somewhat less accurate and are intended to be 

diagrammatic only.  

artiodactyl (giant pig) track in shale beds of the of the unit. Mylonitic clasts are sporadically 

Gene Canyon Formation, which suggests a Late present within the Copper Basin Formation in the 

Oligocene to Early Miocene age for the unit. A southern and eastern Whipples near the contact 

similar Oligocene to Middle Miocene age appears with the Gene Canyon Formation. In the area near 

applicable to the Artillery Formation in the the Colorado River around Whipple Wash, abundant 

Rawhide Mountains area (Eberly and Stanley, clasts of all types of nylonitic gneisses are 

1978). present in tilted fanglomerates above the basal 
Copper Basin(?) volcanic rocks (Lopez, 1979).  

Copper Basin Formation Abundant mylonitic clasts are also present in 
complexly faulted Copper Basin fanglomerates on 

Overlying the Gene Canyon Formation is the the northern edge of the Whipples.  

Copper Basin Formation (Ransome, 1931; Kemnitzer, 
1937), which consists of red sandstone, conglo- The age of the Capper Basin Formation is not 

merate, and siltstone with interbedded andesitic(?) precisely known. Volcanic rocks probably inter

volcanic rocks. The Copper Basin Formation rests bedded within the formation in the southern Whipples 

unconformably on Gene Canyon rocks around the have been dated by Luniyoshi and Freeman (1976) 

eastern and southern margins of the present as 19-21 n.y. old. Animal tracks found by both 

Whipple Mountains, but was deposited directly on Kemnitzer (1937) and Gassaway (1972, 1977) also 

upper-plate crystalline rocks in most areas near suggest a Miocene age for the Copper Basin Forms

the interior of the range (Copper Basin, Bowmans tion and the correlative Chapin Wash Formation in 

Wash, Whipple Wash areas). Southwest of Copper the Rawhide Mountains area (Lasky and Webber, 

Basin and in the Aubrey Hills, Arizona, the Gene 1949).  

Canyon and Copper Basin Formations appear to grade 

into each other across a section of volcanic rocks Volcanic and sedimentary rocks that are 

whose affinity to either formation is as yet probably of Copper Basin age occupy a uniquely 

unknown. autochthonous and allochthonous setting in the 
Whipple Wash area. Mere (Pls. 4, 5; field guide 

Kemnitzer (1937) suggested that the formation Fig. 4) erosion has carved a channel across 

is at least 750 meters thick, although all sections allochthonous upper-plate rocks, the Whipple detach

of the formation have truncated upper boundaries. ment fault, and sheared autochthonous rocks below 

Fault-bounded sections contain clastic rocks at that fault (Figs. 8, 9). Copper Basin(?) strata 

least that thick in the southern Whipples. In were then deposited uncomformably atop both upper 

the central Whipples, volcanic sections 500-600 and lower-plate units. They are thus authoch

meters thick underlie the clastics. The absence thonous, but in areas east of the main channel 

of a thick sandstone section in the central Whipples filling in Whipple Wash they are themselves dis

appears to result from erosion rather than non- placed by listric normal faults that flatten into 

deposition. Primary sedimentary features such as the original detachment surface (Fig. 8).  

mudcracks, ripple marks, and cross-bedding are 

abundant within the formation and suggest a fluvial 
or fanglomerate environment of deposition for much
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Plate 4. View to ENE down Whipple Wash, northeastern Whipple Mountains, show
ing autochthonous canyon fill of Miocene volcanic and sedimentary rocks.  
The canyon was eroded into lower-plate rocks below the Whipple fault which 
can be seen as the slightly east-dipping planar contact in the upper right
hand quarter of the photograph. (Stop 12) 
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Figure 9. Line-drawing of geologic relations shown in Plate 4.



88 

2 

.yj.  

Plate 5. Closer view of unconformity seen in Plate 4. Lower-plate rocks are shat

tered and altered mylonitic gneisses.  

Lower Plate Units granitic augen gneiss, and amphibolite. This 
package is similar to the metamorphic package of 

General Statement the upper plate (pre-quartz monzodiorite and 
granite porphyry). The quartz o- feldspathic gneiss 

Because of the domical form of the Whipple is fine to medium grained and contains the meta

Mountains, autochthonous crystalline rock units below morphic assemblage quartz + plagioclase (oligoclase

the Whipple detachment fault occupy the core of andesine) + alkali feldspar + biotite + epidote, 

the range and underlie its highest peaks (Fig. 3; hornblende, and retrograde chlorite. Pelitic 

field guide pl. 1). Crystalline rocks in the interlayers contain quartz + oligoclase + muscovite + 

central and eastern core of the range generally biotite + garnet + sillimanite. As shown below, 

resemble the lower-plate rocks of the eastern these assemblages persisted through the myloni

Buckskin and Rawhide Mountains (Fig. 2) and have tization event but are considered relict. At 

the foliated and lineated mylonitic fabric so deeper structural levels, the gneiss becomes migma

typical of the Arizona "core complexes" (G. H. titic with alternating dark melanosomal bands of 

Davis, 1977; Rehrig and Reynolds, 1977). What is quartz + plagioclase (M 28 -3 1) + alkali feldspar + 

of particular interest, however, is that mylonitic biotite + hornblende and granitic (leucosomal) 

gneisses and related rocks do not compose all the veins separated by a mafic selvage rich in biotite 

Whipple Mountains autochthon. The crystalline, and hornblende. Interlayered within the quartz 

lower-plate rocks in the western half of the range feldspathic gneiss are layers of amphibolite and 

(west of approximately 1140 27' W long) are hetero- granitic augen gneiss, both commonly 2-10 meters 

geneous, non-mylonitic assemblage of older gneisses, thick. The augen gneiss contains abundant (34-65%) 

plutonic rocks (both foliated and non-foliated), and and large (to 5 cm) alkali feldspar augen set in a 

hypabyssal dikes. The mylonitic and non-mylonitic medium grained matrix of two feldspars, biotite, and 

assemblages are separated in the field by a narrow, hornblende. Compositionally (Table 2) the augen 

west-dipping zone of structural transition. Since gneiss is iron rich (relative to magnesium) and 

it can be demonstrated that the zone represents the potassic, thus having affinities to the meta

mappable upper limit of a pervasive mylonitic granitic suite of the upper plate.  

overprinting upon older rocks, it is termed a 

"mylonitic front" and is described below. Intrusive into these gneisses, but now sharing 
their foliation, are plutons of horoblende-biotite 

Older Metamorphic Rocks quartz diorite, garnet-biotite granodiorite, and 
two-mica adamellite. The quartz diorite occurs as 

Lower plate rocks that are older than the lensoidal bodies aligned parallel to the ME

mylonitization include a layered gneiss unit, striking foliation. It is light to dark grey, 

foliated calc-alkaline plutons, and some hypabyssal mediun grained, and not well foliated due to low 

dikes (to be described in a separate section below). amounts of modal quartz,(dO volume %). A weak 
foliation is defined by hornblende, biotite, and 

The layered gneiss unit consists of inter- quartz which flows around the larger crystals 

layered, biotite quartzo-feldspathic gneiss, a (2-5 mm) of plagioclase (An3 -f3 ). Epidote is
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Table 2. Average Major and Trace Element Composition of Lower-plate Crystalline Units1 

Older Metamorphic Rocks Synkinematic Sills and Associated Rocks Dike Rocks 

agn sag hbd fad pgd gtm tmt fgd ad and od 

No2  1 1 1 3 3 2 2 1 2 5 2 
Si02 72.65 63.87 60.82 72.65 67.50 71.33 66.63 69.62 73.47 64.32 48.56 Ti02 .55 .97 .66 .15 .43 .16 .35 .35 .21 .64 1.37 A1203 13.19 15.38 16.87 14.74 16.57 15.85 16.98 15.57 14.70 15.42 15.33 FeO 3.15 5.48 5.25 1.29 2.51 1.16 2.87 1.63 .77 4.01 9.51 MgO .70 1.61 2.77 .44 .89 .42 1.25 .73 .20 2.31 9.26 Mno .018 .032 .117 .029 .020 .078 .065 .021 .016 .064 .151 CaO 2.11 3.28 5.46 2.34 2.93 2.47 4.05 2.53 1.58 3.84 9.41 Na20 2.64 2.80 4.01 3.84 5.00 4.29 4.32 4.78 4.08 3.79 2.95 
K20 4.55 4.53 2.11 2.86 2.95 3.57 2.04 3.03 4.26 3.47 .92 Total 99.56 97.95 98.07 98.34 98.80 99.32 98.56 98.26 99.29 97.86 97.46 

K20+Na20 7.19 7.03 6.12 6.70 7.95 7.85 6.36 7.81 8.34 7.26 3.87 FeO 
(FeOIMg0) .818 .773 .655 .746 .708 .734 .698 .691 .794 .635 .507 
"Al" 1.007 .994 .897 1.079 .990 1.029 1.019 .989 1.036 .922 .668 

Rb 92.4 121 60.0 65.2 57.6 67.2 42.9 66.5 111 77.5 17.5 Sr 256 457 919 594 814 540 883 867 360 452 406 Ba 991 2139 1065 843 1210 1037 1406 781 689 1164 408 

Ba/Sr 3.87 4.68 1.16 1.42 1.49 1.91 1.62 .901 1.91 2.57 1.00 
Ba/Rb 10.7 17.7 17.8 2.93 21.0 17.9 32.6 11.7 6.21 15.0 23.4 Rb/Sr .361 .265 .065 .1098 .071 .128 .049 .077 .308 .172 .043 K/Rb 409 301 282 364 425 447 380 378 319 372 438 
Analyses performed at U.S.C. Petrochemistry Laboratory by Gregory S. Benson, Mark C. Rowley, Whitney Moore and J. Lawford Anderson.  

2 Number of analyses averaged.  

All Fe as FeO, major elements as wt. %; Rb, Sr, Ba as ppm.  

4 "Al" molecular proportions of A1203/(CaO+Na
2O+K20) 

5 Unit symbols: agn = biotite augen gneiss (above front), sag = mylonitized augen gneiss from Swansea area, hbd = mylonitized hornblende biotite quartz diorite, fad = foliated two-mica adamellite (above front), pgd = porphyritic granodiorite sill, gtm = garnet, two-mica adamellite sill, tmt = two-mica tonalite sill, fgd = mylonitized fine-grained granodiorite dike rock in sills, ad = mylonitized biotite adamellite (clasts from Gene Canyon Formation), and = andesite-dacite dike swarm, and od = olivine tholeiite diabase dike.  

abundant and occurs both as small porphyroblasts in K20 (2.43-3.66 wt.%) and is peraluminous.  
and as fine grained granules in the matrix.  

Mylonitic Front 
The garnet-biotite granodiorite also occurs as 

lensoidal bodies (700 by 2000 m) in sharp contact The assemblage of gmeisses and the two
with the layered gneiss unit. Dark grey in color, mica adamellite just described also lies structurally 
the rock is medium grained with a foliation above a thick ( >2 ki) sequence of mylonitic 
defined by biotite, feldspar, and quartz which gneisses and related rocks. Rocks termed "myloni
wrap around distinctive crystals (2-5 mm) of garnet. tic" possesses a pervasive foliation and lineation.  
Locally, particularly near inclusions of amphibo- They are characterized by the contrasting brittle 
lite, the granodiorite lacks garnet and contains and ductile behavior of their mineral components.  
hornblende. Whereas quartz, micas, and some amphiboles flowed 

and/or recrystallized during deformation, other 
The two-mica adamellite occurs as light- minerals (feldspar, some amphiboles, epidote, and 

colored, irregular plugs greater than 600 m in sphene) behaved brittlely. The semi-cataclastic 
diameter (field guide, Fig. 6). The rock is foliation that developed during the mylonitization 
fine to medium grained and is uniform in composi- event generally dips at angles less than 300 The 
tion (71.9-73.4 % Si0 2 )* It consists of quartz, lineation is defined by flattened and strongly 
two feldspars (plagioclase alkali feldspar) and elongated quartz grains and by trains of biotite 
subequal amounts of biotite and muscovite. Al- and broken feldspar porphyroclasts. Quartz poor 
though metamorphosed, the plagioclase has vague rocks, such as amphibolite, hornblendite, and 
outlines of relict normal and oscillatory zoning quartz diorite do not develop a good mylonitic (An19 -.ao)y Compositionally, the pluton is low foliation or lineation.
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Plate 6. View to west in south-central Whipple Mountains. Homogeneous-appear

ing, dark, foliated rocks which dip to left (WSW) in central part of photo 

are mylonitic gneisses that lie below the mylonitic front (Fig. 3, 10).  

Rocks above the mylonitic front are heterogenous-appearing, lighter-shaded 

units (upper left-hand quarter of photo) that are non-mylonitic, but largely 

compositionally equivalent to rocks immediately below the front. Light

shaded rocks in lower right foreground are mylonitic porphyritic grano

diorite in the upper part of a sill-like pluton (Fig. 10). (Stop 24) 

As discussed below, the mylonitic assemblage discontinuously and with decreasing frequency upward, 

includes rock types found above the mylonitic in all rock types above and within a hundred 

front, as well as synkinematic sill-like granitic meters of the front. More puzzling, they are also 

plutons and hypabyssal bodies that have not been foundiin some isolated, fine-grained dikes of 

recognized above the front. The front is a well- silicic to intermediate composition at structural 

defined and mappable structural boundary between levels up to 600 or 700 meters above the front 

the two assemblages. It is not, however, a dis- (cf. Stop 21, field guide Fig. 6). The mylonitic 

crete fault surface. It is a zone of high strain foliation and lineation are not seen in the 

gradient, locally as narrow as 3 meters, but more gneissic wallrocks of the dikes, and appear to 

typically 10 to 30 meters wide. Except for the develop only in those dikes that have shallow 

shattered and altered zone beneath the younger dips. G. H. Davis (in press) reports similar field 

Whipple detachment fault where its trace is relations in southeastern Arizona, where a con

obscured, the front is readily visible in the parable lineation develops locally in shallow

field as the boundary between inclined, strongly dipping aplite and pegmatite layers enclosed in 

foliated and lineated, mylonitic rocks and over- non-lineated plutonic rocks. In the Whipple 

lying rocks that are more heterogeneous in Mountains, it appears that factors that inhibit 

appearance and lack a topography-controlling development of the nylonitic fabric in rocks above 

foliation (Pl. 6). the front include (1) the existence of an earlier 
(gneissic) foliation, and (2) an intermediate to 

In sections 9 and 10, T. 2 N., R. 24 E. steep orientation of that foliation with respect 

(Whipple Mountains S. W., 7 1/2' quadrangle), west to the front.  

of and above the front, quartzo-feldspathic 

gneisses (with subordinate amphibolite) and an The physical means by which the front was 

intrusive two-mica adamellite pluton share a formed have not yet been completely resolved. The 

common foliation that strikes N 60-850 E and dips front is the uppermost level of a penetrative nyloni

500 + 150 SE (Fig. 10; field guide Fig. 6). This tic fabric impressed or superimposed upon pre

orientation persists eastward to the mylonitic existing foliated and non-foliated rocks (Fig. 11).  

front and is preserved locally in outcrop-sized On the basis of preliminary studies the development 

domains beneath it. In contrast, rocks below the of the mylonitic front appears to be associated with 

mylonitic front in this area have a penetrative, the transposition of older foliation in some rocks 

southwest-plunging lineation and a foliation that (perhaps within zones of high flattening strain), 

strikes northwestward and dips to the southwest but is more characteristically due to the rotation 

at variable angles (15-650; field guide Fig. 6). of pre-existing foliation into parallelism with the 

These penetrative fabric elements are not restricted front and to pronounced thinning by flattening 

to rocks below the front but occur, though of the rotated rocks. In some outcrops of a
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N 
MF foliated, quartz rich, two-mica adanellite above the 

- front, the older gneissic foliation is cross
cut by the younger mylonitic foliation. As might 
be expected, such outcrops exhibit a strongly 

tlineated appearance due to intersection of the two 
S-surfaces (as well as to the closely parallel, 
quartz-defined, mineral lineation). Transposition 

cof the earlier foliation in gneissic units above 
fand below the mylonitic front does not, however, 7 '<K mgr seem to he a pervasive process. Rather, in 

gn gn numerous outcrops the mylonitic fabric is over
printed on the older gneissic foliation, only when 
that foliation has been rotated into parallelism 

Swith the nearhy mylonitic front. This over-printing 
Scan appear or disappear within a few centimeters 

wit as the attitude of the older foliation changes out 
Sof or back into its original northeast strike and 

alterationsteep to intermediate dips.  

WDF . Sykineatic Sills and Late Kinematic Plutons 

Mylonitization was accompanied in the central, 
northern, and eastern Whipple Mountains by the 
intrusion of near horizontal sheets or sills of 

Figure 10. Simplified geologic map of Sections 2 adaellite to tonalite (Fig. 12) measuring less 
3, 10, 11, T.2n., R.24E., Whipple Mountains than a meter to several hundred meters thick. in 
S.W. 7 1/2' quadrangle. Area outlined the southeastern Whipple Mountains, however, such 
equals 4 square miles. Map shows geologic sills are missing in the thick section of mylonitic 
relations across west-dipping mylonitic gneisses present there. The sills are interpreted 
front (gradational contact MF) in the south- as synkinematic because (1) they lie parallel to 
central Whipple Mountains. Units: gn = mylonitic foliation in country rock gneisses, (2) 
undifferentiated gneisses and intrusive igneous they, and gneisses in contact with them, are more 
rocks (foliated and unfoliated) above strongly mylonitized than gneisses sore distant from 
mylonitic front; mgn = mylonitized equivalents the sills; (3) the sills are cut by mylonitized 
of go below mylonitic front; mgr = upper aplite sheets that have contacts and a parallel 
part of mylonitized granodiorite "sill" (mpgd mylonitic foliation that is discordant to the 
of Fig. 11). Pre-mylonitic foliation shown mylonitic foliation of the sills, and (4) the 
by attitudes with open barbs; younger mylonitic pegnatic interiors of some adamellite sills are 
foliation shown by heavier lined attitudes only weakly mylonitized.  
with double dips symbol. Stippled pattern 
represents zone of shearing, shattering, and The mylonitization of pre-sill country rocks is 
alteration below south-dipping Whipple most intense within or on strike with the zone 
detachment fault (WiF). This zone is over- of synkinematic sills. In areas on strike, but 
printed across rocks above and below the lacking the sills, mylonitization is pervasive 
mylonitic front. throughout sections over a km thick. Conversely, 

o WD!.  

3000te an g s i n t h, m 

apit sheet tht ae otat adaaale 

2000' .-- - 0 ' ~ xt 

0 
Sy foliation S3 foliation 

CROSS SECTION THROUGH MYLONITIC FRONT 

SOUTH-CENTRAL WHIPPLE MOUNTAINS 

Figure 11. NNE-WSE cross-section through area of text Fig. 10 and field guide Fig. 6, showing geologic rela
tions across Whipple detachment fault (NDF) and mylonitic front (Mf) in the south-central Whipple 
Mountains. Tertiary sedimentary rocks (Ts) lie above the fault. A shear/shatter zone (sz) lies below 
it. Lower plate rocks below the fault, but above the mylonitic front: gn = older layered gneiss; fad 
foliated two-mica adamellite. Rock units below the front: mgn = mylonitic gneisses; mpl = mylonitic 
plutonic rocks; mpgd = mylonitic porphyritic granodiorite.
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in areas containing sills, intense mylonitization 

is restricted to rocks between the mylonitic front LOWER PLATE 

and the top of the highest sill,in the sills Fad 
themselves, and in immediately adjacent gneisses. gt _ag 

Between the sills,and below the lowest sill, 70 CA 
the mylonitization lessens and the foliation of the 

older gneisses has a steeper attitude. Here, the d 

mylonitization occurs only as a moderate to mild and 'sag 

overprint. 60 I 

75

gtb 

55

4O* I .2 .3 .4 .5 .6 .7 8 9 L.0 

FeO/(FeO+ Mgo) 

Fd Figure 13. Composition of lower-plate crystalline 

tcrocks: SiO2 (wt. %) versus FeO/(FeO = MgO).  

S fPluton symbols as in Figure 12 and as 

2 follows: agn = biotite-hornblende augen 

20 gneiss, and = andesite-dacite dike swarm, 

fdotb = olivine tholeliite dike swarm (all 

hbt above mylonitic front), sag - augen gneiss 

of Swansea area (below mylonitic front).  

S2 feldspar matrix. The greener, matrix biotite is 

compositionally distinct from the coarser, brown 

biotite in being depleted in Ti, Al, and Fe and 

Figure 12. Modal composition of lower-plate grani- enriched in Mg and Si. The large epidote cry

tic plutons in terms of quartz, plagioclase, stals have dark brown, pleochroic, allanitic 

and alkali feldspar. Pluton symbols are cores rich in Ce2O3 (to 8.1 wt%) and a203 (to 

fad = foliated two-mica adamellite (above 4.6 wt%). Epidote rims and matrix epidotes are 

mylonitic front), hbt = hornblende-biotite colorless and have a standard epidote composition.  

tonalite, pgd = porphyritic granodiorite, Crosscutting granodiorite dikes (also with the same 

gtm = garnet, two-mica tomaliteadamellite mylonitic fabric) contain textures that are 

series (latter three all below mylonitic similar, but consistent with their hypabyssal 

front). occurrence. Large plagioclase porphyroclasts 
in these dikes are evidently relict phenocrysts 

Each of the major sills is lithologically as they contain rather delicate oscillatory zoning 

distinct from the others. The highest sills (Pl. 7). The zoning reflects changes in composi

include two biotite granodiorites, one porphyritic tion from An2(.AAb 7 2.ners.. to Anz2 .3Ab7.zrl.5, 

and one not porphyritic. The porphyritic granodio- rims have the compositions An2 5 1Ab7 3 .2Or1 .6. In 

rite is a thick sill (maximum thickness of 5000 m) contrast, the very fine-grained plagioclase 

that occurs 250 m below the mylonitic front in the coexisting with epidote in the mylonitized matrix 

central part of the range (Fig. 11). Composition- is rather uniform in composition, ranging from 

ally (Table 2) the intrusion is calc-alkaline (Fig. Mls9.6Ab79.x0rl.3 to Anis.aAb7s.60ri.a. Matrix 

13), as are all of the sills with intermediate alkali feldspar has the composition grr 2 .oAb7.2Ano.  

levels Of Si02  (66.7-68.8gwt.%) and l20 (2.73- Cno7 

3.25 Wt. %). The rock is light grey, medium 

grained, and contains scattered alkali feldspar The biotite granodiorite (non-porphyritic) 

augen (0.3-1.2 cm, 12-18%) set in a foliated sill is also thick (600 n), but due to its high 

matrix of biotite, quartz, plagioclase geh.r.25.3), structural position it is widely truncated by the 

and accessory minerals include sphene, allanite, . Whipple detachment fault in the central and eastern 

and magnetite (the Fe-Ti oxide, ilmenite, has yet to parts of the range (field guide, Fig. 5). The 

be found in any of the sills). The intensity of rock is whitish to light greyin color, medium 

mylonitization is variable. Where highly myloni- grained and, with a quartz + two feldspar 

tized, feldspars in the foliated groundmass (ex- (plagioclase > K feldspar) + biotite mineralogy, it 

clusive of alkali feldspar augen) display two grain is compositionally similar to the granodiorite 

size distributions. Fine-grained, granoblastic described above.  

feldspar (mostly plagioclase) coexists with epidote 

and green-brown biotite. It has an average grain Three structurally lower sills in the eastern 

size of 0.01 to 0.02 mmg and occurs as tails on Whipple Mountains, are all peraluminous and have 

larger feldspars and in layers separated by undu- two micas--biotite and celadonitic muscovite.  

latory quartz lenses (0.1 to 1.0 mm in diameter). In descending structural position these are a 

Crystals of plagioclase (0.5-2.0 mmn; bent albite two-mica adamellite, a garnet two-mica adamellite 

twins are common), ophene, brown biotite, and and two-mica tonalite. The interior portions of 

epidote are surrounded by the fine-grained quartz- the two adamellite sills (both of which have a
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Plate 7. Photomicrograph of specimen from mylonitonized granodiorite dike in porphyritic granodiorite sill be
low mylonite front. (a) plane light; (b) same view in cross polarized light. Note oscillatory zoned 
plagioclase floating in mylonitic matrix. Compositional data are given in the text. Minerals are 
P1 = relict plagioclase, P 2 = metamorphic plagioclase, E = epidote, M = magnetite, Q = quartz, B, = 
coarse biotite, B2 = matrix biotite, and Z = zircon. Scale bar represents 0.5 mm.  

maximum thickness of 75 m) are commonly pegmatitic Mountains. Emplacement of the lower plate biotite 
and only weakly foliated, a relation that attests adamellite is considered to be a late kinematic 
to the coincident timing of intrusion and myloni- event with respect to mylonitization . These plugs 
tization. The adamellites are both light grey, crosscut mylonitic gneisses and, in the southern 
medium-grained and are compositionally similar, Whipple Mountains, a mylonitized biotite adamellite 
except that the lower adamellite ranges to grano- sill; nevertheless, they commonly possess a 
diorite in composition and contains garnet (to weak to moderately developed foliation and quartz 
1.6 volume %). The garnet is principally a mixture lineation of mylonitic type.  
of almadine, spessartine and grossular components.  
A typical composition is Al4 3.gSp22.1Gr2 3.sPy5 .9 Dike Rocks 
An4. 2 . The proportion of the two micas is sub
equal. The muscovite is fairly celadonitic and A major NNW-trending dike swarm of calc
is discussed in more detail in the following alkaline andesite and dacite and olivine tholeiite 
section. As found in all sills analysed to date, diabase intrudes lower plate rocks above the 
the biotites are uniformly intermediate in compo- mylonitic front in the central Whipple Mountains.  
sition with typical Mg/(Mg+Fe) ranging from 0.51- The andesite and dacite represent a fractionation 
0.58. A compositional gap was found between series (Fig. 14) in which Si02 ranges from 56.4 
porphyroclastic and matrix (mylonitic) plagioclase to 70.0 wt%. The rocks range in color from dark 
in one sample, from An2 1 .9 Ab7 7 .1Qr 1 .o to An4 .; grey to light tan and contain 10-15% plagioclase 
Abs.10ro.e. Other samples had less well defined phenocrysts (with oscillatory zoning from Ans4-41 ) 
or no compositional gaps. and lesser amounts of biotite and/or hornblende, 

magnetite, and ilmenite in a fine-grained to 
The lowest sill in the core is a 240 m thick, aphanitic matrix. The more dacitic members 

dark gray, two-mica tonalite. It is fine- to contain biotite as the sole mafic mineral. They 
medium-grained and contains porphyroclasts of also have sparse phenocrysts of alkali feldspar 
plagioclase (An19 -3 3 ), epidote with dark brown and quartz and irregular zones of quartz-feldspar 
allanite cores, two micas (biotite > muscovite), granophyric intergrowths in the matrix. Inter
and apatite, set in a fine-grained, foliated matrix mediate rock types have both biotite and horn
of quartz, feldspar, two micas, and epidote. The blende while hornblende is the sole mafic in the 
modal alkali feldspar content is low (1.8-4.0%). andesitic members.  
Although the tonalite is compositionally distinct 
from the garnet, two-mica adamellite (Si02 = The diabase dikes are olivine tholeiite in 
65.3-68.0 and 70.2-72.5 wt %, tonalite and composition. They contain a fine-grained, equi
adamellite respectively, K20 = 1.65-2.43 and 2.82- granular assemblage of randomly-oriented plagioclase 
4.31 wt %, Sr = 833-932 and 498-582 ppm) some laths (Ana 4 s6) and interstitial olivine and brown 
compositional continuity suggests these intrusives hornblende. Alkali feldspar and biotite are rare 
may be comagmatic. interstitial phases. Clinopyroxene occurs as 

relict cores in some of the hornblende. Deuteric 
Small plugs of biotite adamellite occur within alteration effects include pale-green actinolite 

the lower plate, especially in close proximity to and colorless cummingtonite on the hornblende and 
the Whipple fault in the southeastern part of olivine. Field studies in eastern parts of the 
the Whipple Mountains. These plutonic rocks are dike swarm above the mylonitic front suggest that 
compositionally and mineralogically equivalent at least some of the calc-alkaline members of the 
to the 74-81 m.y. old biotite adamellite that forms swarm predate the mylonitic event. Some dikes 
small stocks in the upper plate of the Whipple of dacitic to andesitic composition in proximity to



94.  

5
LOWER PLATE 

-- - 1 3. -' 
4 -9 

0 o j- ii d 

2- -"k-hbt ;P'-gtm 

45 50 55 60 65 70 75 80 

SiO 2 (wto) 

Figure 14. Composition of lower-plate crystalline rocks: SiO 2 versus K20 (wt. %). Plu
ton symbols same as in Figures 12 and 13.  

the front exhibit mylonitic fabric elements although X KAl(Si3AlOo) (OH)2(mole fraction of end 

others do not. Although the andesite-dacite series member muscovite) ranging from 0.700 to 0.807 

is grossly similar to the synkinematic sills below with the remainder being the ferri-celadonite 
the front, samples analysed to date are composi- component K Mg Fe (Si4010) (0H)2.  
tionally quite different and do not represent the 
same magmatic episode. At a given silica content, Although phengitic muscovite is commonly 
the dike swarm is more potassic (Fig. 14) and poorer regarded as a product of low temperature and/or 
in A1203 and Sr than the sill rocks. The possibility high pressure conditions (Ernst, 1963; Velde, 
of more than one dike-forming event is undeniable, 1965, 1967, 1972), primary muscovite in silli
yet we hesitate to correlate any of these dike manite-free, two-mica granites is commonly 
rocks with the Oligocene-Miocene volcanics of the phengitic with mole fraction celadonite ranging 
upper plate Gene Canyon and Copper Basin Formations from 0.11 to 0.29 (Best and others, 1974; Guidotti, 
due to the likelihood of large transport of the 1978; Anderson, unpublished data). To test whether 
upper plate along the Whipple detachment fault. this phengitic composition is primary or due to 

reequilibration accompanying mylonitization, we 
Depth and Metamorphic Grade of Mylonitization have attempted to fully characterize the composi

tional variability of muscovite in the mylonitonized 
The occurrence of primary muscovite in the two-mica sills. Muscovite displays a range of 

peraluminous sill-like plutons allows an estimate textural habits including coarse-grained flakes 

of the minimum pressure and depth of their crystalli- that are oblique to the foliation, fine-grained 
zation, and perhaps of the mylonitization, by muscovite aligned in the mylonitic matrix, and 

consideration of the interaction of muscovite sericitic muscovite inclusions in feldspar.  
stability and granitic melt solidus curves in P-T-X Although the mole fraction of celadonite (Xcel) 
space. These relations have recently been discussed in these separate textural habits is remarkably 

by Thompson and Algor (1977). Primary (magmatic) uniform (ranging from 0.18-0.28), the major variabi

muscovite is rare in epizonal granites because it lity is in Ti which systematically varies with 
is not stable at solidus temperatures at low pressure. texture. Weight percent TiO 2 ranges from 0.63 to 

One estimate of this low-pressure limit is the 1.19% in coarse muscovite, 0.13 to 0.39 in fine
crossing of the reaction curves defining the wet grained matrix muscovite, and 0.05-0.10% in 

granite solidus and the upper stability of musco- sericite. Guidotti and others (1976) have demon

vite + quartz (muscovite (Mu) + quartz (Qz) = strated that the Ti-saturation limit in muscovite 

alkali feldspar (Ksp) + aluminousilicate (Als) decreases with lower temperature. In accord with 
+ H20); (Thompson, 1974; Chatterjee and Johannes, this, we interpret the composition of the matrix 
1974; Skippen, 1977) at about 3.3 kb (or approxi- muscovite to have equilibrated during mylonitiza

mately 11.8 km). However, one must consider tion, the coarse muscovite is regarded as relict, 
the composition of the silicate liquid and solid and consequently useful for determining minimum 
phases involved. In this case, we are considering depth of emplacement. The fact that the mole 

melts of tonalite to adamellite composition and a fraction of celadonite remained uniform may be 
phengitic 2uscovite with a significant celadonite indicative of a low pressure environment during 
(K(Mg, Fe )2Si4010 (0H)2) component. The tonalite both intrusion and mylonitization (Guidotti and 
solidus intersects the muscovite curve at higher Sassi, 1976).  
pressure (4.2 kb). In contrast, celadonite solu
tion in muscovite increases its stability to higher There is some uncertainty in the calculation of 

temperature which, in turn, causes the intersection the displacement of the muscovite + quartz terminal 
with either solidus curve to occur at lower pressure. stability curve due to present uncertainty of 
Moreover, the true lower pressure limit of stability activity-composition expressions for muscovite

for the muscovite + silicate melt occurs at the celadonite solutions. The activity of KAlSi3 08 
intersection of the solidus and the discontinuous in alkali feldspar was calculated using Margules 

reaction Mu + Ab + Qz = Ksp + Als + H20 (Evans parameters of Thompson and Waldbaum (1969). The 

and Guidotti, 1966; Thompson, 1974), which occurs activity of KAl 2 (Si3 Al)0 1o(0H) in muscovite was 

at about 200C lower temperature and 600 bars higher determined using an ideal multi-site mixing model.  

pressure. Electron microprobe analyses of several For the composition of these phases in the two
muscovites in the two-mica, adamellite sill yielded mica adamellite, the muscovite + quartz stability
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curve (using the free energy expression of Skippen, and 410-430
0C respectively.  

1976) is shifted to 50-55
0C higher temperature at 

constant pressure. This curve intersects the wet In conclusion, there appears to be a real 

adamellite solidus (Piwinskii, 1968; Boetcher and variation in metamorphic grade during mylonitization.  

Wyllie, 1968) at 2.0 kb. A similar shift in the The spatial distribution of grade with structural 

reaction Mu + Ab + Qz = Ksp + Als + H20 yields depth is now being studied. Although there is 

a minimum pressure estimate of 2.6 kb or 9.6 km. some uncertainty in the absolute temperature calcu

This is indicative of an upper crustal origin and lations, the differences should be reliable and are 

is currently our best estimate of depth. However, consistent with differences in mineral assemblages.  

this minimum depth estimate will increase if PH20 is 
less than P and if the muscovite XMu Origin of the Mylomitic Rocks 

0.75 - .8)tna ihe tonalites is also primary. In 

the latter case, our preliminary depth estimate The mylomitic rocks of the Whipple-Buckskin

will increase to 11.8 km. These considerations are Rawhide Mountains are the consequence of a 

being reevaluated in our continuing investigation. regional metamorphic and deformation event that is 
as yet poorly dated and incompletely understood.  

Estimation of metamorphic grade is made Although the mylonitic rocks of our study area 

difficult by the general lack of thorough reequi- extend southeastward into the Harcuvar and Harquahala 

libration of minerals during mylonitization. Our ranges of western Arizona, it is not demonstrable 

data indicate that a majority of the individual (and may never be) that the mylonitic rocks of these 

minerals in the mylonitic gneisses are relict areas are continuous at depth with the strikingly 

from the preceding igneous or metamorphic history similar rocks of south-central and southeastern 

(see Pl. 7). The incomplete reequilibration has Arizona (G. H. Davis, in press). Age data presented 

resulted in compositional dissimilarities or here and in papers in press by G. H. Davis, and by 

gaps between porphyroclasts and matrix occurrences Rehrig and Reynolds, tentatively suggest that the 

for plagioclase, epidote, biotite, and muscovite. mylonitic rocks of the latter areas may be younger 

This important relation is qualitatively an indica- than those of western Arizona and southeastern 

tion of (a) low temperature, (b) low fH , and/or California; no stronger statement is warranted due 

(c) a restricted time interval for the mWamorphic- to the sparseness of geochronologic data available from 

mylonitic event. To get at the true reequilibrated the western area 

or metamorphic phases, we have directed our atten

tion firstly to the very fine-grained (0.01-0.1 mm) The Whipple Mountains may be unique among the 

mylonitic matrix in these rocks (in contrast to various ranges in which mylonitic rocks are known 

the larger crystals floating in this matrix) and, to occur, because of the preservation there of an 

secondly, to the mineralogy within tension gashes original upper boundary to the regional mylonitic 

that developed perpendicularly to the mylonitic assemblage. Mylonitic rocks in the cores of the 

lineation. Our estimates, to date, exhibit a Arizona ranges are typically truncated upward by 

clear and real range in metamorphic grade from low-angle detachment faults or covered by younger 

middle greenschist to lower amphibolite. One deposits. The Whipple mylonitic front (P1. 6) is 

tension-gash specimen contained coarse, prismatic startling because the transition between the thick 

magnesio-hornblendes oriented parallel to the assemblage (> 2.5 ki) of mylonitic rocks and struc

lineation in enclosing rocks and coexisting with turally higher, non-mylonitic units is so abrupt 

quartz + oligoclase (An2 .sAb7 s.a0r2.2) + epidote + (3-30 i).  

magnetite (essentially pure Fe3O 4 ) + sphene + 
late stage, untwinned orthoclase (Ore82Ab12.x In some portions of the range there is a close 

Ano0o 1 Cn4 .o - structure confirmed by Xray diffrac- spatial association of the mylonitic front with 

tion). This assemblage is consistent with meta- plutonic and hypabyssal sills below it. Intrusion 

morphic grades from uppermost greenschist to lower probably occurred in late Cretaceous to earliest 

amphibolite facies. Feldspar thermometry calcula- Tertiary time on the basis of limited age controls 

tions (Stormer, 1975; Whitney and Stormer 1977) and the Laramide age of similar, garnetiferous, 

yield temperature estimates of 527 to 638 C at two-mica plutons in southwestern Arizona (J. Wright, 

an assumed total pressure at 2-4 kb. This is personal communication, 1979). In light of field 

our highest estimate of grade. evidence for synkinematic intrusion of the sills 
during mylonitization, we initially considered the 

As described earlier, there are gaps in possibility that the location of the front, and 

plagioclase compositions between the grains in the therefore the upper limit of pervasive mylonitization, 

very fine-grained mylonitic matrix and the larger was thermally controlled by the highest level of 

plagioclase crystals enclosed in this matrix. In sill emplacement. Subsequent studies, however, 

one sample this gap was from An26 .2 2 to An1 8 .1g, reveal that the sills of the central and eastern 

while in another from An2 2 to Ano4. The gaps are Whipple Mountains thin southward and interfinger out 

a good indication that the matrix plagioclase has into well-developed mylonitic gneisses which are 

reequilibrated. The matrix mineral assemblage for devoid of sills. Therefore, in southern parts of 

both samples is the same, being quartz + plagioclase the Whipple Mountains the apparently requisite ther

(oligocene and albite, respectively) + alkali mal control on the upper limit of regional myloniti

feldspar (Ors2 and Ores, respectively) + biotite + zation cannot be related to sheet-like igneous 

chlorite + epidote. Epidote, which occurs in the intrusion.  

matrix and as overgrowths on relict, rare-earth 

enriched allanite is evidently the by-product of Nevertheless, as discussed above, sills, where 

plagioclase retrogression. In the former case present, did influence the geometry and degree of 

this occurred at metamorphic grades above the development of mylonitization in a vertical section.  

"plagioclase-jump" (uppermost .greenschist) of The two strain components of mylonitization, flat

Winkler (1976); in the later case (albite forming), tening perpendicular to foliation and NE-SW exten

at lower grades. Feldspar thermometry confirms sion parallel to the quartz-defined lineation 

these conclusions, yielding estimates of 439-458IC (Fig. 15), were enhanced in the hot sills and their
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Figure 15. Stereographic projections (lower hemisphere) showing orientation of quartz-defined lineation in 
mylonitic rocks below the detachment surface; a, Whipple Mountains; b, Rawhide Mountains.  

thermally weakened gneissic wall rocks. Between upper-plate rocks (typically reddish-brown). It 
such sills the steep to moderately dipping, pre- physically resembles the "dcollement" of other 
existing foliation of Precambrian(?) gneisses and workers in other areas (e.g. the Rincon Mountains 
meta-plutonic rocks was either incompletely rotated near Tucson, G. H. Davis, in press), although its 
into parallelism with the shallow-dipping front or, formation was not stratigraphically controlled.  
as above the front, escaped rotation altogether. The Whipple fault is the fault recognized hy Ransome 
However, along strike to the south where the (1931) and Terry (1972) as the "Bowmans Wash 
sills are absent, mylonitic strain and rotational thrust" and the "Whipple Mountains thrust" respec
shallowing of pre-existing foliation developed tively. The term Rawhide fault was introduced by 
uniformly throughout a thick (> 1 km) section of Shackelford (1976) to refer to the master detachment 
gneisses below the front. surface in the Rawhide Mountains. We believe it 

likely that the Whipple and Rawhide faults are 
As amplified below, we believe that develop- simply separate portions of the regional detachment 

ment of the Whipple-Buckskin-Rawhide assemblage surface.  
of mylonitic rocks occurred significantly before 
the deposition of Oligocene(?) and Miocene strata. The fault is most obvious in the field where 
Thus we are not inclined to relate the extensional Tertiary strata dip discordinantly into it (Pls. 1, 
faulting of such strata to deeper crustal extension 2), although it is usually overlain by crystalline 
by semi-ductile mylonitic flow. If northeast- rocks. Aphanitic, sometimes flinty microbreccias 
southwest extension occurred within the crystalline underlie the surface along much of its trace.  
rocks above the mylonitic front in the central These finely comminuted rocks form a layer that is 
Whipple Mountains while it was occurring below typically 2 to 25 cm thick and resistant to 
by semi-ductile flow, its mode in the structurally weathering and erosion. As a consequence, the 
higher rocks is not yet clear to us. Nevertheless, fault surface is commonly left exhumed when sheared 
north-northwest striking dikes (described in a and brecciated upper-plate rocks are eroded (Pl. 8).  
previous section) occur above the mylonitic front The resistant cap of microbreccia (Pl. 9) produces 
and may prove to be temporally and kinematically a distinctive ledge immediately below the fault.  
related to extension beneath it. Recently exhumed exposures of the basal detachment 

surface are commonly remarkably planar and typically 
PRE-MIDDLE MIOCENE STRUCTURES display either a dark orange to reddish-brown 
RELATED TO DETACHMENT FAULTING polish or dull patina. Slickenside striae on the 

surface are not as common as might be expected, 
Whipple-Rawhide Detachment Fault but can generally be found if areas of the planar 

fault surface are scrutinized closely. Striae on 
The most impressive single structural element the surface, orwithin a few centimeters of it, 

of the Whipple-Buckskin-Rawhide Mountains terrane is consistently trend northeast-southwest--usually 
a low-angle Whipple-Rawhide detachment fault that within 100 of N 500 E.  
separates the terrane into upper and lower-plate 
assemblages. The surface is spectacularly exposed Although the actual contact between upper and 
at numerous localities (Pl. 8). It is clearly lower plates is knife-sharp, movement along the 
visible in Landsat and Skylab photographs as an the detachment surface has had a profound effect 
irregular contact between light-colored, lower- on rocks below most segments of the fault. Enig
plate rocks (typically pale green) and darker, matically, shearing and brecciation of allochthonous
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Plate 8. Exhumed Whipple detachment fault, extreme southeast corner of Whipple 

Mountains S.W. 7 1/2' quadrangle. (Stop 4A) 

3-

Plate 9. Microbreccia developed directly below Whipple detachment fault, north 

side of Bowmans Wash. Note clasts of lower-plate crystalline rocks in 

the fine-grained black breccia, and irregular seams of breccia in the under

lying crystalline rocks.



98 

rocks are usually confined to within several meters seems likely that the surface must lie at depth 
above the fault. Below the fault, however, the between the areas of uplift, e.g. beneath Chemehuevi 
effects of faulting can extend downward as far as Wash between the Whipple and Chemehuevi Mountains.  
250 to 300 meters. These effects include the Different portions of the surface may have been 
comminution of lower-plate crystalline rocks to active at different times, as shown by the rejuvena
fine-grained, structureless cataclasites (for which tion of the Whipple fault in areas northeast of 
the protoliths are often unrecognizable), shearing, the central reaches of Whipple Wash (Fig. 8).  
rotational steepening of lower-plate mylonitic 
foliation, and in situ shattering. An intense Kinematic relations described in detail below 
and pervasive alteration occurs throughout the indicate that tectonic transport of upper-plate 
entire structurally disturbed zone. Chlorite and units in the area of Figure 2 was consistently 
epidote are major secondary minerals that give northeastward, irrespective of their position on the 
the rocks of the altered and disturbed zone a dark various domes and arches. The domes should not be 
to pale green color. The disturbed zone in the lower mistaken for relatively minor culminations on an 
plate was also a preferential site for iron and initially curviplanar detachment surface. Struc
copper sulfide mineralization (at least some of tural relief on the Whipple dome is in excess of 
it after detachment faulting), and apparently, at 2 km (field guide, Pl. 1) and outward dips of the 
least locally, for the intrusion of mafic dikes warped Whipple fault range from 10 - 400. No 
(now altered). In some areas, e.g. the southeastern evidence has been found that allochthonous units 
corner of the Whipple Mountains S. W. 7 1/2' moved radially away from uplifted areas, in contrast 
quadrangle, the lower limit of extremely comminuted to the conclusions drawn by Coney (1974) for units 
and altered rocks is a low-angle detachment fault that above the Snake Range ddcollement in the Snake 
appears to have formed at the contact between Range, Nevada, and by G. H. Davis (1975) for folded 
mylonitic gneisses below the Whipple fault and rocks above the Catalina fault in the Rincon Moun
the top of a structurally lower granitic sill tains near Tucson.  
(field guide, Fig. 3). The thickness of the 
disturbed and altered zone decreases markedly to If our inference of the regionality of the 
the west in section 10, T. 2 N., R. 24 E. (Fig. 10), detachment surface in the Colorado River trough 
where the Whipple fault overlies lower plate rocks is correct, then the problems of how it formed and 
above the mylonitic front. This relation may be what localized it are compounded by the geologic 
explained by a westward decrease (eastward increase) variability of the various lower-plate terranes.  
in displacement along the detachment surface. Reasons for that localization have not been 
Alternatively, it may be that the penetratively adequately resolved. In the Whipple Mountains 
deformed and comminuted mylonitic rocks were more the detachment fault developed primarily within 
susceptible to brittle deformation beneath the crystalline rocks, although local detachment along 
overriding plate than were their more steeply the unconformity between the basement and its 
dipping, coarser-grained counterparts above the Tertiary cover appears to have occurred during at 
front. For whatever the reason(s) the disturbed least two discrete phases of low-angle faulting.  
zone beneath the Whipple fault decreases in thickness The possibility exists that the basal detachment 
westward and is locally absent or, at best, only a surface was in part localized in the range by the 
few meters thick in lower plate areas west of the mylonitic front, which, as the upper limit of the 
mylonitic front. strongly foliated mylonitic assemblage, may have 

provided a planar anisotropy favorable to detach
Suggestions by Davis and Coney (1979) that ment. Detachment of crystalline rocks along the 

detachment faults similar to our detachment mylonitic front may explain why their structurally 
surface form catastrophically or explosively seem lower mylonitic equivalents are essentially re
inapplicable to the terrane described here. As stricted to the lower plate;,to date, mylonitic 
discussed elsewhere in this paper, at least two rocks have been found at only one locality above 
discrete phases of movement can be documented along the Whipple fault.  
the Whipple fault in the Whipple Wash area (Fig. 8).  
Here and at other localities, older Tertiary strata Other relationships argue against simple 
dip more steeply towards the basal detachment surface detachment of upper-plate units along the mylonitic 
than do younger strata. This relation argues for front--among them the widespread discordance 
continued sedimentation during the normal faulting between the Whipple fault and the mylonitic folia
of upper-plate strata, since normal faulting is tion in the lower plate, and the occurrence of 
responsible for their southwestward rotation. If, upper-plate rocks with a mylonitic overprinting 
as seems probable, such growth faults flatten into in the Rawhide Mountains. Furthermore, mylonitic 
the basal detachment surface (see next section), boulders in conglomerate units of the Oligocene(?) 
the gently dipping surface must also be a growth Gene Canyon Formation indicate that the mylonitic 
fault and one with a longevity of displacement front had been breached locally by erosion prior 
equal to that of the upper-plate, listric normal to Tertiary sedimentation and detachment faulting.  
faults (Rehrig and Reynolds, in press, reach a Finally, the location of the basal detachment surface 
similar conclusion). in the western Whipple Mountains and in the Che

mehuevi and Eldorado Mountains to the north could 
We infer from geologic reconnaissance in the not have been controlled by a mylonitic front be

Colorado River trough (ours and that of Southern cause mylonitic rocks are absent or uncommon in 
Pacific geologists nearly two decades ago) that those areas.  
the basal detachment. surface is a regional surface 
that underlies not only parts of the Whipple-Buck- The alteration and mineralization of rocks 
skin-Rawhide Mountains but of all other ranges to below the detachment surface (both above and 
the north shown on Figure 2. Post-tectonic warping below the mylonitic front) is suggestive of other 
and doming of the allochthonous terrane has led possible controls on detachment--most obviously, 
to the exposure of the basal detachment surface thermal weakening and/or abnormal fluid pressures.  around the margins of the uplifted ranges. It Although the concept of high fluid pressures may
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seem attractive as a means of facilitating upper- gressively extended the upper plate in a northeast

plate displacement along the subhorizontal basal southwest direction. Some faults exhibit shallower 

detachment surface (by reducing frictional resis- dips at lower structural (and topographic) levels.  

tance), the presence of the thick, sheared, and Small faults which are antithetic to the larger 

shatteredzonebeneath the surface is instructive. This east-dipping structures are fairly widespread.  

zone indicates that stresses engendered by the over- Strike valleys along and between the major faults 

riding plate produced deformation far below control the drainage pattern of the area and further 

the detachment surface, and that the fault be- accentuate the northwest-trending structural grain.  

tween upper and lower plates cannot, therefore, Individual faults, such as the Copper fault (Pl. 10; 
be considered as a surface along which frictional field guide Fig. 2) have exposed lengths in excess 

resistance was either negligible or absent. Frankly, of 20 km. Compared to their lengths, the widths 

we do not understand the mechanics of faulting of individual blocks are relatively thin, averaging 

along the Whipple-Buckskin-Rawhide detachment only 3-4 km. A regularity of spacing between the 

fault(s). major faults produces a corrugated pattern of 
alternating Tertiary and crystalline rocks (Fig. 3).  

Internal Structure of Upper and Lower Plates Long, rather narrow (1/2-2 ki) ridges of Tertiary 
rock are separated from each other by somewhat 

Although areal differences exist in the Tertiary wider bandsof upper-plate crystalline rocks. The 

structure of the Whipple-Buckskin-Rawhide Mountains major faults are somewhat sinuous in outcrop pattern 

terrane, some generalizations regarding that and are marked by small tectonic slices of both 

structure are possible. High and low (< 300) angle Tertiaryand crystalline rocks within re-entrants 

faults are present in both upper and lower plates, along them. Although the faults branch and inter

although as a rule the former is more faulted connect in some places, most fault blocks maintain 

than the latter. Normal faults are widespread a fairly uniform width and individual character 

above the Whipple-Rawhide detachment fault and, for their entire exposed lengths. The pattern of 

surprisingly, below that fault in some areas (e.g. faulting, therefore, resembles tilted dominoes, 

southeastern Whipple Mountains; Rawhide Mountains). each higher domino having moved progressively further 
away from a starting point (Fig. 8).  

Most of the steeper faults in both plate(s) 
strike northwest (N 450 + 15

0 W) and dip north- The structural style is very consistent in 

eastward, but southwest-dipping normal faults are each of the fault blocks in the eastern Whipple 

present (more in the Rawhides than the Whipples), Mountains. The eastern edge of most of the Tertiary 

as are moderately dipping to low-angle reverse sections is an unconformity which mantles old topo

faults (again, more in the Rawhides). Normal faults graphy and contains channels filled with detritus 

that extend downward to the detachment surface from the underlying crystalline rocks. Beds are 

are in some instances truncated by it, and, in vertical or steeply overturned eastward within some 

others, flatten to merge with it. Other, lesser blocks, but much more commonly they dip 30-60' 

normal faults have been observed to have similar to the southwest. These southwest-dipping Tertiary 

geometric relations to low-angle faults in both beds are truncated by the northeast-dipping normal 

upper and lower plates. faults. Displacement along many of these faults 
has been great enough to juxtapose the Tertiary 

Low-angle faults that are parallel or sub- rocks of the hanging wall against crystalline 

parallel to the Whipple-Rawhide fault have been rocks in the footwall. Southwestward rotation of 

mapped in both plates but are more common in the the Tertiary rocks during faulting is thus charac

Rawhide Mountains than in the Whipples. Viewed teristic of modt of the fault blocks. Because motion 

collectively, faults above and below the detachment along the northwest-striking normal faults is 

fault have developed independently of each other. almost exclusively down dip (Plate 11), the orienta

In other words, the upper and lower plate faults are tion of tilted Tertiary rocks is another kinematic 

confined to their respective plates and do not indicator for the northeast-directed extension in 

cross and offset the detachment fault between the faulted allochthon (cf. Fig. 8). Except for 

those plates. The existence of low-angle and the complicating effects of drag folds, the dip, or 

normal faults in the lower plate of the Whipple- amount of rotation, of a Tertiary section appears 

Buckskin-Rawhide terrane is significant because it to be a rough indicator of the amount of displacement 

indicates that the regionally extensive Whipple- of the hanging wall. Gently tilted rocks appear to 

Rawhide detachment surface is not everywhere the have moved only short distances, while more steeply 

downward limit of Tertiary detachment faulting and tilted rocks have moved greater distances. A clear 

upper-crustal distension. progression of decreasing dip with decreasing age 
is seen in Tertiary rocks. Rocks in the Gene 

Whipple and Western Buckskin Mountains Canyon Formation uniformly dip more steeply than 
rocks in the overlying Copper Basin Formation. This 

Kemnitzer (1937) correctly noted that north- angular relationship can be easily seen in the type 

west-striking (N 500 + 100 W), northeast-dipping areas of the two formations, and was described by 

normal faults control both the structure and topo- Ransome (1931) when he named the two units. Such 

graphy of the eastern Whipple Mountains (Fig. 3). a systematically variable dip seems to require that 

He did not clearly recognized his own map relations, faulting and deposition were occurring synchronously.  

however, that while cutting Tertiary strata and The large, northwest-trending faults should then be 

underlying crystalline basement rocks, the normal regarded as growth faults.  

faults are confined to structural levels above 
the Whipple fault. Although Tertiary strata dip directly into the 

Whipple fault at many localities, crystalline 

The pronounced structural grain is produced by rocks (largely Precambrian) lie above that fault 

at least a dozen, major, northwest-trending normal at a majority of localities (Fig. 3), particularly in 

faults. Nearly all these faults dip northeast the upper reaches of Bowmans Wash and in areas to 

(650 to 50, most from 50 to 30s) and have pro- the west-southwest. Low-angle faults typically
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Plate 10. Copper fault south of Colorado River, Arizona. Fault dips northeast
ward at approximately 300-350 

*1 

Plate 11. Prominent down-dip striae on surface of Spring fault Exposure seen 
on north side of road to Havasu Palms Resort.
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separate these allochthonous crystalline rocks from Paleozoic, Mesozoic(?), and Tertiary age. Minor 

higher, tilted, Tertiary strata (cf. field guide, structures associated with these early faults idi

Fig. 3). This relationship is so widespread as to cate northeast-directed movement along them.  

suggest that the upper plate unconformity between Although some appear to be reverse faults (based 

Tertiary units and older crystalline basement rocks on associated drag folds), others are best 

was itself an important, preferential surface of interpreted as early-formed, northeast-dipping, 

detachment above the deeper, more throughgoing listric normal faults that have been back-rotated 

Whipple fault. Low-angle faults ( >300) are also to their present position along younger, northeast

present within the crystalline rocks of both the dipping listric faults (See Proffett, 1977, for 

upper and lower plates, but are most common in the amplification of this phenomenon). Faults with 

latter setting. They do not always dip in the northwest strikes and northeast dips are well 

direction of the detachment surface, but are represented in the Rawhide Mountains, but they are 

presumed to reflect broadly synchronous and related only one component of a more complex structural 

deformation(s). assemblage and they do not control the topographic 
grain of the area as they do in the Whipple 

The principal example of strike-slip faulting Mountains.  

found to date in the Whipple Mountains is an upper

plate fault exposed along the road to Havasu Palms, Allochthonous units directly above the Raw

3.2 km (2 miles) south of the resort (Fig. 3). This hide detachment fault are hounded by a myriad of 

subvertical fault strikes N 540 E and its strike-slip variably dipping low-angle faults that imbricate 

displacement is confirmed by fault striae. It and shuffle stratigraphic units into both older

appears to be confined to Tertiary and basement over-younger and younger-over-older configurations.  

units in the hanging wall of a normal-fault block This 'chaos" of fault-bounded slices is overlain 

(J. Lopez, personal comm., 1978, M. S. thesis in areas to the north by a higher plate that con

in progress), and is interpreted as a tear fault tains two major southwest-tilted fault blocks 

developed during differential upper-plate distension. (Figs. 16, 17). In each, Tertiary strata 

This right-lateral tear fault also appears responsi- (Artillery and Chapin Wash Formations) overlie 

ble for producing a major flexure in Tertiary strata crystalline basement rocks of probable Precambrian 

in the Aubrey Hills, on the Arizona side of Lake age. The crystalline units have escaped the 

Havasu. Because this fault is younger than the regional mylonitization seen in some lower rocks 

northwest-trending faults (several are offset along (metavolcamic, metasedimentary) above the Rawhide 

it), it may have formed during northeastward gravity fault and in essentially all rocks below it. The 

gliding of rocks on the flanks of the Whipple existence of this higher, relatively undeformed 

Mountains dome. plate is anomalous. It appears to represent an 
overriding allochthon that traveled farther from 

Northwest-trending open folds have been mapped a southwestern source area than the chaotically 

at a number of upper- and lower-plate localities. faulted assemblage of, in part, younger upper

Some (synclines) are hanging-wall drag folds that plate rocks on which it now rests. The implica

developed locally along upper-plate normal faults, tions of this relationship are discussed in the 

and thus formed during upper-plate distension and concluding section of this paper.  

displacement along the basal detachment surface.  

However, one major asymmetric northwest-trending A feature of the structure of the Rawhide 

antiform (steep limb to northeast) in lower plate Mountains worth emphasizing is the surprising 

mylonitic gneisses (field guide Fig. 3) is truncated similarity of the low- and high-angle faulting in 

upwards by a flat fault that separates the gneisses rocks both above and below the Rawhide fault. Low

from comminuted and latered mylonitic rocks developed angle faults with northeast-trending slickenside 

below the basal detachment surface. Here, then, striae occur in both settings (Fig. 16), not 

folding of lower-plate rocks predates a phase of uncommonly associated with higher normal faults 

low-angle faulting related to the basal detachment that flatten into then. S-surfaces in the various 

surface. upper- and lower-plate rock units appear to have 
been consistently rotated as the consequence of 

Collectively, kinematic indicators in the Whip- similar patterns of internal fault displacements.  

ple Mountains (strike of normal faults, sense of For example, the mean attitude of foliation in 

rotation of hanging-wall strata, trends of drag lower-plate mylonitic gneisses is N 460 W, 260 SW.  

folds, orientation of fault striae) indicate con- In Paleozoic and Tertiary (Artillery Formation) 

sistently that displacements along the Whipple fault rocks above the Rawhide fault, the mean bedding 

and synchronous extension in upper-plate units were orientations are N 42' W, 360 SW and N 410 W, 

northeast-directed with trends varying from N 400 4Q0 SW, respectively. The mean orientation for all 

to 60E. S-surfaces in the Rawhide Mountains is N 400 W, 
360 SW, an attitude strikingly compatible with the 

Rawhide Mountains prevailing N 5o
0 E direction of rotational tilting 

and tectonic transport throughout the area. This 

Tertiary fault development was more intensive direction is indicated by the strike of most 

and geometrically more complicated in the Rawhide faults, by the consistent NE-SW orientation of 

Mountains (Fig. 16) than in the Whipple Mountains to slickenside striae, and by other mesoscopic 

the west. This relation is not particularly sur- Tertiary structural elaments--including boudinage, 

prising since the Rawhide portion of the detached small folds, and the intersection direction of 

terrane is more distal with respect to probable conjugate normal faults. The orientation of 

source areas of allochthonous units than the minor fold axes and the sense of vergence on these 

Whipple Mountains. In the Rawhide Mountains a great folds define two slip planes (N 360 W, 200 NE, 

number of high and low-angle faults disrupt rocks and N 320 W 30 SW) with slip lines plunging 

above and below the Rawhide fault. These faults N 540 E 206 and S 580 W, 300, respectively. The 

now dip southwestward at moderate angles and common- N 540 E, 200 slip line is the more strongly deve

ly separate major lithologic units of Precambrian(?), loped. The presence of two slip planes is probably
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largely the result of conjugate normal faulting suggested by a 13.5 n.y. (K-Ar, whole rock) date on 

during distension and the complex, often chaotic, one of the basalt flows in the lower alluvial unit 

imbrication of rock units in the upper plate. (Kuniyoshi and Freeman, 1974). Ages for similar 
".mesa-capping" basalts west of the Rawhide Mountains 

Whatever the cause of Tertiary detachment and yield ages of 13.1 + 0.2, 13.0 + 0.5, and 9.2 + 0.2 

extensional tectonics in the Whipple-Buckskin- m.y. (Suneson and Lucchitta, 1979). Best and 

Rawhide Mountains terrane, it is abundantly clear Brimhall (1974) have studied similar rocks to the 

and certainly important that in the Rawhide Mountains north and suggest that they were derived from 

the effects of this deformation were not limited depths of 65-95 km. Leenan (1974) studied the 

to allochthonous units above the Rawhide fault. strontium isotopic composition of these same 

Underlying mylonitic rocks were similarly affected rocks and found values for most to range from 

and in their upper levels are also either alloch- 0.7029 to 0.7041, supporting the mantle origin 

thonous or para-autochthonous. suggested by Best and Brimhall (1974). The Osborne 
Wash flows and alluvial gravels appear to fit into 

POST-DETACHMENT UNITS a regional picture indicating that a profound 
change in the type of volcanism and associated 

Osborne Wash Formation tectonic environment occurred near the end of the 
Miocene.  

Unconformably overlying the deformed Gene Can

yon and Copper Basin sediments, as well as older Bouse Formation 

crystalline rocks and metasediments is the Osborne 

Wash Formation. It is composed of olivine-bearing The Pliocene Bouse Formation originally 

basalt flows interbedded with agglomerate, tuff, and described by Metzger (1968) crops out discontinuous

alluvial fan deposits; intrusive dikes and plugs are ly in many of the lower areas near the Colorado 

also present. Alluvial fan deposits and air-fall River (Smith, 1970; Winterer, 1975). These deposits 

tuffs at the base of the Osborne Wash Formation have formed in a marine embayment of the Gulf of Cali

filled old valleys with a relief of at least 300 fornia. The formation consists of marine (oldest) 

meters. North-south-trending feeder dikes are abun- to brackish lacustrine (youngest) deposits of 

dant in the northern Buckskin Mountains and cut all clay, silt, and sand. A basal limestone bed crops 

underlying rocks. Interbedded flows and alluvial out as a bright white band around many of the 

deposits of the formation are more than 400 meters hills near Parker, around the southern and northern 

thick and cover a nearly contiguous areas of about Whipples, along Lake Havasu, and according to 

200 square kilometers, called "The Mesa," in the Gassaway (1977), south of the Rawhide Mountains.  

western Buckskin Mountains. Within the southern The formation has a gentle regional southward dip 

Whipple Mountains, a few thin basalt flows are pre- of as yet undetermined origin. East of Lake Havasu 

sent, but most of the preserved formation consists near about 12 km north of Parker Dam, the House 

of well-indurated fanglomerates which crop out in Formation dips at 15 to 200 to the southwest, 

areas of subdued topography and steep-walled apparently along the major northwest-trending 

arroyos. Havasu Springs fault. Motion along this fault 
obviously did not cease until after Bouse time 

The widespread occurrence of the Osborne Wash (middle or late Pliocene).  

Formation in the Whipple and Buckskin Mountains 

suggests that the present-day level of exposure is CONCLUDING REMARKS ON TECTONIC HISTORY 

very similar to that when the basal Osborne units 
were being deposited. Fanglomerates of the Osborne The "metamorphic core complexes" of the south

Wash Formation form extensive deposits in the western United States present a number of problems 

southern and southeastern Whipples and locally crop to those who wish to study them. However, most 

out only a few hundred meters above the Whipple attention appears to have been focused on the 

detachment fault. In the southern Buckskin Mountains nature and origin of three typical "core complex" 

(Mammon Mine area), Osborne Wash flows were depo- elements: (1) the mylonitic genisses and related 

sited directly on the detachment surface. rocks of the complexes; (2) the domal uplifts in 
which mylonitic "core" rocks are exposed; and (3) 

Osborne Wash flows and alluvial units appear to the low-angle detachment faults that flank the 

be largely undeformed, except by small faults pro- uplifted terranes. Some clear differences in 

bably related to compaction and to igneous intrusion interpretation regarding the temporal and kinematic 

within the volcanic sequence. A very uniform re- relations between these different elements are 

gional dip of 5 to 80 to the southwest is in marked evident in the recent literature, particularly 

contrast to the steep dips of the underlying faulted with respect to the "core complexes" of southeastern 

units. Major, northwest-trending faults in the California and western and southern Arizona. Workers 

upper plate are unconformably overlain by the Os- in what night be informally regarded as the 

borne Wash Formation and exhibit no post-Osborne "Arizona school," including G. H. Davis, W. A.  

Wash reactivation throughout most of the area. Rehrig, S. J. Reynolds, and P. J. Coney, are develop

However, along the low hills south of the Bill ing tectonic models that regard the three aforemen

Williams River, 5 km southeast of Lake Havasu, tioned structural elements as forming in a space

Osborne Wash flows are offset approximately 250 m time continuum. Although their views differ in 

across a northwest-trending normal fault. Osborne detail (cf. G. H. Davis, and Rehrig and Reynolds, 

Wash feeder dikes are also cut by the Havasu both in press), the contributors to this "school" 

Springs fault near the Central Arizona Project believe that a genetic relationship exists between 

pumping plant at the southern end of Lake Havasu. mylonitization of crystalline rocks and higher level 

Although much of the faulting ceased before Osborne detachment (dgcollement).faulting. Development 

Wash time, some movement occurred along the normal of the mylonitic basement terranes is regarded as, 

faults during the Pliocene. at least in part, older than the detachment of 
higher allochthonous sheets, but kineratically 

The age of the Osborne Wash formation is associated with it. In essence, upper-crustal
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extension by high- to low-angle normal faulting is mylonitic front in the Whipple Mountains had been 
believed to be a response to deeper, more ductile breached, at least locally, by erosion prior to 
crustal extension by mylonitic flow. Doming for deposition of the Gene Canyon Formation. This 
various reasons ("mega-boudins," Davis, 1977, in explains why the Oligocene(?)-Miocene volcanic 
press; differential isostatic uplift, Rehrig and and sedimentary units in the Colorado River trough 
Reynolds, in press) facilitates detachment faulting experienced neither metamorphisn nor mylonitiza
by the attenuation of rocks across the crest of tion. They are simply too young.  
the developing domes (or boudins), or by providing 
slopes down which allochthonous units move (Davis It is important to stress that low-angle 
and Coney, 1979). faulting and northeastward extension of upper

plate rocks were not restricted in the Colorado 
Our studies to date of the detached terrane trough to areas of mylonitic deformation immediately 

along the California-Arizona boundary yield markedly below the regional detachment fault(s). This is 
different conclusions. We are unable at this stage documented in the central Whipple Mountains where 
of our investigations to discern a fundamental inter- non-mylonitic, lower-plate gmeisses and plutonic 
relationship between the formation of the mylonitic rocks are separated from structurally lower myloni
terranes, detachment faulting, and doming associated tic equivalents by the abrupt "mylonitic front" 
with the uplift of individual ranges. For reasons (Figs. 10, 11; Pl. 6), and in the Chemeheuvi 
amplified below, we believe that the detachment Mountains (Fig. 2) where a non-mylonitized Meso
faulting in the Colorado River trough significantly zoic(?) quartz diorite composes most of the lower 
postdated the formation of mylonitic rocks, but plate. Might lower-plate extension synchronous 
predated the arching and doming that led, through with upper-plate normal faulting have occurred by 
erosion, to exposure of the regional basal detach- means other than mylonitic flow? Anderson (1971) 
ment surface and underlying rocks (both mylonitic postulated that extreme "thin-skinned" distension 
and non-mylonitic). at shallow crustal levels in the Eldorado Mountains 

was compensated at depth by the intrusion of 
The strikingly similar directions of NE-SW Miocene plutons. But, although present in the 

extension by semi-ductile flow in mylonitic rocks and Eldorado Mountains, Miocene plutons have not been 
by normal and low-angle faulting in generally higher recognized in the lower plate(s) of the detached 
units is indeed perplexing, yet field relations terrane farther south, and, if present, cannot 
in the Whipple-Buckskin-Rawhide Mountains portion be extensively developed.  
of the detached terrane indicate to us that regional 
mylonitization significantly predated the Oligo- The concept of "mega-boudins" developed by 
cene(?)-Miocene detachment events. Indeed, the C. H. Davis (1977, in press) to explain inter
mylonitic rocks in our study area may have been relationships between crustal mylonitic deformation, 
subject to major erosion prior to Oligocene(?) doming, and high-level detachment faulting is 
or Miocene sedimentation and faulting, and certainly provocative, and one that may prove applicable to 
were being eroded between phases of Miocene faulting. the southeastern Arizona area for which it was 
Mylonitic cobbles and boulders of lower-plate rocks developed. We have difficulty, however, in apply
occur abundantly in some of the Oligocene(?) and ing the concept to the area of the Colorado River 
Miocene fanglomerate units of the southern and trough--and, for a number of reasons. Perhaps 
northern Whipple Mountains (both Gene Canyon and most important is the consistent northeastward 
Copper Basin Formations). Sphenes from a mylonitic direction of transport of allochthonous units 
gneiss in one such boulder (Pl. 3) have yielded a above the regional detachment surface(s) in the 
fission-track age of 82.9 + 3 (2a) m.y. (Dokka and Sacramento, Chemehuevi, Whipple, Buckskin, Rawhide, 
Lingrey, 1979), which may be relict from the parent and Artillery Mountains (Fig. 2). One measure of 
biotite adamellite. A mylonitic gneiss from the this consistency is the characteristic northwest 
lower plate of the Rawhide Mountains has yeilded strike and southwest dip of Tertiary strata in 
semi-concordant hornblende and biotite (K/Ar ages the upper plate, strata that have been rotated 
of 57.4 and 52.3 m.y.a. respectively (Shackelford, along northeast-dipping listric normal faults 
1977; Rehrig and Reynolds, this volume). (see generalized bedding-attitude symbols, Fig. 2).  

The domed, or arched, configuration of the ranges 
The regional detachment fault(s) in the listed above is the consequence of post-tectonic 

Whipple-Buckskin Rawhide Mountains cuts with pro- uplift that has warped the regional detach
nounced discordance across the tilted and folded ment surface(s) and associated structures. There is 
foliation of mylonitic gneisses at many localities. not present in the area represented by Figure 2 
These gneisses were shattered and sheared for dis- a consistent regional orientation of the axes of 
tances as great as several hundred meters below the these domes or arches, as one might expect if 
Whipple fault (field guide; Fig. 6). High to low- they are expressions of crustal "mega-boudins" 
angle detachment faults of the types seen in upper- related to the NE-SW extensional directions of 
plate position are also well developed in the lower- either the mylonitic rocks or the low-angle de
plate mylonitic rocks of the terrane. Nor are such tachment terranes. Furthermore, the late-formed 
mylonitic rocks restricted to positions below the domes and arches of the Colorado trough ranges 
Whipple and Rawhide faults. Metavolcanic rocks appear to be geographically independent of whether 
which experienced the mylonitic deformational event or not mylonitic rocks occur in their uplifted 
occur widely above the Rawhide fault, and myloni- cores. Whatever the range-forming process in this 
tized granitic rocks have now been recognized at area--and we admit to being puzzled by it--it 
one locality above the Whipple fault. Collectively, appears to be the last major structural event of 
these field relations indicate that the mylonitic the region. That event seems to us to be temporally, 
rocks, at least at levels near the basal detachment spatially, and kinematically independent of either 
surface, were kinematically "dead" and cold, or at the earlier mylonitization of crustal rocks or 
least cooling, at the onset of detachment faulting. the younger development of regional detachment 
The occurrence of mylonitic boulders in the earliest faults across them.  
Tertiary sediments of the area indicate that the
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The origin of the Colorado River trough struc- the Artillery thrust fault of Lasky and Webber 
tures and their relationship, if any, to conventional (1949). This southwest-dipping low-angle fault has 
basin-and-range faulting in the western United placed Precambrian(?) augen gneiss atop a sedi
States is also unclear. Mountain ranges in the mentary and volcanic section now known to be as 
area of Figure 2 are definitely not outlined by young as Middle Miocene (on the basis of a 16.2 
range-front faults of the type seen in the Great m.y. old basalt flow in the lower plate; K/Ar, 
Basin. It is tempting to speculate that the low- whole rock, Shackelford, 1976; Rehrig and Reynolds, 
angle fault structures of the area may represent in press). The thrust plate may represent the 
the "bottoming-out" of typical basin-and-range leading edge of the Buckskin-Rawhide slide complex 
faults into a transitional zone between an upper as it moved northeastward into a Miocene sedi
level of brittle deformation and deeper levels of mentary basin (Shackleford, 1976).  
crustal flow. However, field relations do not 
support this speculation (and appear to us to In the Rawhide Mountains, geologic relations 
refute it). As just described, the Oligocene(?)- suggest that a still higher slab within the 
Miocene extension of upper-plate units appears to detached terrane may have overridden alloch
have been unaccompanied by regional and coeval thonous units that overlie the Rawhide fault. Such 
extensional phenomena in the crystalline rocks of overriding appears to represent major tectonic 
the lower plate(s). foreshortening, or telescoping, within the slide 

complex and could be the expression of a toe.  
Furthermore, the probable level of erosion in The uppermost allochthonous slab in the Rawhide 

the Colorado River trough appears to be much too Mountains (Figs. 16, 17) consists of Tertiary strata 
shallow (< 5 km, < 3 miles) to have exposed a deposited unconformably on Precambrian basement 
brittle-ductile transitional zone of the Great rocks. The basement rocks do not have a mylonitic 
Basin type postulated by Proffett (1977), among overprinting, and hence were derived from a 
others. Several lines of evidence suggest that source terrane that lay above the mylonitic front 
the detachment surface in the Whipple Mountains of the region. From kinematic studies we know 
formed at very shallow crustal levels, among them: that such a source terrane lay somewhere to the 
(1) the brittle nature of the deformation accom- southwest. This upper slab, or plate, lies atop 
panying detachment faulting, in contrast to the a chaotic assemblage of allochthonous units that 
considerably more ductile mylonitic deformation; includes Precambrian or Mesozoic metavolcanic and 
(2) the stratigraphic thickness of rotated fault Paleozoic metasedimentary rocks. These units have 
blocks--Tertiary strata plus Precambrian crystalline been affected (like those of the lower plate) by 
basement--apparently does not exceed 4 km; (3) Mio- metamorphism and deformation accompanying the 
cene erosion that occurred between two phases of mylonite-forming event. Their source terrane 
movement on the Whipple fault locally exhumed was located, therefore, below or astride the 
and breached that fault prior to deposition of mylonitic front and included a stratigraphic 
younger yet now partly allochthonous strata section much more complete than that found in the 
(Figs. 8, 9; Pls. 4, 5); and (4) Middle Miocene higher plate. This source area also lay to the 
fanglomerate deposits and interbedded basalt flows southwest, but not as far ip that direction as 
(Osborne Wash Fm.) partly buried the tilted fault the source terrane for the higher Tertiary-Pre
blocks within three or four million years (maximum) cambrian non-mylonitic allochthon. We conclude, 
after their last movements; these post-tectonic therefore, that the more coherent highest plate 
surficial deposits locally lie on or only several in the Rawhide Mountains has traveled at least 
hundred meters above the basal detachment 10 km farther northeastward than the allochthonous 
surface and relations (both field and temporal) rocks it overrode. These relations suggest that 
indicate that the amount of erosion between the higher plate broke through to the surface 
faulting and fanglomerate deposition was not great. somewhere to the west, and subsequently overrode 

allochthonous units emplaced by earlier transport 
It is likely that extensional faulting in along the Rawhide detachment fault. Such a 

the Colorado River trough predated, perhaps signi- process is indicative of major telescoping between 
ficantly, the major period of crustal extension elements of the detached terrane, not distension.  
by normal faulting in Great Basin areas to the 
north. A genetic relationship between the two The not uncommon juxtaposition of older units 
faulted terranes cannot at present be demonstrated. above younger units along low-angle faults in the 

Rawhide and Artillery Mountains is in marked 
The origin of the low-angle faults of the contrast to the consistent younger-over-older 

Colorado River trough remains obscure. Our studies fault geometries in the Whipple Mountains to the 
indicate the detachment of thin upper-crustal west. The geometric differences are compatible 
slabs and their synchronous internal distension with a regional gravity sliding model in which 
by normal, principally listric, faulting. Regional California areas (including those now represented 
northeastward gravity sliding of the detached by the Whipple Mountains and the Mopab Range to the 
rocks is indicated (a conclusion first reached by west, Fig. 2) were a distending source region and 
Shackelford, 1975), since we have found no evidence the Rawhide-Artillery Mountains of Arizona were 
that lower-plate rocks experienced a synchronous, a more distal, partly foreshortened portion of 
regional extension in this region. An hypothesis the slide complex. The head, or "break-away" zone, 
of regional gravity sliding (as opposed to one of of the crustal slide complex is apparently defined 
in situ crustal extension) requires the existence by northeast-dipping normal faults in the Mopab 
of a slide toe (or toes) where the base of the Range (Fig. 2; field guide P1. 1). The breadth 
sliding allochthon breaks through to the earth's of this detached terrane is at least140 ki, and 
surface and rides out across it. We believe that northeastward displacements of upper plate units 
candidate "toes" exist. within it must exceed several tens of kilometers 

in eastern areas. This estimate is supported by the 
The Artillery Mountains lie east of the mismatch of upper and lower plate plutonic stocks Rawhide Mountains (Fig. 2) and are the locale of in the Whipple Mountains and by the problems of
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source area for allochthonous units in the Rawhide dynamics: Geol. Soc. America Bull., v. 85 

Mountains that rest on stratigraphically younger p. 1677-1690.  

rocks. Best, M. G., R. L. Armstrong, W. C. Graustein, 
G. F.Enbree, and R. C. Ahiborn, 1974, Mica 

In closing, we wish to reiterate that the granites of the Kern Mountains pluton eastern 

opinions and conclusions offered above may change as White Pine County, Nevada: Remobilized base

our field and laboratory studies progress. Our ment of the Cordilleran miogeosyncline?: 

current impression is that different portions of Geol. Soc. America Bull., v. 85, p. 1277-1286.  

the southern Nevada, southeastern California, and Bull, W. B., and T. L. Ku, 1975, Age dating of the 

western and southern Arizona zone of "meta- Late Cenozoic deposits in the vicinity of 

morphic core complexes" (Fig. 1) appear to have the Vidal nuclear generating station site: 

evolved differently and with differing chronolo- Unpub. consulting report for So. Calif.  

gies. We are impressed (and puzzled) with what Edison by Woodword-Clyde Consultants, Los 

seem to be genuine differences between the meta- Angeles, Calif., 38 p.  

morphic and tectonic evolution of "core complexes" Boetcher, A. L., and P. J. Wyllie, 1968, Melting 

and detachment terranes in the Colorado River of granite with excess water to 3D kilobars: 

trough area and in the southeastern Arizona region Jour. Geology, v. 76, p. 235-244.  

centered around Tucson (G. H. Davis, in press). Carr, W. J., and 0. D. Dickey, 1977, Cenozoic 
tectonics of eastern Mojave Desert: U. S.  
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09695 and Ga-43309. In addition to studies by Coney, P. J., 1974, Structural analysis of the 

the authors, these grants have supported theses Snake Range d6collement, east-central Nevada: 
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FIELD GUIDE TO REGIONAL MIOCENE DETACHMENT FAULTING AND EARLY TERTIARY(?) MYLONITIC TERRANES 
IN THE COLORADO RIVER TROUGH, SOUTHEASTERN CALIFORNIA AND WESTERN ARIZONA 

J. Lawford Anderson, Gregory A. Davis, and Eric G. Frost 
Department of Geological Sciences 
University of Southern California 

Los Angeles, California 90001 

SUMMARY lineation. As a result of detailed mineralogic 
studies, mylonitization is estimated to have 

This field trip examines regional Late Cre- occurred from near-solidus temperatures down to 
taceous to Early Tertiary(?) mylonitization and middle greenschist grade at a minimum depth of 
associated plutonic activity and the subsequent 9.6 km.  
development of equally regional, subhorizontal 
detachment faulting. Originating in Las Vegas, FIRST DAY, NOVEMBER 2, 1979 
the trip first examines the detachment fault of 
the Sacramento and Chemehuevi Mountains but spends Leave Las Vegas Convention Center promptly at 
the remainder of the 2 days in the Whipple Moun- 7:30 AM. There will be no breakfast stop, so 
tains (Pl. 1). Although some stops are accessible plan accordingly.  
by road, most of the localities will be seen on 
three moderately strenuous hikes involving distances Mileage 
up to 7 miles.  

0.0 Convention Center.  
The crystalline complex above the Whipple Vehicles will travel eastward on Sahara 

detachment fault (upper plate) includes distinctive Avenue to E. Fremont St. (Boulder Highway; 
iron-rich granitic plutons (granite porphyry and US 93/466). Turn right and follow E.  
quartz monzodiorite) that have no counterpart in Fremont southeastward. Approx. 2 miles 
the mylonitic terrane below the fault (lower plate). beyond summit of Railroad Pass, follow 
Overlying the upper plate crystalline complex are signs to US 92 south. Approx. 9 miles south 
Miocene volcanic and red bed sequences that are cut along US 95 (29 miles from Las Vegas) is 
by numerous listric normal faults coeval with the junction of Nevada 60 (east side), a paved 
Whipple detachment fault. Some of these strata road to Nelson, Nevada, and the Eldorado 
contain mylonitic clasts equivalent to lower plate Mountains.  
lithologies. Older strata are rotated more than 
younger strata by these normal faults. Although 28.0 Junction of US 95 and Nevada 60.  
these strata are, in general, truncated by the 
detachment fault they have also been found to be STOP 1: INTRODUCTION OF FIELD TRIP PARTICIPANTS 
deposited in a channel eroded across the surface. AND LEADERS 
This demonstrates that their deposition and the 
detachment faulting are broadly coeval with the A brief review of Miocene extentional tectonics 
detachment being of growth fault rather than of ("thin skin distension" of Anderson, 1971) in the 
catastrophic origin. Moreover, the faulting must Eldorado Mountains, Nevada, and Black Mountains, 
be significantly younger than theregional myloniti- Arizona (references: Anderson, 1971, 1977, 1978).  
zation of rocks below the detachment fault.  

Mileage 
While in most areas of the range lower plate 

mylonitic gneisses are upwardly truncated by the 0.0 Reset mileage; continue to drive south on 
detachment fault, in the southwest Whipple Mountains US 95 toward Needles, California.  
the mylonitic gneisses pass upward through a The degree of development of Tertiary normal 
3-30 m transition zone, termed "mylonitic front," faults and associated low-angle detachment 
into their non-mylonitic equivalents. All lower faults in ranges east of the highway--in 
plate rocks older than the mylonitization had an the Eldorado Mountains south of Nelson, and 
earlier (PG ?) metamorphic fabric. Mylonitization in the more southerly, Newberry Mountains 
was accompanied by synkinematic sill-like intrusives southeast of Searchlight, is not known.  
of biotite granodiorite, garnetiferous two-mica ada- Volborth (1972) has mapped isolated normal 
mellite and two-mica tonalite. However, extensive faults and "thrust faults" involving Pre
sections of mylonitic gneiss (> 1 km) exist without cambrian crystalline rocks and Tertiary 
these sills. Kinematic indicators require a NE volcanic and plutonic rocks in these ranges, 
transport of the upper plate and as the mylonitized but his mapping lacks detail (1:125,000) 
sills, older (PG ?) plutons, and other gneisses of and, in some areas, credibility.  
the lower plate have no counterpart in the upper 
plate, the transport must be significant. The 25.8 Searchlight.  
mylonitization, which produced a strong low-angle 
foliation and ubiquitous NE-trending mineral linea- 45.1 Junction US 95 with Nevada 77. To the south
tion, did not reequilibrate most of the minerals east lies the Dead Mountains, a north-south 
in the mylonitized sills or their country rock trending range with probable antiformal 
gneisses. Yet reequilibrated or new phases do occur structure (Fig. 1).  
in the ultra-fine grained mylonitic matrix and in 
tension gashes developed perpendicularly to the 58.0 Along the western base of the Dead Mountains 
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Plate 1. Composite oblique aerial photograph of Whipple Mountains, California. View is to S 500 W, along the 
hinge of the elongate Whipple dome. Dark-colored allochthonous units flank lighter-colored lower plate 
mylonitic gneisses. The dome is defined by the outward-dipping Whipple detachment fault between the 
two plates and by the change in orientation of lower-plate mylonitic foliation across its hinge. Whipple 

Mileage Mileage 

(to the east) are the northernmost outcrops fanglomerates of the northern Sacramento 
of brick-red Tertiary strata that lie in Mountains. These rocks have a representa
fault contact with unstudied crystalline tive attitude of N 55 W, 400 SW. They 
rocks in the core of the range. The nature lie above and are truncated downward 
and significance of the fault along the against an extensively developed low-angle 
western range front is uncertain. It may detachment fault, not exposed here, that 
represent a steeply tilted portion of a we will view at Stop 2. Lower plate rocks 
regionally-developed low-angle detachment south of the overpass are altered, sheared, 
fault (to be studied extensively at subse- and shattered mylonitic gneisses that appear 

quent stops), or it may be a high-angle to extend northward into the core of the 
fault along which the crystalline rocks of Dead Mountains.  
the range have been elevated. Follow interstate 40 south to second (down

town Needles offramp.  
62.4 Road to Goff.  

79.9 Second Needles offramp. Turn left at foot 
66.4 Southern end of the Dead Mountains. The of offramp. Pass under the Interstate 

fault east of the most prominent exposures and continue south along US 95 passing 
of Tertiary volcanic and clastic rocks roads on the right (west) to county refuse 
(4 miles southeast along US 95 from the dump and Needles airport road.  
junction with the paved highway leading west 
to Goffs) dips 800 eastward. It separates 83.3 Airport Road.  
highly sheared and shattered gneisses 
(hanging wall) from steeply west-dipping 83.7 Intersection of US 95 and small paved road 
redbeds that are right-side up. (from the left, east), 0.4 miles south of 

airport road.  
68.8 Junction US 95/US 40. Immediately to the 

south can be seenbrick-red sandstones and 0.0 Reset mileage at this intersection.



Peak (4131') is the highest peak in the range. Savahia Peak (see field guide P1. 2) is the isolated dark 
peak behind and to the right of Whipple Peak. The range behind and to the right of Savahia Peak is the 
Mopah Range, 25 miles (40 kin) distant. Northeast-dipping normal faults in that range may mark the "break
away" zone of the Whipple detachment fault. Photos courtesy of John S. Shelton (67-579, 580 581).  
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Figure 1. Tertiary low-angle fault complex, southeastern California and western Arizona, 
showing location of 

selected field trip stops in the Chemehuevi (C), Whipple (W), and Buckskin (B) Mountains. See caption, 

text Figure 2 for full description of the figure.  
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Mileage gneisses; (3) Savahia Peak, to the north-northwest, 
one of the largest klippen of Tertiary units above 

6.4 (approximate) the Whipple fault (Pl. 2); and (4) the fanlike geo
Just before the canyon entrance, US 95 enters metry of a lower plate dike swarm to the north.  
the lower plate bedrock terrane of the 
Sacramento (to NW) and Chemehuevi (to SE) Return to the highway.  
Mountains.  
Reset mileage to 0.0 at canyon entrance. Mileage 

0.0 Canyon entrance--rocks within the canyon are 0.0 Reset mileage at highway, turn left (east) 
of the lower plate. on California 92 and continue toward 

Parker.  
6.0 View to east of light-colored Chemehuevi 

quartz diorite pluton. The prominent contact 9.2 Turn north on graded dirt road (road is 2.2 
in the distance between dark-colored gneissic miles west of Earp junction).  
rocks and the underlying pluton is a low
angle detachment fault, possibly the same 0.0 Reset mileage at this turn-off.  
as seen at Stop 2, but now on the western 
flank of the Chemebuevi Mountains (Fig. 1). 4.2 Cross aqueduct service road, continue north
Small-scale structures along the fault indi- ward.  
cate that upper plate (allochthonous) 
gneisses moved northeastward relative to 5.2 Enter southern foothills of Whipple Mountains; 
the lower plate quartz diorite. Although road follows stream bed. Drive slowly and 
the quartz diorite is shattered and chlori- watch for protruding rocks behind bushes in 
tized for several hundred feet below the the road.  
contact, the detachment fault is not as 
impressively developed as at Stops 2 and 4. 6.0 Fork in road up stream bed; take left fork 

up western drainage.  
7.0 US 95 crosses through a southwest-dipping 

(500-700) section of Tertiary andesitic 8.0 Exposure of the Whipple detachment fault.  
flows, tuffs, and siliceous hypabyssal 
rocks (the latter responsible for the name STOP 4: WHIPPLE DETACHMENT FAULT 
"Snaggletooth," applied to the jagged peaks 
north of the road). This section lies We will examine for the remainder of the after
unconformably on upper plate gneisses and noon the Whipple detachment fault and structural 
is itself allochthonous, since to the south- relations above and below it. The stop is in the 
east it appears to be truncated by the de- extreme southeastern corner of the 7 1/2 minute 
tachment fault just described. The gneiss- Whipple Mountains SW quadrangle (Fig. 3). We will 
Tertiary sequence is repeated south of the study (refer to Fig. 3 for location): (A) exhumed 
highway along a northwest-striking, north- exposures of the Whipple fault (Text, pl. 8); 
east(?)-dipping fault, one apparently con- (B) microbreccias and altered, comminuted mylonitic 
fined to the upper plate. J. F. Lance gneisses (mgn) below the fault; (C) the truncation 
(referenced in Bishop, 1964) collected of steeply-inclined, southwest-dipping Miocene(?) 
vertebrate fossils from this section. volcanic and sedimentary rocks against the fault 
They are described as a "fairly primitive (Text, plate 2); and, time permitting, (D) a detach
species of Merychippus" and of probable ment fault in the lower plate of the Whipple fault.  
middle Miocene age.  

In the map area (Fig. 3), the Whipple detachment 
7.0 to 37.3 fault separates allochthonous light-colored layered 

From the Snaggletooth section southward, gneisses ("gn") and reddish Tertiary volcanic and 
US 95 crosses Quaternary deposits of Che- sedimentary strata ("Tvs") from the lower plate 
mehuevi Valley. After crossing the valley rocks. The latter consist of dark-green gneisses and 
the highway rises toward a subdued pass various igneous rocks intrusive into them (collec
between the largely volcanic Mopah Range tively "mgn"), and an underlying, lighter green 
to the west and the western end of the granodiorite sill ("mgd"). All lower plate rocks 
Whipple Mountains (Fig. 2) to the east. have a mylonitic fabric that formed prior to the 

Whipple fault and related Tertiary structures. This 
37.3 Vidal Junction. Turn left (east) off fabric is characterized by a variably well-developed 

US 95 onto California 92 to Earp, California and sometimes laminated foliation, by a quartz grain
and Parker, Arizona. defined lineation that trends S 500-700 W, and by 

the contrasting brittle behavior of feldspar minerals.  
0.0 Reset mileage at this junction. At some localities, e.g. B, Figure 3, the lower plate 

mylonitic gneisses are so highly sheared, comminuted, 
5.0 Turn north on graded road. We will stop at and altered (chlorite, epidote) that their proto

the turnaround just south of the Colorado liths are either difficult or impossible to recognize.  
River aqueduct.  

Lowangle faults occur both above and below the 
STOP 3: WHIPPLE MOUNTAINS OVERLOOK Whipple detachment fault, which is spectacularly 

exposed at locality A (Fig. 3) and northwestward from 
From this vantage point the following features there. In the upper plate, Tertiary strata dip dis

will be noted: (1) the domelike configuration of cordantly into the Whipple fault in some areas (most 
the Whipple Mountains; (2) the color contrast impressively at locality C, Fig. 3), but elsewhere 
between reddish, allochthonous units above the they tectonically overlie upper plategneiss. The 
Whipple detachment fault and greenish, lower plate detachment fault character of the shallow-dipping
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Plate 2. Oblique aerial view (S 500 E) of Savahia Peak, a klippe of inclined Tertiary sedimentary and volcanic 
rocks in the southwestern Whipple Mountains, California. The southwest-dipping strata are truncated down
wards by the Whipple detachment fault. Lower plate rocks are undifferentiated Precambrian(?) gneisses and 
igneous rocks intrusive into them. The prominent layering on the ridge behind and to left of Savahia Peak 
is produced by a lower-plate north-northwest-trending dike swarm that predates detachment faulting. Savahia 
Peak rises nearly 1200 feet (375 m) above the stream bedalong its western base. The klippe is 6000 feet 
(1.9 kin) long. Photo courtesy of John S. Shelton (67-589).  

contact between lower-plate gneiss and granodiorite so planar and abrupt that it is probably a fault 
in the eastern part of the map area is clearly evi- of limited displacement. The impressively thick 
dent at the two localities marked with large D's. zone of structural disturbance and alteration 
In southern and southwestern portions of the map below the Whipple fault contrasts strikingly with 
area, the contact is less obviously a major fault, the limited effects of faulting in rocks above 
but that is the favored interpretation on the basis the detachment (e.g. at locality A).  
of the general discordance of steep mylonitic folia
tion in the gneiss with the underlying gneiss-grano- Kinematic indicators in the map area are con
diorite contact and lower mylonitic foliation. It sistent in defining a N 50o + 100 E direction of 
cam be seen in areas directly east of the map area transport of allochthonous Tertiary strata and cry
that the steep foliation in the slice of sheared and stalline rocks (the latter, both above and below 
altered gneisses is due, in part, to the downward the Whipple fault). Striae (indicated by "a" 
rotation of foliation along listric normal faults, beside arrows, Fig. 3), on subhorizontal to steeply
These faults preferentially dip northeastward and dipping faults in the map area consistently have 
flatten into the detachment fault below the slice. NE or SW trends. An important geologic relation 
Mylonitized granodiorite below that fault exhibits is illustrated in the northern part of the map 
variable degrees of shearing and in situ shattering, area. Here, mylonitized granodioritic rocks are 
The dotted line in the unit (Fig. 3) represents the antiformally folded. However, the gently southwest
approximate lower limit of brittle deformation dipping detachment fault at the base of the lower 
attributable to Tertiary detachment faulting. At plate gneisses cuts discordantly across the folded 
some localities in the map area, this contact is plutonic rocks, thus indicating a hiatus of unknown
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length between regional mylonitization and Oligo- Mileage 
cene(?)-Miocene low-angle faulting.  

the Gene Canyon Formation. This Tertiary 
Return to the highway (California 92) and turn left section is faulted against the crystalline 
(east) to Earp junction (2.2 miles). Turn right, rocks along the Copper fault, one of the 
cross bridge over Colorado River into Parker, longest of the northwest-striking, north
Arizona. east-dipping normal faults. Layers within 

the Tertiary section have been deformed 
SECOND DAY, NOVEMBER 3, 1979 into a major syncline along the fault, 

making the faulted character of the contact 
Leave Parker at 7:30 AM (Arizona time) and head difficult to discern from the road. A 
northeast along Arizona Highway 95 toward Lake smaller, but much more impressive, fault 
Havasu City. is exposed around the corner at the base 

of the steep cliffs.  
Mileage Driving down section we cross the Tertiary

crystalline unconformity again and proceed 
0.0 Parker, Arizona. Start mileage at the inter- across another large block of crystalline 

section (stoplight) of Arizona highways rocks. Overlying these crystalline rocks 
95 and 72 (with Chevron station at the NE and forming the imposing mesa ahead, and to 
corner). The broad, flat plain between the right, is a thick sequence of Osborne 
Parker and the first major drainage, Osborne Wash basalt flows. Again note the nearly 
Wash, is a terrace of Colorado River gravels horizontal character of the flows in con
which is presently being incised. trast to the tilted, older Tertiary rocks.  

This angular relationship is clearly visible 
3.4 Osborne Wash. As we drive down into Osborne on the last major hill before Gier's 

Wash, a bright white layer is visible to Wash (ust before the Holiday Harbor develop
the right across the wash. This is a ment).  
tuffaceous marl at the base of the Pliocene 
Bouse Formation. The Bouse Formation was 13.4 Giers Wash. Across the river in California 
deposited in a brackish-water, marine embay- the next large block of Tertiary sediments 
ment of the Gulf of California (Metzger, lies in the eastern hanging wall of the 
1968; Smith, 1970; Winterer, 1975). Across Gene fault. The Tertiary section is 
the bridge over Osborne Wash, low, rounded folded into a large syncline associated 
hills of the Miocene-Pliocene Osborne with the fault. This syncline is fairly 
Wash Formation are exposed. The basal, fan- broad on the Arizona side and accounts 
glomerate portion of the unit crops out here, for the thick section of Gene Canyon sedi
as do two alkali basalt flows visible near ments exposed from Gier's Wash to the turn
the top of the hill. Kuniyoshi and Freeman off to Parker Dam. The unconformity between 
(1974) obtained an age of 13.5 m.y. on the Gene Canyon and crystalline basement rocks 
lower flow. Note the nearly horizontal crops out just before the turnoff to the 
character of the fanglomerate and basalt dam. Continuing on toward Lake Havasu City, 
flows. crystalline rocks are exposed along the road 

for the next several miles.  
5.3 Just past the turnoff to the county dump, 

steeply tilted sediments of the Oligocene- 15.4 Turn right (east) on continuation of High
Miocene Gene Canyon Formation are visible to way 95 toward Lake Havasu City. We will 
the right. These brightly colored lacustrine return to this intersection after stop 5.  
beds are overlain by Osborne Wash fanglo
merate and a basalt flow on this hill. 16.1 Turn left into the Havasu Springs Resort.  
Tilted Gene Canyon sediments are visible to The Havasu Springs fault crosses this 
the right as far as the Circle K store. secondary road at the sharp bend and can 
Just before and behind the store, Gene Canyon be clearly seen to the right. After 
sedimentary rocks rest unconformably on a driving through the gate into the trailer
variety of crystalline rocks that are pro- house portion of the resort, we will park and 
bably largely Precambrian in age, but also walk to the fault, where slickensides and 
include Mesozoic intrusive bodies. These down-dip striae can be seen.  
crystalline rocks are exposed along the road 
for the next several miles. A small area of 16.5 Park at the resort.  
completely faulted Tertiary rocks is present 
near the Ah-Villa County Park, but these STOP 5. HAVASU SPRINGS FAULT 
relationships are difficult to see from the 
main road. Sedimentary rocks of the Gene Canyon Formation 

are exposed here. They include arkosic sandstone 
9.6 As we approach the first major bend in the derived from the underlying granite porphyry, a 

Colorado River (Fig. 2), high hills of bright debris flow unit of Mesozoic(?) metasedimentary 
red sandstone are visible both in Arizona and rocks, and fanglomerate containing clasts of both 
California. These are sediments of the crystalline rocks and metasediments. A dirt road 
Miocene Copper Basin Formation, which overlie leads up to the slope to the right to magnificent 

Figure 3. Geologic map of relations across Whipple detachment fault, extreme southeastern corner of 7 1/2' 
Whipple Mountains S. W. quadrangle (see guide Fig. 2 for location). Upper plate: gn = layered gneiss; 
ad = biotite adamellite; Tvs = Tertiary volcanic and sedimentary rocks. Lower plate: mgn = mylonitic 
gneiss; mgd = mylonitic granodiorite; dotted line = lower limit of deformation related to Whipple fault.
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exposures of stretched pebble conglomerate clasts. STOP 6. MYLONITIC CLASTS WITHIN THE GENE CANYON 
The clasts are derived from Mesozoic(?) metasedi- FORMATION 
mentary rocks. Where similar rocks occur in outcrop, 
these pebbles are stretched in a northeast-southwest These rocks are a debris flow unit within the 
direction. Gene Canyon Formation and consist of fairly angu

lar boulders of leucocratic adamellite. Some of 
The Havasu Springs fault exerts a pronounced these clasts are mylonitic and contain a pronounced 

structural control on localizing the Colorado River lineation. Similar bodies of coarse, clastic 
(and Lake Havasu) to the north of the resort (Fig. material are found in nearly every fault block 
2). Lake Havasu sits within a half graben to the in the southern Whipple Mountains. Chemically 
north of here; crystalline rocks are exposed along these adamellites (Text, Table 2) appear identical 
the California side and Tertiary rocks along the with late kinematic adamellite plutons exposed in 
Arizona side. Exposures of the fault near Black the lower plate in the southern Whipples. Such 
Meadow Landing (8 km to the northwest) demonstrate mylonitic clasts that were deposited in a Tertiary 
that the Havasu Springs fault lies very near to the basin later disrupted by detachment faulting 
western shore of the lake. demonstrate that mylonitization and detachment 

faulting were not a single event. A fission 
Southeast of Havasu Springs the fault extends track analysis on sphene from one of these clasts 

obliquely across the road and under the Osborne Wash yielded an age of 82.9 + 3 (20) m.y. (Dokka and 
flows of the mesa. Just across Highway 95 the Lingrey, 1979).  
fault strikes into the area where a massive water 
pumping plant is being built. Designed to pump Mileage 
water to Phoenix and Tucson, this pumping plant is 
part of the quarter-of-a-billion dollar Central Ari- Return to vehicles and continue driving west and 
zona Project. The large, round hole near the top northwest. At the top of the hill an andesitic 
of the mesa is the portal for a seven-mile long flow marks the boundary between the Gene Canyon 
tunnel which will carry water pumped from the lake. and Copper Basin Formations. As we drive through 
In the walls of the excavation for this pumping the redbeds of the Copper Basin Formation, note 
plant, both the Havasu Springs fault and Osborne that the dips are more gentle than those seen 
Wash feeder dikes that are truncated by the fault are in the underlying Gene Canyon Formation. This 
clearly visible. Evidence from this construction fanning of dips appears characteristic of the 
site demonstrates that some motion along the Havasu two units and suggests that faulting occurred 
Springs fault is post-Osborne Wash in age. concurrently with sedimentation.  

Seven and one-half miles northwest of here, along 2.1 Pass road to the right (bottom of hill).  
the east side of Lake Havasu, rocks of the Bouse 
Formation (including the basal marl) are tilted at 2.3 to 2.5 
15-200 to the southwest. This tilting was apparently Pass roads to the left going to Water 
caused by motion along the Havasu Springs fault. The District Headquarters.  
fault appears to have been active, therefore, until 
at least post-Bouse (mid-Pliocene) time. 2.9 Fork in the road. Continue on better road 

to the right. On the right across Gene 
Mileage Reservoir, redbeds of the Copper Basin 

Formation can be seen dipping at about 
Return to vehicles and backtrack to Highway 95 25-35 to the southwest, into the crystalline 

complex. Separating the two bodies is the 
16.9 Leaving resort side road, turn right on Gene fault, which is buried beneath younger 

highway 95 (southwest). alluvium but essentially parallels the road.  

17.6 Turn right toward Parker Dam. 3.7 Entering geologic map of text Figure 4.  
Rocks to the left are metasedimentary, pri

18.3 Cross Parker Dam. The dam is built into marily quartz-feldspathic (meta-arkose 
granite porphyry, the subject of Stop 7. and meta-quartz arenite) with lesser quartz

muscovite phyllite.  
0.0 Reset mileage at west end of dam (California 

side). 4.0 To the left is the intrusive contact of meta
sedimentary rocks and a light-colored 

0.5 Turn right and go past the Parker Dam settle- biotite adamellite pluton. This is the 
ment to your left (south) toward Metropolitan youngest and the only calc-alkaline pluton 
Water District Headquarters, Black Meadow in the upper plate crystalline complex 
Landings, and Havasu Palms Resort. (see text, Fig. 6). This pluton has been 

dated (K/Ar-biotite) at 74 + 3 m.y. (Bull 
0.9 Unconformity between Gene Canyon sediments and and Ku, 1975). The rock is even-grained, 

granite porphyry (same porphyry as at the consisting of quartz, alkali feldspar 
dam and the footwall at Stop 5). Note the (Or88. 93 ), oligoclase (An2 o- 2 7 ) andbiotite 
relatively steep dips of the basal Tertiary with accessory allanite, magnetite (no 
sediments. ilmenite), apatite, and zircon. Similar 

plug-like plutons occur throughout this 
1.3 Just after second curve to the right. Park region. One in the southern Whipples has 

on left side at first major turn-out. been dated (K/Ar-biotite) at 81 + 2 m.y.  
(Terry, 1972). Apparently identical 
plutons occur as late kinematic intrusions 
in the mylonitic terrain of the Whipple 
lower plate. These provide the mylonitic
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Mileage The oldest post-metamorphism plutonic unit is 

a dark grey porphyritic quartz monzodiorite which 
clasts seen in the last stop. Average che- curiously onlyoccurs as large blocks (11 in this 
mistry of the clasts and this pluton are area alone) in the granite porphyry. One of these 
cited in Tables 2 and 1, respectively, in blocks makes up the large dark hill one km to the 
the accompanying text. north (not to be confused with the larger, similarly 

dark, cliff-bounded hills composed of Tertiary sedi
4.3 Dirt road to the left marks contact of the mentary and volcanic rock to the NNW and NE). The 

granite porphyry and the adamellite. granite porphyry exhibits sharp, generally concor
dant contacts with the older rocks. Much of the 

4.4 Pass the road to the right which goes to an reddish rock forming the low rounded hills to the 
airstrip. north and northeast is this unit. Intrusive into 

all of the above lithologies are swarms of diabase 4.9 Pass road to the left. This area is pri- of olivine tholeifte to alkali olivine basalt con
marily of granite porphyry that will be position. The rock has a diagnostic ophitic-like 
described at the next stop. The dark massive intergrowth of randomly oriented plagioclase 
areas in the porphyry are blocks of por- (An 3 g 6 2) and interstitial mafic silicates. Its 
phyritic quartz monzodiorite. The high dark texture and composition are reminiscent of the 
hill to the right (north) is a Tertiary late Precambrian diabase in the Pahrump Group of 
fault block. the southern Death Valley region.  

6.2 Pull off into the open area on the left The next youngest granitic intrusion is the 
before heading down major switchback. biotite adamellite viewed a few miles back. The 

adamellite is cut by dacite dikes (feeders for STOP 7: EXPOSURE OF GRANITE PORPHYRY AND VIEW OF Miocene volcanics ?) and younger alkalic hornblende 
UPPER PLATE CRYSTALLINE COMPLEX diabase and lamprophyre. The lamprophyre dikes 

commonly intrude the low-angle and normal faults The granite porphyry is a major intrusion in in the upper plate.  
the upper plate crystalline terrain in the eastern 
and southeastern portions of the Whipples. It has The Tertiary forming the hill to the NNW sits 
also been recognized in an upper plate position as unconformably on crystalline rocks but is bounded 
far east as the Swansea area of the Buckskin Moun- on the west by the Spring fault, one of the major 
tains. The rock is texturally distinctive in having northwest-striking faults common to the upper plate.  
large (1-4 cm) alkali feldspar phenocrysts (34-70% The road below us marks the trace of a branch of 
of volume) that are aligned in a well-defined planar this northeast-dipping fault which passes just 
flow foliation. At this outcrop, the primary folia- west of our position.  
tion strikes N 580 W to N 850 W and dips 640 SW to 
vertical. Interstitial to the alkali feldspars Mileage 
(Or8a.. 8 ) are plagioclase (An2 4 -2 9), quartz, biotite 
+ hastingsite to hastingsitic hornblende, and Return to vehicles and continue driving northwest 
accessory allanite, magnetite + ilmenite, sphene, on the gravel road.  
apatite, and zircon. Like all of the older plutons 
in the upper-plate basement, the porphyry is too 6.7 Take road to the left (west) marked by a 
Fe-rich and Al-poor to be considered calc-alkaline lone Exxon sign. We are still in granite 
(Text, Fig. 6). A range of composition exists porphyry but its sheared contact with 
within the pluton (Si0 2 = 64.7 to 69.9 wt.%, K20 foliated biotite adamellite is up the hill 
4.26 to 6.61 %) due to fractional crystallization of to the lift.  
hornblende and lesser amounts of plagioclase, alkali 
feldspar, and biotite. Its absolute age is uncer- 7.2 Black Metal Wash. We are mow in foliated 
tain. The intrusion has mineralogical and composi- biotite adamellite. Further along, the road 
tional affinities to late Precambrian granites of follows the contact between the adamellite 
1.4 to 1.5 b.y. age (Silver et al., 1977; Anderson (right) and netasedimentary rocks (left).  
and Cullers, 1978; Anderson, in press), but may be We are now entering the edge on the area 
as young as Jurassic as indicated by a 156 m.y. mapped and petrologically studied by Jim 
K/Ar date on biotite (Terry, 1972). Also at this Podruski (1979).  
outcrop are dikes of late PG(?) diabase and Ceno
zoic (post-faulting) lamprophyre. 7.7 Rocks to the left and right are primarily 

metasedinentary. Diabase dikes are common.  The view to the north displays a heterogeneous 
mosaic of colors representing the complex mixture 8.4 A mass of foliated garnet-muscovite leu
of crystalline lithologies comprising the upper plate cogranite and amphibolite is exposed on 
(See text, Fig. 4, for stop location and geologic the right.  
map of the area). Lighter colored rocks to the north
northwest are quartzo-feldspathic metasedimentary 8.5 Leaving geologic map depicted in Text, 
gneisses, the oldest unit in the terrane. Dark Figure 4.  
areas are underlain by amphibolite, and reddish areas 
to the west of the road by a metamorphosed intrusive 8.9 Turn left and continue on power-line road.  
granitic suite which includes foliated biotite
hornblende granodiorite, biotite adamellite, and 10.0 Pull off on shoulder on the right for view 
biotite granite phases (modal compositions of all of lower plate terrane.  
granitic rocks are given in Table 1 below and are 
depicted ii text, Fig. 5). Subsequent metamorphism 
reached upper amphibolite grade and produced a WNW- to gryW-striking foliation that dips steeply.



120 

TABLE 1. Modal Compositions of Upper Plate Granitic Plutons 

PLUTONs mgrd mad mgr qmd gp-m gp ad 

(No2) (5) (5) (2) (7) (3) (11) (2) 

Quartz 22.7±4.1 26.5±3.0 29.3±12.3 18.4±4.7 20.5±2.9 26.8±5.2 26.4±7.6 

K-feldspar 12.8±1.7 28.6±8.4 43.1±10.8 16.4±3.2 32.1±4.0 44.7±10.6 31.6±3.7 

Plagioclase 34.5±6.0 29.0±4.4 17.5±0.4 33.0±10.5 25.5±3.0 22.0±7.5 35.5±3.8 

Biotite 21.6±6.8 11.2±7.6 7.8±0.1 14.0±7.9 11.9±0.9 4.1±2.6 3.9±1.8 

Hornblende 2.5±3.0 0.5±1.2 -11.3±5.0 4.6±2.7 0.2±0.8

Sphene 1.3±1.0 0.1±0.1 0.4±0.2 1.6±1.7 1.9±0.4 0.5±0.6 0.2±0.1 

Opaque 2.4±1.6 2.8±1.9 0.5±0.1 3.8±1.5 1.5±0.6 1.1±0.5 0.6±0.1 

Allanite 0.2±0.2 0.5±0.2 - 0.5±0.2 0.3±0.2 0.3±0.1 0.4±0.1 

Zircon 0.1±0.1 <.1 <.I <.I <.1 <.I <.I 

Apatite 0.8±0.7 0.6±0.3 0.5±0.4 0.9±0.8 0.9±0.7 0.3±0.2 0.1±0.0 

i 0.1±0.1 0.1±0.1 0.1±0.1 - 0.1±0.0 

Chlorite3  0.1±0.1 - 0.4±0.6 - 0.6±0.6 

Muscovite
3  0.6±0.6 - 0.5±0.4 - 0.2±0.2 - 0.4±0.4 

Calcite 
3  0.4±0.6 - 0.4±0.6 - 0.1±0.1 - 0.2±0.2 

Total i100.0 100.0 100.0 100.0 100.0 100.0 100.0 

An 28-35 27-32 nd 23-37 nd 24-28 18-27 

OrKSP 84-88 85-87 nd 80-85 nd 82-87 88-90 

Fe/(Fe+Mg)BIO .54-.70 .56-.58 nd .54-.58 nd .57-.70 .48-.50 

Fe/(Fe+Mg)HB .66-.69 .74-.73 - .55-.66 nd .64-.76 

'Modal analyses by combined point counting of thin sections and feldspar stained slabs, 

1000 counts minimum.  
2Number of samples averaged.  
3Retrograde phases.  
4Plagioclase by U-stage and probe; K-feldspar, biotite 

and hornblende by probe.  
5Pluton symbols same as text Figure 5 except for gp-m which is the mafic variety of the 

granite porphyry.  

STOP 8. VIEW TO NORTHWEST OF WHIPPLE WASH AREA Meage 
(Time Permitting) 

we park, gather your field gear, water, and 

The contrast in appearance between the upper lunch for 7 to 8 mile hike. All stops are 

and lower plates is trikingly evident from this 
in the canyon bottom. For those on later 

vantage point. We are standing on upper plate trips, the 7 minute, Whipple Wash quadrangle 

crystalline rocks, primarily metasedimentary gneiss, will be helpful.  

undifferentiated quartzo-feldspathic (locally 

migamtic) gneiss, and a "salt and pepper" quartz BEGINNING OF WHIPPLE WASH TREK (Fig. 4) 

monzodiorite pluton, the subject of the next 

stop. Late lamprophyric dikes are also common. 11.7 Outcrops of "salt and pepper" quartz 

Overlying these crystalline rocks are the cliff- monzodiorite near entrance to the canyon.  

forming Tertiary volcanic and sedimentary sequences.  

The dark red to brown color of the upper plate is STOP 9. "SALT AND PEPPER" QUARTZ MONZODIORITE 

in contrast to the light-colored, lower-plate 

terrane to the northwest. We will be studying This quartz monzodiorite is the dominant 

these rocks, primiarily various mylonitic gneisses, upper plate crystalline rock in much of the north

on our trek up Whipple Wash. The Whipple detachment eastern portions of the Whipple Mountains. The 

fault is marked everywhere by the extreme color rock exposed at this locality is only a few meters 

difference of these two markedly different terranes. above the detachment surface and is too altered 

Several klippen of upper plate are visible on the for serious petrologic study. Valerie Krass (1979) 

skyline to the northwest. Note the planar alignment has mapped and completed a petrologic study of this 

of their bases along the east-dipping Whipple fault. pluton and associated rocks in Bowmans Wash (to the 

southwest) and section below is based largely on 

Mileage her findings. The spotty texture of this commonly 

dark grey rock is characteristic and represents 

Continue driving northwest and descend into subbedral ferroedenitic hornblende partially 

Whipple Wash. replaced by late magmatic biotite. The rock is 
inequigranular and medium-grained (1-2 mm) with 

10.4 Whipple Wash. Turn left (southwest) and quartz and alkali feldspar (0r8 9-93) interstitial 

drive as far into the wash as possible to slightly larger (3-4 mm) crystals of the horn

(usually about a mile). Some 4 wheel blende and subhedral,normally zoned plagioclase 

drive vehicles will be able to make it to W 30 -32). Accessory minerals include magnetite, 

the next two stops.. .our's will not. After ilmenite, sphene, apatite, and zircon. Locally, 

Figure 4 (facing page). Generalized geologic map of east-central Whipple Mountains. Tvs-undifferentiated 

Tertiary (Miocene)hsedimentary and volcanic rocks of the upper plate Gene Canyon and Copper Basin Forma

tions; xst-undifferefltiated upper plate crystalline rocks; 
mgn-undifferentiated lower plate mylonitic 

gneisses and sills. Field stops are numbered.
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the rock has a foliation, particularly near sheared Mileage 

intrusive contacts with the older metasedimentary 

gneiss and foliated adamellite. Primary magmatic is evident as it gradually climbs the sides 

layering has yielded a few unusual cumulate (plagio- of the wash at nearly equal elevations.  

clase + hornblende) portions of gabbroic (quartz Shallow dips within the Tertiary volcanic 

tholeiite) composition. units can be seen on the north side of the 
canyon. Small faults which offset identi

Field relations and compositional data demon- fiable stratigraphic layers are also well 

strate that "salt and pepper" is the deep-seated exposed on the north side of the wash in 

equivalent of the porphyritic quartz monzodiorite several places.  

viewed from Stop 7. Modal variations for each, Between the lower boundary of the disturbed 

cluster on the intersection of the quartz monzo- zone and Stop 11, the foliation of the 

diorite, granodiorite, and quartz monzonite fields. mylonitic gneisses dips 20 to 440 to the 

Moreover, there is complete overlap of mineral 

(feldspars, biotite, hornblende) and whole rock trendin S 530 W to S 450 W and plunging 
chemical data. The restriction of the porphyritic 1 to 16 . This lineation is defined by 

quartz monzodiorite to large blocks in the granite flattened and strongly elongated quartz grains 

porphyry suggest that the porphyritic quartz monzo- and by trails of biotite and broken feldspar 

diorite is a border or roof phase of the "salt and porphyroclasts. These mylonitic gneisses, 

pepper" quartz monzodiorite which subsequently was the oldest rocks in the Whipple core, include 

engulfed by the granite porphyry magma. interlayered biotitic quartzo-feldspathic 
gneiss, augen gneiss, and amphibolite.  

Mileage 
0.8 One and one-half to two meter-high ledge 

12.0 Continue walking upstream. On the left side of mylonitic gneiss with both mylonitic 

of the wash a small fault is marked by a relict foliation.  

spring which contains one of the only palm 

trees in the Whipples. Continue through STOP 11. JUXTAPOSITION OF OLDER AND MYLONITIC 

the first large ridge; unconformity at the FOLIATION 

base of the Tertiary volcanics (Copper 
Basin ?) is about a third of the way up Giving the outcrop a "cross-bed"-like appearance, 

the canyon wall. gneiss layers with a steeper, older (PG ?) folia

As we enter the first open valley, the syn- tion are preserved within the mylonitic gneisses.  

clinal character of the Tertiary sedimentary This gives us a clear view of the protolith of 

rocks is perceptible on the left. This these mylonitic rocks. Here the contact between 

large drag fold is associated with the the non-mylonitic and mylonitic gneisses is sharp 

Copper fault, which cuts the low hill in (apparently a shear surface). The older foliation 

the center of the valley and continues strikes N 870 E and dips 410 SE. The mylonitic 

under the talus slope on the right. fabric has a foliation striking N 640 NW dipping 
310 SW: the lineation plunges 290 to the S 520 W.  

12.4 Broad, greenish exposure of exhumed detach

ment surface. At this structural position, we are within a 
700-1000 n-thick section containing synkinematic, 

STOP 10. WHIPPLE DETACHMENT FAULT sill-like intrusives. A major granodiorite sill 
(Stop 15) should occur structurally above us, but 

Begin looking carefully at the texture and here has been cut out by the detachment surface.  

color of the rocks in the center of the wash. One of the lower sills is the subject of Stop 14.  

Green, chlorite-rich outcrops with little, discer- It is common for relict gneissic structure to be 

nible fabric are exposed as low, rounded knobs on preserved in between these sills. Generally the 

the left. Copper staining is evident and appears transition from mylonitic to non-mylonitic fabrics 

to be characteristic of this fault zone, both involves a gradual rotation over a distance of a 

locally and regionally. Similar mineralization in few meters of the steeper older foliation to the 

Copper Basin a few kilometers south of here, shallower dip of the mylonitic foliation. A 

prompted extensive drilling in the early 1970's. mylonitic overprint is generally perceptable as 

This altered and mineralized layer marks the base dips become less than 500 and it becomes pervasive 

of the upper plate and the top of the lower plate. as the dip lessens below 300. It is pertinent to 

It, therefore, also marks the presence of the note, as evidenced here at this exposure, that all 

Whipple detachment fault, which is not well-exposed of the mylonitic gneisses that are older than the 

here. sills had am earlier (PG ?) metamorphic history, a 
metamorphism that reached at least middle amphi

0.0 Reset mileage at the detachment surface. bolite grade.  

For the first 600 feet beyond the exposure 

of the Whipple fault, there is little 

recognizable structure in the lower plate foliation will gradually begin to dip to the SE 

gneisses. This is due to shearing and (09 to 250) which is the norm for this area of the 

pervasive alteration (epidotization and Whipple core. Relict structure will also be visible 

chloritization) within a 20 to 30 m-thick in a fold preserved in the quartzo-feldspathic 

disturbed zone below the fault. The lower gneisses on the right (NW) side of the canyon 

plate zone of structural disturbance and floor.  

alteration is much thinner here than at 

Stop 4, seen yesterday. Mileage 

As we walk upstream, the detachment fault 

is intermittently exposed along the sides 1.1 As we enter a slight turn to the left (SSW) 

of the wash. The low dip of the surface and pass a large talus pile of Tertiary
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Mileage 
STOP 13. LOWER-PLATE LOW-ANGLE FAULT AND MYLONI

Mileage 

volcanic rocks, begin to observe carefully 
the location of the Tertiary and lower plate A gentle ranp of augen gneiss is exposed along 
crystalline contact on both sides of the the south side of Whipple Wash approximately 150 
canyon. To the south, the Whipple detach- meters past the unconformity. Separating this 
ment fault is exposed well up on the side ramp from the overlying, more altered lower-plate 
of the hill just below the steep cliffs. rocks is a sharp fault surface. This low-angle 
On the north, however, the contact is much surface is nearly parallel to the higher, Whipple 
lower and can be easily reached. detachment fault; both dip 7-100 to the northeast.  

By looking downstream the thickness (60-70 m) of 1.4 Assemble for study of the contact. this altered sheet is quite apparent. This fault 
nay be similar to other detachment faults found STOP 12. UNCONFORMITY BETWEEN TERTIARY SECTION AND in the southwestern Whipples. Such faults within 

LOWER PLATE GNEISSES the lower plate demonstrate that low-angle fault
ing is not restricted to units above the Whipple The contact between the Tertiary rocks and detachment fault.  

altered lower plate rocks is irregular. Note the 
occurrence of small clasts of lower plate rocks in The augen gneiss is a distinctive lithology 
volcanic rocks, tiny cross-bedding at the contact, within the older nylonitic gneisses of the lower 
and lack of a discernible fault surface. Follow plate, occurring as layers 2-10 m thick, which are 
this contact to the steep face where the lower-plate exposed continuously for distances up to 2 km.  contact begins going uphill. Here a gravel of lower- Ranging from adamellite to true granite in compo
plate rocks is well exposed below the Tertiary rocks. sition, the mylonitic augen gneisses contain large 
A zone of mixing between lower-plate and Tertiary (to 5 cm) augen of alkali feldspar and lesser 
volcanics contains a prominent channel near the upper amounts of plagioclase set in a fine-grained, 
part of the exposure. Above a layer of volcanics is foliated matrix. The matrix consists of long 
a thick lens of lower-plate pebbles and cobbles. monominerallic lenses of quartz, finer-grained 
These features demonstrate that the Tertiary section segregations of granoblastic feldspar, and mafic 
is sitting unconformably on lower-plate mylonitic concentrations of biotite + muscovite, epidote, 
rocks. Formation of the mylonitic rocks clearly sphene, magnetite, and ilmenite. Where not myloni
occurred prior to the deposition of the volcanic tized, it is evident that the gnessoid fabric 
rocks and in a pressure-temperature environment was developed during the older (PG ?) metamorphism.  
significantly different than that of the Tertiary Electron microprobe studies of the same augen 
section. gneiss in Bowmans Wash (Krass, 1979) have confirmed 

this observation. Partial reequilibration of the Looking south across the wash, the Whipple two feldspars has generated a second set of con
detachment surface can be seen high on the hill at positions for each. Where much of the alkali feld
the base of the cliffs. The unconformity on which spar and plagioclase augen have 0r70 and An20 .2 3 we are standing cuts well below this detachment compositions, respectively, other augen and much 
fault. The overlying volcanic rocks were, therefore, of the younger matrix feldspar have 0r0 8 95 and deposited after the Whipple fault had been developed An0 1.0 compositions. The bulk composiiton of and exposed to erosion. These same volcanic rocks the gneiss has a wide range (SiO2 = 62.9 to 72.7 wt.%, 
are involved in the detachment faulting which we K20 = 4.53 to 5.48%) and is similar to the older 
just walked through in the lower portion of Whipple upper-plate plutons in being rather potassic, 
Wash. Motion along the detachment surface appears iron-rich and low in A1203 , to have occurred during at least two different epi
sodes, separated by a period of exposure and erosion Mileage 
of the fault surface (cf. text Fig. 8). Armstrong's 
(1972) model of denudational faulting for similar Continue walking downstream past the spring and 
areas in northeastern Nevada seems particularly inviting small pools in the augen gneiss.  
applicable here. If this deformation took place over 
a several million year time span, then the deforma- 2.0 Major valley appears from the left (SSE).  
tional mechanism is probably a creep process, rather After the next stop, we will return and 
than a catastrophic event. exit the core through this valley.  

Mileage 2.3 Broad, stream-washed exposure of garneti
ferous, two-mica adamellite. Stop here.  Walking up the wash from the unconformity, altered 

rocks of the lower plate are exposed along both STOP 14. CONTACT OF MYLONITIC GNEISSES AND TWO
sides of the canyon. Looking back at the un- MICA, GARNET ADANELLITE ("Stm" of Fig. 5) 
conformity, the lowest volcanic flow appears to 
have flowed down into a depression, which is At this outcrop are older quartzo-feldspathic 
now the site of Whipple Wash. To the southeast, gneisses and interlayered amphibolite, a sill of 
the Whipple detachment fault is well exposed at leucocratic, two-mica garnet adamellite, and cross
the base of the vertical cliff of volcanic cutting dikes of a dark grey biotite granodiorite.  
rocks. All three rocks have the same mylonitic fabric-

a foliation striking N 180 E, dipping 190 SE, 1.7 Assemble at contact of mylonitic quartz- and a lineation plunging 80 to the N 440 E. The 
feldspathic gneiss and augen gneiss for section on "Synkinematic sills and late kinematic Stop 13. plutons" in the adjoining text enumerates our 

basis for interpreting these intrusives as being 
emplaced during mylonitization. The relations at
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this outcrop require mylonitization to have continued TABLE 2. Analyses of Garnet from Two-Mica, Garnet 

at least through the emplacement of the cross- Adamellite Sill 

cutting dike. It is not uncommon for this adamellite 

sill to possess more than one mylonitic foliation. Sample WW-6 W78-54 

Here the sill has two foliations (the steeper folia

tion strikes N 530 E and dips 440 SE) but it is Specimen 6 7 A B 

not possible to demonstrate in this case that the 

steeper foliation is of mylonitic origin. Si02  38.73 38.55 37.32 37.70 
TiO2  .03 .02 .03 .03 

The adamellite sill is a major intrusive in A1203 20.89 20.86 20.94 20.20 

this area (see map, Fig. 5) and attains a maximum FeO2 21.38 21.59 21.03 21.06 

thickness of 70 m. The rock is generally light grey MgO 1.39 1.66 1.80 1.65 

in color, medium-grained, and contains quartz, MnO 10.18 9.95 11.67 11.40 

plagioclase, alkali feldspar, two micas (biotite GaO 10.17 10.05 8.30 8.67 

and celadonitic muscovite), and accessory garnet, TOTAL 102.78 102.68 101.07 100.74 

epidote, chlorite, magnetite, apatite, and 
zircon.  

Its chemistry is given in text Table 2, and Formula units per 8 total cations 

text, Figures 12-14. The dark grey grano

diorite dike is fine grained and contains por- 3.012 2.997 2.954 2.998 

phyroclasts of plagioclase with oscillatory zoning Al 

(obviously relict phenocrysts) set in a mylonitic Al 1.916 1.909 1.908 1.892 

matrix of quartz, two feldspars, biotite, chlorite, Fe3 .082 .089 .091 .104 

epidote, sphene, and magnetite. 
.002 .001 .001 .002 

Fe2  1.309 1.315 1.302 1.298 

A major petrologic concern is the extent to Mg .161 .193 .212 .196 

which the primary (magmatic) mineralogy of these Mn .671 .655 .782 .768 

rocks has been affected by the mylonitization and Ca .847 .837 .704 .738 

under what P-T regime did the mylonitization occur.  

Most of the small porphyroclast phases (crystals of % Al3  43.6 43.8 43.4 43.4 

plagioclase, garnet, epidote, sphene, and apatite Py 5.4 6.4 2.4 1.2 

which interrupt the mylonitic flow foliation of the Sp 22.4 21.8 26.1 25.6 

matrix) have in general not compositionally re- Cr 24.5 23.3 23.5 24.6 

equilibrated and are relicts of the magmatic history An 4.3 4.5 4.6 5.3 

of these rocks. The garnet (Table 2) shows no 

textural evidence of retrogression (e.g. rims of Charge 20.00 20.00 20.00 20.00 

chlorite or biotite). The preservation of rather 

delicate oscillatory zonation patterns in plagioclase 'Sample 146 is from Stop 14; W78-54 is from 

porphyroclast (text, Pl. 7) is also an obvious another sill near Stop 25.  

indication of a lack of reequilibration. However All Fe analyzed as FeO 

detailed electron microprobe studies of samples 3 percent almadine, pyrope, spessartine 

from this outcrop have revealed several indications grossular, and andradite end members.  

of incipient reequilibration. As seen in the augen 

gneiss of the previous stop, plagioclase composi

tions in the adamellite exhibit a bimodal distribu- flakes are high in Ti (TiO2 = 0.61-1.19%) while 

tion (Table 4) . While most porphyroclasts are oligo- much of the matrix muscovite is systematically 

clase (An13 7-An 21s), some of the porphyroclasts depleted in this element (TiO 2 = 0.05-0.33%) 

and much of the fine-grained, matrix plagioclase confirming a partial reequilibration.  

is albite (An,.s-s.2). Predictably matrix alkali 

feldspars are potassic (Ore, 3-sa3e). Likewise, As is common in two-mica granitic rocks.  

epidote porphyroclasts have dark brown allanitic the muscovites are phengitic or contain signi Want 

core rich in cerium (to 8.64 wt. %) and other rare amountS+of the celadonite end member (K(MgFe 

earth elements (REE) yet the rims are free of REE (AlFe )Si 40lO(OH)2 (Best et al., 1974, Guidotti, 

and have compositions typical of metamorphic 1978; Anderson, unpublished data; C. F. Miller, 

epidote (Table 3). It is clear that the allanite personal communication, 1979). Yet from the highly 

cores are relict from the magmatic stage and that celadonitic muscovites common to low temperature 

the rims (overgrowths) and matrix epidote grew moderate to high pressure metamorphism, one might 

during mylonitization as a consequence of the break- predict an increase in the celadonite proportion 

down of the plagioclase. This metamorphic mineral with retrogression (Ernst, 1963; Velde, 1972).  

assemblage (albite + alkali feldspar + epidote + The percent celadonite in the muscovites ranges 

chlorite + biotite) is consistent with middle to from 17.5 to 27.7% (most between 21.3-27.7%) 

upper greenschist grades which is substantiated but shows no systematic change. From the obser

by feldspar thermometry calculations of 410-4300 C vations of Guidotti and Sassi (1976) this is a good 

at an assumed total pressure of 2-4 Kb. suggestion of a low pressure environment for intru
sion and mylonitization. As explained in the text 

The muscovite also shows the effect of reequi- (metamorphic grade section) primary muscovite in 

libration (Table 5) . Guidotti et al. (1976) has granitic melts cam be used to calculate a minimum 

shown that the Ti-saturation limit in muscovite pressure of crystallization from consideration of 

decreases significantly with lower temperature. the interaction of appropriate composition corrected 

Fourteen analyses of muscovite (one sample) of muscovite stability and adamellite solidus curves.  

three textural occurrences (coarse flakes interrupt- For this sill (this locality) the estimate is 2.6 Kb 

ing the mylonitic flow fabric, very fine grained or 9.6 km which is consistent with an upper crustal 

flakes aligned in the foliation, and sericite phenomenon.  

inclusions in feldspar) show over an order of mag

nitude change in Ti content. Most of the coarse
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TABLE 3. Analyses of Allanite Cores and Epidote from Two-mica, Garnet Adamellite (Stop 14) 
and Porphyritic Granodiorite (Stop 25) Sills 

Sample' ww-6 W78-49a 

Specimen 15-core 15-rim 12 K-core K-rim G H 

Si0 2  32.56 38.44 37.70 33.59 37.98 38.05 37.34 
Ti02 .20 .15 .07 .38 .06 .08 .07 
Al03 18.14 25.04 23.58 17.61 23.23 23.81 23.16 
Y203 .23 .00 .00 .01 .00 .00 .00 
Ce203 8.64 .02 .26 8.86 .00 .03 .00 
La203 4.15 .00 .00 5.10 .00 .00 .00 
Nd2 03 3.81 .00 .00 1.99 .00 .00 .00 
Fe02 13.09 11.31 10.99 14.01 12.61 12.10 12.09 
MgO .44 .02 .00 .79 .02 .00 .00 
MnO .53 .41 .62 .19 .23 .23 .23 
CaO 13.32 23.70 23.10 15.23 24.08 23.26 23.02 
F .15 .00 .03 .14 .07 .00 .00 
Total 95.26 99.09 96.35 97.84 98.24 97.55 95.90 

Formula per 8 cations 

SilV 3.007 2.976 3.012 2.991 2.979 3.001 2.997 
AlVI -000 .024 .000 .009 .021 .000 .003 
Al 1.976 2.262 2.222 1.840 2.127 2.215 2.189 
Y .012 .000 .000 .001 .000 .000 .000 
Ce .292 .001 .008 .289 .000 .001 .000 
Na .141 .000 .000 .168 .000 .000 .000 
Nd .126 .000 .000 .063 .000 .000 .000 
Ti .014 .009 .000 .025 .004 .005 .004 
Fe 1.012 .733 .735 1.043 .827 .798 .811 
Mg .060 .003 .000 .104 .002 .000 .000 
Mn .041 .027 .042 .014 .015 .015 .016 
Ca 1.318 1.966 1.978 1.453 2.024 1.966 1.980 
F .044 .000 .008 .040 .017 .000 .000 

Remarks3 P P M P P P M 

iSample WW6 is from adamellite of Stop 14, W-78-49a is from granodiorite of Stop 25.  2A11 Fe as FeO 
3P=porphyroclast; M=matrix 

Mileage lower 80-120 m of the-sill is exposed before its 
upward truncation at the overlying detachment 

Return to the entrance of the large SSE-trending surface. This sill commonly underlies the klippe 
valley. A local slide block of Tertiary red beds of the central Whipples and to the south it has 
can be seen on the north side of large hill to a maximum thickness of 600 m. The rock is medium 
our right. grained (2-3 mm) and non-porphyritic. It consists 

of plagioclase, quartz, alkali feldspar, biotite 
2.6 Turn right and head up large valley (to and accessory chlorite, epidote, magnetite, 

the SSE). Several augen gneiss and amphi- apatite, and zircon. Like all sills, it is per
bolite layers are exposed in the wash. The vasively nylonitonized; toward the detachment fault 
mylonitic foliation continues to dip to the it becomes increasingly altered. Above the detach
southeast with the lineation plunging 010 to ment surface is the "salt and pepper quartz mom
220 to the S38-49W. A variety of tension zodiorite and overlying (cliff-forming) Tertiary 
gashes (commonly slightly oblique to the basalt.  
lineation) and conjugate fractures are 
well developed in these exposures. The truncated granodiorite sill must occur 

in an upper-plate position somewhere to the north
3.3 Ledge of mylonitic gneiss exposed in the east, but it is not found in this range.  

wash. Stop here.  
Mileage 

STOP 15. MYLONITIC GNEISS AND BIOTITE GRANODIORITE 
SILL ("bgd" on Fig. 5) 3.8 As we procede upstream, the Whipple fault 

gradually decreases in elevation and enters 
The ledge here is of mylonitic quartzo-feld- the wash at this point.  

spathic gneiss. The dominant lithology of these 
older core gneisses eighty to one hundred meters STOP 16. WHIPPLE DETACHMENT SURFACE 
above is the lower contact of the structurally 
highest sill of the Whipple lower plate, a leuco- The detachment surface is well exposed on the cratic biotite granodiorite (Fig. 5). Only the northeast (left) side of the wash for several tens
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TABLE 4. Analyses of Feldspars for Two-mica, Garnet Adamellite Sill, Stop 14 

Plagioclase K-feldspar 

Specimen 09-11 09-2 07-1 13-1 07-2 12 04 13-2 07 09 

Si0 2  62.96 62.87 65.50 66.24 67.33 66.63 68.66 68.21 64.54 64.78 
Ti0 2  .01 .00 .06 .12 .00 .00 .03 .00 .06 .00 
A1203  23.63 23.19 22.28 21.38 20.84 20.36 20.38 20.38 18.73 19.08 
FeO .05 .03 .00 .03 .00 .08 .05 .04 .00 .03 
MgO .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 
Ba0 .00 .04 .00 .13 .00 .00 .04 .02 .44 .83 
CaO 4.70 4.62 2.94 1.94 1.00 .86 .71 .72 .00 .01 
Na20 9.14 9.26 10.07 10.64 9.85 11.11 11.18 11.33 .77 .54 
K20 . .18 .18 .30 .17 .38 .15 .12 .21 15.75 15.90 
Total 100.67 100.20 101.15 100.64 99.40 99.19 101.17 100.90 100.29 101.17 

Formula units per 8 oxygens 

Si 2.771 2.781 2.855 2.898 2.953 2.943 2.968 2.959 2.981 2.973 
Ti .000 .000 .002 .004 .000 .000 .001 .000 .002 .000 
Al 1.226 1.209 1.145 1.103 1.078 1.060 1.038 1.043 1.020 1.033 
Fe .002 .001 .000 .001 .000 .003 .002 .001 .000 .001 
Mg .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 
Ba .000 .001 .000 .002 .000 .000 .001 .000 .008 .015 
Ca .221 .219 .137 .091 .047 .041 .033 .033 .000 .001 
Na .780 .794 .851 .902 .838 .952 .937 .954 .069 .048 
K .010 .010 .017 .009 .022 .008 .007 .012 .928 .931 

%An 21.9 21.4 13.7 9.1 5.2 4.1 3.4 3.3 0.0 0.1 
Ab 77.1 77.6 84.7 90.0 92.5 95.8 95.9 95.5 6.9 4.8 
Or 1.0 1.0 1.6 0.9 2.3 0.8 0.7 1.2 92.3 93.6 
Cn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 1.5 

P2  M P P M P M M P M 

'All analyses from sample WW-6, numbers designate specimens within a single section; 
plagioclase analyses are arranged in order of decreasing An 2P=porphyroclasts, M=matrix 

of meters. Slickensides and striae are well deve- Mileage 
loped on the gently dipping (100) fault surface.  
Note the lack of pronounced brecciation in either Walk down jeep trail toward Bowman's Wash. It's 
the upper or lower plates. all downhill! 

Mileage 5.0 Detachment surface crosses the trail.  

Continue walking upstream until the wash makes 5.4 Stop here for description of Bowman's Wash.  
a bend to the southwest and passes through a 
tall notch in Tertiary volcanic rocks. Two klippen STOP 18. VIEW OF BOWMAN'S WASH (Time Permitting) 
of volcanic rocks and the central Whipple core 
are framed by the view through the notch. This area has recently been mapped by Valerie 

Krass and Linda Thurn. On the map of the Whipples 
4.3 "The Notch." A large cave on the SE side (Fig. 2), this wash is marked by a major northeast

of the notch can provide welcome relief from trending reentrant or half-window of the lower 
the sumner Whipple sun. Continue southeast- plate. As in Whipple Wash, the detachment surface 
ward and find the burro trail on the right is defined by the pronounced color difference 
side of the valley just after passing the between the two plates. Lower plate rocks are 
notch. It leads to the pass on the horizon. primarily the same mylonitic quartzo-feldspathic 

gneisses that we have been studying. Sills are not 
4.7 Base of switchbacks at end of the trail. common but late kinematic plugs of quartz diorite 

and granodiorite are intrusive into these gneisses.  
STOP 17. TERTIARY RED BEDS AND NORMAL FAULT Metasedimentary rocks and foliated biotite ada

mellites occur in the upper plate crystalline com
The switchbacks are built into Copper Basin(?) plex on both sides of the wash. On the southeast 

red beds (hematite-cemented shales, siltstones, and side, granite porphyry with abundant blocks of 
arkosic sandstone) which dip southwestward at 25 to porphyritic quartz monzodiorite intrudes these older 
300 into a hill composed of crystalline rocks near rocks. On the northwest side, "salt and pepper" 
its base and volcanic rocks at its top. These rela- quartz monzodiorite is the main intrusive. At the 
tions are evidence of another of the northwest- far, northeastern head of the wash is Copper Basin 
striking northeast-dipping normal faults in the Reservoir and another intrusive plug of light-colored 
upper plate (Fig. 4) which here is poorly exposed. biotite adamellite, very similar to the one we
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TABLE 5. Analyses of Muscovite from Two-mica, Garnet Adamellite Sill, Stop 14 

Specimen 20' 15-2 10 12-W 15-1 126 11a 4 18 1Ib 7 6 3 19 

Si02 46.43 46.83 47.33 47.86 48.32 47.08 47.13 46.93 49.24 46.21 48.10 47.60 46.98 48.71 

A1203 29.14 28.31 28.63 29.47 28.94 29.04 29.24 29.15 28.30 32.23 28.79 29.79 31.98 29.77 

FeO2  5.42 5.63 5.51 4.40 4.30 4.78 4.77 4.55 4.40 4.22 4.55 4.25 4.11 4.29 

MgO 1.64 1.67 1.77 1.71 1.92 1.83 1.75 1.89 2.33 .99 2.37 1.75 1.23 1.88 

Mno .11 .07 .08 .04 .05 .06 .07 .05 .05 .02 .10 .08 .04 .03 

Ti0 1.19 1.16 1.01 .96 .63 .61 .39 .34 .34 .24 .22 .13 .07 .05 

ZnO .03 .00 .00 .07 .00 .17 .00 .09 .12 .00 .06 .00 .00 .00 

CaO .00 .00 .00 .02 .09 .00 .00 .09 .00 .06 .00 .01 .00 .00 

Na20 .20 .18 .18 .17 .38 .19 .18 .24 .08 .14 .19 .18 .22 .08 

K20 11.26 11.53 11.49 10.83 10.32 11.02 11.14 11.09 11.13 10.17 10.71 11.31 11.32 10.80 

F .21 .11 .17 .05 .32 .16 .10 .04 .19 .19 .13 .19 .10 .13 

Cl .01 .00 .00 .00 .00 .00 .00 .01 .00 .01 .01 .01 .00 .00 

Total 95.64 95.49 96.17 95.58 95.27 94.94 95.47 94.47 96.18 94.59 95.23 95.30 96.05 95.74 

Formula per 2.000 octahedral + tetrahedral cations 

Si 3.138 3.181 3.185 3.204 3.242 3.185 3.193 3.189 3.277 3.096 3.219 3.207 3.131 3.238 

AllV .862 .819 .815 .796 .758 .815 .807 .811 .723 .904 .781 .793 .869 .762 

AlVi 1.461 1.448 1.457 1.529 1.532 1.502 1.529 1.525 1.498 1.651 1.490 1.574 1.643 1.570 

Fe .306 .320 .310 .246 .241 .271 .270 .259 .255 .236 .255 .239 .229 .239 

Mg .165 .169 .178 .170 .192 .184 .177 .191 .232 .099 .236 .176 .122 .187 

Mn .006 .004 .005 .002 .003 .003 .004 .003 .003 .001 .005 .005 .002 .002 

Ti .061 .059 .051 .048 .032 .031 .020 .017 .017 .012 .011 .007 .003 .002 

Zn .001 - - .004 .000 .009 - .005 .006 - .003 - -

Ca - - - .001 .007 - - .007 - .004 - .001 -

Na .026 .024 .024 .022 .050 .025 .024 .032 .010 .018 .024 .023 .028 .010 

K .971 .999 .986 .925 .883 .951 .963 .962 .945 .869 .914 .972 .962 .916 

F .045 .023 .036 .009 .069 .035 .021 .008 .041 .041 .028 .041 .021 .027 

Cl .001 .000 .000 .000 .000 - - .001 - .001 .001 .001 -

CHG 21.717 21.770 21.754 21.779 21.784 21.726 21.748 21.756 21.764 21.667 21.670 21.791 21.771 21.739 

(Fe/(Fe+Mg) .650 .654 .636 .591 .557 .595 .605 .575 .514 .705 .519 .577 .653 .561 

%Mu 70.4 70.0 70.5 74.2 70.8 72.6 74.1 73.1 71.3 80.7 72.1 76.4 79.3 75.2 

Pg 2.6 2.4 2.4 2.2 5.0 2.5 2.4 3.2 1.0 1.8 2.4 2.3 2.8 1.0 

Ce 27.0 27.6 27.1 23.6 24.2 24.9 23.6 23.8 27.7 17.5 25.5 21.3 17.9 23.8 

Remarks 3  C C C M C C M M M M M M C S 

IAll analyses from sample WW-6, numbers designate specimens within single section; arranged in order of decreasing Ti 
2 Al Fe analyzed as FeO 
C-coarse flakes, M-matrix, S-sericite



129 

drove by earlier this morning. Overlying these Mileage 
crystalline rocks is more cliff-forming Tertiary 
volcanic rock. 0.0 Reset mileage at parking area.  

Mileage 0.05 Outcrops in wash, just upstream from where 
the vehicles are parked.  

Continue to walk down the jeep trail to Bowman's 
Wash road where the vans and assorted refreshments STOP 19. ALLOCHTHONOUS TERTIARY REDBEDS ("Tvs," 
are waiting. Fig. 6) 

6.4 Bowman's Wash road The exposure here is of red Tertiary sandstones 
and conglomerates in an upper plate position. The 

THIRD DAY, NOVEMBER 4, 1979 beds strike to the northwest and have a charac
teristic southwestward dip (ca. 450). Volcanic 

Leave Parker at 7:30 AM (Arizona time). Drive units are present in Tertiary exposures (Fig. 6).  
northwest across the bridge into Earp and turn 
left (west) at junction with California 92. Mileage 

Mileage Continue to follow the wash to the north.  

0.0 Reset mileage in Earp at junction with 92. 0.5 Detachment fault exposed in tributary wash 
Proceed 12.6 miles to Chambers Well Road to northeast.  

12.6 Chambers Wells Road, an unsigned, graded STOP 20. EXHUMED WHIPPLE DETACHMENT FAULT ("WDF," 
dirt road marked by a 4-sided, red, white, Fig. 6).  
and blue painted stake with a pointed top.  
Turn right. Caution: Portions of this The fault dips at a low angle to the south 
road are deeply rutted and have very high (150 + 50). Striae and fluting are not well 
centers. Drive at appropriate speeds and preserved in the fault zone; poorly developed 
keep vehicle on center hump of road and examples vary in trend from S 100 E through S 800 W, 
right or left edges. Follow road for 5.4 but appear to cluster in the range S 380 + 50 W.  
miles to south-central edge of Whipple Lower plate rocks here are principally sheared and 
Mountains. altered (chloritized) quartzo-feldspathic gneisses; 

the gneisses have not been mylonitized. Subordinate 
18.0 Just before road enters a wash at mountain lower plate rocks include aplitic and pegnatitic 

front, turn 1200 right onto dirt road that dikes and hypabyssal bodies of mafic to inter
joins Chambers Well Road from the south- mediate composition (members of am extensive lower 
east. Head southeast 1.2 miles. plate dike swarm cut by the Whipple fault). The 

greenish zone of shearing, alteration, and shattering 
19.2 Go left (northeast to east) onto obscure (mapped as "sz" for "shear/shatter zone," Fig. 6) is 

dirt road that begins on a varnished, planar at least 15 to 20 m thick in this general area, 
desert pavement, then leads across older although it thins northeastward and is locally 
alluvial deposits. Follow this road 0.6 absent in western areas of Figure 6. Upper-plate 
miles to its end at a stream washout. sedimentary rocks at Stop 20, lithic tuffs and 

fanglomerates, although faulted are relatively 
19.8 Park at road's end and prepare for a half little deformed.  

day hike to the mylonitic front. We will 
return to the vehicles for lunch before we Mileage 
depart for San Diego.  

From Stop 20 we will hike northeastward and 
PREVIEW OF STOPS 19 THROUGH 25 traverse a heterogeneous lower plate assemblage 

of crystalline rocks. The most abundant rocks 
This series of stops is primarily intended to in this assemblage are Precambrian(?) biotitic, 

illustrate lower plate relationships across the quartzo-feldspathic gmeisses and a myriad of 
Whipple Mountains "mylonitic front," an abrupt cross-cutting hypabyssal intrusive bodies. The 
(3 to 30 m) zone of high strain gradient between latter also crosscut amphibolites interlayered 
lower plate mylonitic gneisses and structurally with the gneisses and generally discordant, 
higher, partly equivalent rocks that lack a mylonitic muscovite-rich pegmatites, aplites, and alaskites 
fabric. The stops will be made along an 5 mile-long that intrude both the gneisses and the amphi
traverse that will require a full half day. Figure bolites. Foliation in the metamorphic rocks 
6 is a geologic map of the area to be traversed. strikes variably from E to NE; most dips are to 
Because of an absence of trails or easily described the SE (Fig. 6). Between Stops 20 and 21 we 
cross-country routes, persons desiring to visit the will cross a poorly defined boundary between a 
mylonitic front in the northeastern quarter of terrane in which gneisses are the principal 
Sec. 3, T. 2 N., R. 24 E., (Whipple Mountains, 7 component ("gin," Fig. 6) and one in which they 
minute quadrangle) on their own are advised to omit are clearly subordinate to a great variety of 
Stops 20 through 22 described below and located on plutonic and hypabyssal igneous intrusions.  
Figure 6. Instead, they are encouraged to walk This latter terrane, mapped as an injection com
northeastward from road's end to the major stream plex ("ic," Fig. 6) includes aplites, pegmatites, 
drainage through the map area, then to follow the alaskites, dacites, andesite, and mafic rocks.  
drainage upstream from Stop 23 to the mylonitic front. It has not been possible to adequately subdivide 

the terrane into its many components at the scale 
of its mapping (1:24,000). Attitudes drawn on 

dike andhypbyssl bdiesof mficto iter
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3\OLDER FLAINMYLONITIC FOLIATION, 
Park *FLAINLINE AT ION 

here,,; 

// an MYLONITIC FRONT I'.WHIPPLE DETACHMENT FAULT 

Figure 6. Geologic map of a portion of the south-central Whipple Mountains (sections 3, 10; parts of sec

tions 2, 4, 9, 11, T. 2 N., R. 24 E., 7 1/2' Whipple Mountains S.W. quadrangle). Map emphasizes rela

tions across mylonitic front (MF) and the younger Whipple detachment fault (WDF). Upper plate units: 

Tvs = Tertiary sedimentary and volcanic rocks; gn = layered gneiss. Lower plate units above mylonitic 

front: gn = layered gneiss; fad = foliated two-mica adamellite; ic = injection complex of igneous 

rocks. Lower plate units below front: mgn = mylonitic layered gneiss; mpl = mylonitic plutonic rocks; 

mpgd = mylonitic porphyritic biotite granodiorite. Other units: sz = shatter/shear zone below 

Whipple fault; Qoal = Quaternary older alluvium; Qal and Q = Quaternary alluvium.  
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sills that are cut by the dike. The selective Mileage 
development of mylonitic fabric elements in rocks 
far above the mylonitic front is an unsolved pro- 2.6 Edge of mylonitic front exposed best on 
blem that is discussed in the accompanying text. northwest side of the wash.  

Mileage STOP 24. THE MYLONITIC FRONT ("MF," Fig. 6) 

1.9 Walk in a northeasterly direction to top Mylonitic foliation and lineation are pene
of the ridge and into an intrusive mass of tratively developed below this locality, both in 
foliated two-mica adamellite. older gneisses which have been rotated into paral

lelism with the shallow, southwest-dipping myloni
STOP 22. FOLIATED TWO-MICA ADAMELLITE ("fad," tic front and in granitic sills that intrude the 

Fig. 6) rotated gneisses. The front is a zone of high 
strain gradient, locally as narrow as 3 - 4 m on 

This light colored pluton is intrusive into the northern side of the canyon. It is not a 
the interlayered quartz-feldspathic biotite gneiss, discrete fault. The highest major sill below the 
augen gneiss, and amphibolite, but shares the same front is well-exposed on the northern wall of the 
NE-striking, E-dipping foliation (Fig. 6). This valley and it can be recognized by the several 
and related old plutons.in the lower plate, includ- northwest-striking basaltic dikes that intrude it.  
ing garnet-biotite granodiorite and hornblende- These dikes are much less planar and more disturbed 
biotite quartz diorite (Fig. 5), are discussed than comparable dikes above the mylonitic front.  
in the section "older metamorphic rocks" in the They exhibit limited pinch-and-swell structure, 
adjoining text. possible folding, and shattering. They may have 

been emplaced into still warm and partly mobile 
Ranging from adamellite to granodiorite in rocks below the front, although chilled contacts 

composition (Text, Fig. 12), this whitish to light for many of the dikes can.be found. Text Figures 
grey rock is medium grained (2-4 mm) and contains 10 and 11, respectively, illustrate the change in 
plagioclase (32.2-42.3 %), quartz (31.7-36.4 %), foliation orientation across the front and cross
alkali feldspar (18.1-22.3 %), muscovite (1.7-3.7 %), sectional relations through it.  
biotite (2.3-6.8 %) and accessory allanite, sphene, 
chlorite, Fe-Ti oxides, apatite, and zircon. The Mileage 
foliation is defined primarily by the two micas 
and quartz, which tend to flow around the slightly From Stop 24 to Stop 25 we will walk through 
larger feldspars. Despite its metamorphism, the several hundred meters of strongly mylonitized 
plagioclase has vague outlines of relict normal gneisses and younger, interlayered granitic 
and oscillatory zoning (Anis-3 o). sills. Lineation in these rocks typically trends 

S 650 + 100 W, and plunges 300 - 20 . The traverse 
Compositionally the pluton is calc-alkaline as will end in the upper portions of a mylonitized 

are the other older plutons (Text, Fig. 13 and granodiorite sill. Text Plate 6 is a photo
Table 2) and peraluminous. It is important to graph to the west from just above and beyond the 
note that these older plutons have no counterpart end of the traverse. It illustrates the upper 
in the upper plate crystalline complex of this part of the sill (lower right), and layered 
general area. Moreover, as observed at Stop 7, mylonitic rocks that lie above it (dark rocks 
the granite porphyry and quartz monzodiorite of in center), and the heterogenous-appearing assem
the upper plate have no counter-part in this lower- blage of rocks above the mylonitic front (upper 
plate terrain. These observations require trans- left).  
port of the upper plate on the Whipple detachment 
surface to be significant. 3.1 Exposure of granodiorite sill at large 

dry waterfall in the wash.  
Mileage 

STOP 25. PORPHYRITIC BIOTITE GRANODIORITE SILL 
2.1 Proceed to the northeast into the main ("mpgd," Fig. 6) 

stream drainage where exposures of the same 
adamellite occur on the eastern side of This granodiorite is the structurally highest 
the wash (Fig. 6). major sill in this region of the Whipples. It is, 

however, structurally lower than the comparably 
STOP 23. TRANSPOSITION OF OLDER FOLIATION BY thick biotite granodiorite sill viewed at Stops 4 

THE MYLONITIZATION and 15. Compositionally the sill is calc-alkaline 
(Text, Fig. 13) with intermediate levels of Si0 2 

This outcrop of the two-mica adamellite (66.7 to 68.8 %) and K20 (2.73-3.25 %). The rock 
("fad") appears to possess both steep older folia- is light grey in color with alkali feldspar augen 
tion and the younger, subhorizontal mylonitic or phenocrysts (0.3-1.2 cm, 12-18 %) set in a 
foliation and quartz-defined lineation. From here variably foliated matrix of quartz, plagioclase, 
to upstream locality (24), the mylonitic front, biotite, and accessory magnetite, spheneallanite, 
the mylonitic fabric elements are increasingly well- apatite, and zircon. Throughout the sill, myloni
developed. Both are found in most shallow-dipping zation varies from weak to pervasive. At this 
fine-grained sills and dikes and in those older exposure, the sill is strongly mylonitized. Por
gneisses where older foliation has been rotated phyroclasts of alkali feldspar, plagioclase, sphene, 
into orientations of shallow dip. Coarse grain biotite, allanite-cored epidote, magnetite, and 
size, a pre-existing foliation, and steep dips for apatite are dispersed in an exceedingly fine-grained 
that foliation all appear to inhibit the develop- (0.01-0.1 mm) foliated matrix composed of mono
ment of mylonitic fabric elements. mineralogic lenses of quartz, segregations of grano

blastic feldspar and epidote and foliated biotite, 
and scattered radiating crystals of post-kinematic
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chlorite. Surprisingly, we found no compositional Bishop, C. C. (compiler), 1964, Needles Map Sheet: 

differences between porphyroclast and matrix California Div. Mines and Geology, Geologic 

occurrences of feldspar or biotite. Plagioclase Map of California, 1:250,000.  

porphyroclasts range in composition from An 2 3 .o Bull, W. G., and T. L. Ku, 1975, Age dating of the 

Ab75 .40r1 .6 to An2l.OAb78.20ro.e. Matrix plagioclase Late Cenozoic deposits in the vicinity of 

range from An2 5 .4Ab 7 2.3Or 2 .3 to Ab2 o.3Ab7 8.70r1 .. the o.idal nuclear generating station site: 

Other than the epidote overgrowths on allanite Unpub. consulting report for So. Calif.  

(Table 4) and the formation of post-kinematic Edison by Woodword-Clyde Consultants, Los 

chlorite, the only evidence of retrogression is Angeles, Calif., 38 p.  

the isolated development of albite (An7 .1Ab9 2 .1Oro.8) Coonrad, W. L., 1960, Geology and mineral resources 

on the edge of some plagioclase porphyroclasts, of township 6 north, ranges 23 and 24 east, 

usually where they happened to be in contact with San Bernardino base and meridian, San Bernardino 

alkali feldspar porphyroclasts. This suggests County, Calif.: Unpub. report submitted to 

that the temperature was not low enough to retro- Southern Pacific Land Company, 23 p.  

grade the feldspar until after mylonitization had Davis, G. H., in press, Characteristics of meta

ceased. This is in.contrast with our findings at morphic core complexes, southern Arizona: 

Stop 14, where retrogression was coincident with Geol. Soc. America Memoir.  

mylonitization. Elsewhere we have found more Dokka, R. K., and S. H. Lingrey, 1979, Fission track 

evidence of coincident retrogression and myloni- evidence for a Miocene cooling event, Whipple 

tization but with retrogression at higher tempera- Mountains, southeastern California: Pac.  

tures than those of Stop 14. (See section on Sect. Soc. Econ. Paleontologists and Mineralo

"Synkinematicsills and late kinematic plutons" gists (Cenozoic paleogeography of the western 

in the adjoining text). Hence, mylonitization United States), p. 141-145.  

appears to have occurred over a range in metamor- Ernst, W. G., 1963, Significance of phengitic micas 

phic grade. fromlow-grade schists: Amer. Mineral., v. 48, 
p. 1357-1373.  

Return to vehicles for lunch prior to departing Guidotti, C. V., 1978, Muscovite and K-feldspar 

for San Diego. from two-mica adamellite in northwestern 
Maine: composition and petrogenetic impli

ACKNOWLEDGEMENTS cations: Amer. Mineral., v. 63, p. 750-753.  
Guidotti, C. V., J. T. Cheney, and S. Guggenheim, 

This research was supported by NSF Grants 1976, Distributionof titanium between coexisting 

EAR 77-09695 and GA-43309. Paul Adams did many muscovite and biotite in pelitic schists from 

of the electron probe analyses. Karl Frost and northwestern Maine: Amer. Mineral., v. 62, 

Mark Rowley were very able companions in the field. p. 438-448.  

Also, Mark Rowley provided some of the field data Guidotti, C. V., and F. P. Sassi, 1976, Muscovite 

for the northeastern part of Figure 5. Valerie as a petrogenetic indicator mineral in pelitic 

Krass provided data pertinent to Stops 9 and 13. schists: N. Sb. Mner. Abh., v. 127, p. 97-142.  

Finally, Keith Howard and the U. S. Geological Kemnitzer, L. E., 1937, Structural studies in the 

Survey flew in by helicopter our base camp supplies Whipple Mountains, southeastern California: 

which made mapping in the area of Figure 5 possible. Ph.D. dissertation, California Institute of 
Technology, Pasadena, Calif. 150 p.  
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IN1TRODUCTION 

Tor H. Nilsen Patrick L. Abbott 
U.S. Geological Survey* Department of Geological Sciences 
Menlo Park, CA 94025 San Diego State University 

San Diego, CA 92182 

This field trip will permit participants to Figure 1. Location map.  
examine excellent coastal outcrops and roadcuts of 
Upper Cretaceous turbidites in the San Diego metro
politan area (Fig. 1). The Cretaceous turbidites 
crop out in two main districts: the coastal parts 
of La Jolla and Bird Rock and the flanks of Mt.  
Soledad to the north, and the coastal part of Ocean 
Beach and the flanks of the Point Loma Peninsula to LA JOLLA 
the south. Six stops are planned for this one-day CV 
field trip, three morning stops on the Point Loma 
Peninsula, a lunch stop at Sunset Cliffs near Ocean LA MT.  
Beach, and two afternoon stops at La Jolla Cove and JOLLA SOLEDAD 
Bird Rock. The trip is arranged to take advantage 
of low afternoon tides for observation of the north
ern exposures, which are dominantly along beaches. BIRD OCK 
However, other users of this guidebook are advised 
to check local tide tables so that subsequent field 
trips can be rearranged to visit the inland southern 
exposures during times of high tide and coastal 
northern exposures during times of low tide.  

The San Diego metropolitan area has been mappec MISSION 
most recently by Kennedy (1975, 1977), Kennedy and BAY Cn 
Peterson (1975), and Kuper and Gastil (1977). The 
Cretaceous stratigraphy of the area has been most 
recently revised by Kennedy and Moore (1971). A 
revised and simplified geologic map of the field 
trip area is included in this guidebook (see field 
trip stops by Arthur, et al., this volume) for the cm INTERS TE 
convenience of participants; however, use of the 
previously published colored maps would be of addi- ) 
tional assistance and is encouraged. CLIFF 

The area covered by the guidebook has been the C 
subject of several previous field trip guidebooks. c 
Most of these have focused on the regional and nA 
environmental aspects of the geology, rather than POINT 
the Cretaceous sequence. Nevertheless, the reader 
may find that some of these previous guidebooks 
provide useful background information for this field 
trip. See references in Bibliography of Cretaceous 
Geology near the end of this volume for Thomas 
(1961), Allison et al. (1970), Ross and Dowlen 
(1973, 1975), and Farrand (1977).  

Gastil and Higley (1977) provided a useful sum-{ 
mary of the regional stratigraphy of the San Diego 
area, and an 11-stop field-trip guide to examine 
each stratigraphic unit. In addition, other guide
books published simultaneously with this one for the 
1979 Geological Society of America Meeting in San 
Diego will provide more up-to-date regional geologic 
information (see Abbott, 1979; Abbott and Elliott, 
1979; Abbott and Gastil, 1979; Abbott and Todd, 1979; 
and Stuart, 1979).  

*This report has not been edited or reviewed for con
formity with U.S. Geological Survey standards and 
nomencl ature.  
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TURBIDITE SEDIMENTOLOGY OF THE UPPER CRETACEOUS POINT LOMA 
AND CABRILLO FORMATIONS, SAN DIEGO, CALIFORNIA 

Tor H. Nilsen Patrick L. Abbott 
U.S. Geological Survey* Department of Geological Sciences 
345 Middlefield Road San Diego State University 

Menlo Park, California 94025 San Diego, California 92182 

ABSTRACT coastal areas as low-dipping, almost undeformed 

Upper Cretaceous (Campanian and Maestrichtian) sequences that are amenable to sedimentologic study.  
marine strata of the Rosario Group in the San Diego Cretaceous strata in the San Diego area have 
area have been divided into the Point Loma and over- been assigned to the Rosario Group by Kennedy and 
lying Cabrillo Formations. They contain six facies Moore (1971a). They subdivided the group in ascend
associations: 1) shelf and lagoonal sandstone, ing order into three formations, the Lusardi, Point 
2) slope and basin-plain (?) mudstone, 3) outer-fan Loma, and Cabrillo Formations (Fig. 4). The type 
lobe sandstone, 4) middle-fan channel-fill sandstone, area of the original Rosario Formation of Beal (1924) 
5) middle- and inner-fan interchannel and channel- is in northern Baja California. Milow and Ennis 
margin thin-bedded turbidites and mudstone, and 6) (1961) first used this name for the San Diego Cre
inner-fan channel-fill conglomerate. The facies taceous sequence.  
associations define a deep-sea fan deposited by west
ward-flowing sediment gravity flows that transported The oldest Cretaceous unit, the Lusardi Forma
sediments derived from batholithic and pre-batho- tion, will not be examined on this field trip. It is 
lithic metamorphic rocks of the Peninsular Ranges. a nonmarine conglomeratic sequence deposited directly 
The sedimentary basin initially deepened abruptly, on late Mesozoic metavolcanic rocks of the Santiago 
probably as a result of eustatic sea level rise. The Peak Formation and the younger batholithic rocks 
fan then prograded westward into the basin, with a which deformed and intruded the metavolcanic rocks 
retrogradational phase recorded in the uppermost part (Nordstrom, 1967, 1970; Peterson, 1971). The Lusardi 
of the sequence, which is erosionally truncated by Formation crops out north of San Diego near Rancho 
transgressive lower Eocene conglomerate. The fan was Santa Fe (about 20 km north of La Jolla), where it 
deposited along the eastern edge of a forearc basin consists of boulder conglomerate resting unconform
similar to that of the Great Valley sequence in ably on crystalline basement rocks (Fig. 5). The 
northern California. The western part of the fan, clasts were derived from the underlying basement com
which probably contained mostly outer-fan lobe and plex under a Late Cretaceous semiarid climate with 
associated basin-plain deposits, appears to have been weak weathering conditions. Many of the clasts in 
truncated by late Cenozoic strike-slip faulting the upper part of the Lusardi Fm. were severely 
associated with the San Andreas fault system; it and decomposed during tropical weathering conditions that 
remnants of the western part of the basin and associ- occurred during early Paleogene time. The Lusardi 
ated subduction complex may be present to the north- Fm. is thought to have been deposited on alluvial 
west in the Channel Islands region or still farther fans by fluvial and debris-flow processes.  
north.  

INTRODUCTION The Lusardi Formation in its type area is about 
120 m thick. It is unconformably overlain by Eocene 

Cretaceous sedimentary rocks crop out exten- to Pleistocene strata, generally obscuring its rela
sively in southwestern California and northwestern tion to the Cretaceous turbidite sequence. However, 
Baja California (Fig. 1). They consist of a variety in the Arroyo Rosarito area and at Oak Lake, Moore 
of nonmarine, shallow-marine, and deep-marine strata and Kennedy (1970) reported a conformable relation
that rest unconformably on Late Jurassic andesitic ship between the Lusardi Formation and the overlying 
volcanic rocks and Cretaceous granitic plutons. The Point Loma Formation. The age of the Lusardi Forma
Cretaceous strata are generally of Campanian and tion is not known because it is unfossiliferous. If 
Maestrichtian age (latest Late Cretaceous age), conformable beneath the Point Loma Formation, it may 
although basal nonmarine conglomerates locally have be at least in part of Campanian age. In the sub
been shown to be considerably older, especially in surface in the San Diego area it can probably be cor
the Santa Ana and Santa Monica Mountains (Fig. 2). related with a thick, reddish-brown conglomerate that 
Late Cretaceous time is presently thought to extend underlies the Cretaceous marine sequence. The 
from 95-65 m.y., with the Campanian and Maestrichtian Lusardi Formation may possibly correlate with the 
occupying approximately the 80- 6 5-m.y. interval Trabuco Formation, a nonmarine boulder conglomerate 
(Fig. 3). of Turonian age that crops out in the Santa Ana 

The extensive Cenozoic deformation in California Mountains about 100 km northwest of San Diego 
associated with the San Andreas fault system has not (Popenoe, 1941, 1942, 1973; Almgren, 1973), although 
affected the San Diego coastal area or the inland it is probably younger than the Trabuco. The Lusardi 
Peninsular Ranges very much, resulting in the preser- is correlatable with nonmarine conglomerate under
vation of almost flat-lying sequences of Upper Cre- lying Campanian and Maestrichtian marine strata about 
taceous and lower Tertiary strata. The Cretaceous 40 km north of La Jolla near Carlsbad (Popenoe et al., 
turbidites and related facies are thus exposed in 1960), and with nonmarine conglomerate of the Redondo 

Formation of Flynn (1970) in northern Baja California 
Upper Cretaceous sedimentation in the San Diego area 

*This report has not been edited or reviewed for con- thus began with deposition of locally derived alluvi
formity with U.S. Geological Survey standards and al fanglomerates that are separated in places by an 
nomenclature, unconformity from the turbidites; the unconformity 
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Figure 3. Various proposed subdivisions of Late Cretaceous time based at least in part on worldwide data, North 
American data, and California data (modified from Nilsen, 1978).  

may possibly represent as much as 20 or more million marine sequence into a lower sandstone and shale 
years. sequence, the Point Loma Formation, and an upper con

glomnerate and sandstone sequence, the Cabrillo For
The Upper Cretaceous turbidites have previously mation, we subdivide the sequence into six facies 

been subdivided into the Point Loma Formation, which associations, three of which will be examined on the 
is 83 m thick in its type section along the cliff at field trip. These facies are not superposed verti
the southern end of the Point Loma Peninsula, and the cally in a simple manner, but have a complex lateral, 
Cabrillo Formation, which is about 78 m thick in its vertical, and three-dimensional geometric interre
type section in the cliff below the new Point Loma lationship.  
lighthouse, also at the southern end of the Point 
Loma Peninsula (Kennedy and Moore, 1971a,b). How- The facies we delineate include (1) a basal 
ever, neither the base of the Point Loma Formation shallow-marine and lagoonal sandstone, (2) an over
(covered by the sea) nor the top of the Cabrillo For- lying slope and basin-plain(?) mudstone, (3) outer
mation (truncated by an unconformity) are exposed in fan lobe sandstone, (4) middle-fan channel-fill sand
either the type section or in adjacent sections stone, (5) middle-fan and inner-fan inter-channel 
within the San Diego area. and channel-margin thin-bedded turbidites and mud

stone and (6) inner-fan channel-fill conglomerate and 
Recent mapping and measurement of sections in sandstone. They have been mapped and shown in 

the Cretaceous turbidite sequence by the authors and measured sections for most outcrops of the Cretaceous 
students at San Diego State University have resulted sequence and will be used throughout the rest of this 
in delineation of major facies that are more useful report.  
than formational divisions for paleogeographic and 
paleoenvironmental analysis. Although we retain in The Cretaceous marine conglomerate of the this paper the general subdivision of the Cretaceous Cabrillo Formation contains a more complex suite of
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Figure 4. Generalized stratigraphic section for the San Diego area (from Gastil and Higley, 1977).  

clasts, known as the Peninsular Ranges suite, than Kennedy, 1975). The sub-La Jolla unconformity trun

the underlying Lusardi Formation (Jones and Peterson, cates the Cretaceous sequence to the east where the 

1973). The clasts include plutonic, metavolcanic, Eocene La Jolla Group was deposited directly on base

metasedimentary, and metamorphic rocks, indicati.ng ment rocks (Peterson and Nordstrom, 1970). The 

derivation from the late Mesozoic batholithic Eocene strata to the east are underlain by a marked 

complex, Santiago Peak Volcanics, and Julian Schist weathering profile and contain an extraregional suite 

located to the east in the Peninsular Ranges (Fig. of conglomerate clasts, the Poway suite. Basement 

5). rocks beneath the La Jolla Group are locally 
weathered as deeply as 25-30 m, and the Cretaceous 

The Cretaceous turbidites are overlain with low- sequence is marked by a zone of decomposition and 

angle unconformity by lower Eocene basal transgres- development of a lateritic paleosol composed of 

sive conglomerate of the Mount Soledad Formation of kaolinite, quartz, and iron oxide (Peterson and 
the La Jolla Group (Kennedy and Moore, 1971a; Abbott, 1973, 1975; Peterson et al., 1975; Abbott
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Figure 5. Generalized block diagram showing stratigraphic relations between Cretaceous turbidites and under
lying nonmarine and basement rocks and overlying Eocene La Jolla Formation (modified from Peterson and 
Nordstrom, 1970).  

et al., 1976). The paleosol implies a warm, humid, will familiarize field trip participants with their 
tropical climate during the interval when it formed system.  
between Maestrichtian and early Eocene time, an 
interval of perhaps 10 million years. Turbidites were originally recognized in out

crop by an association of features that included 
The basal Eocene conglomerate is marked by the repetitive interbedding of sandstone and shale, sole 

appearance of distinctive, well-rounded, siliceous, markings, graded bedding, and a characteristic ver
red-weathering, porphyritic metarhyolitic clasts, tical sequence of sedimentary structures within a 
known as Poway clasts; they comprise as much as 72 single bed, the Bouma (1962) sequence. The Bouma 
percent of the Eocene clasts. Other clasts include sequence consists of five divisions, from base to 
quartzite and locally derived igneous, metamorphic top: a = massive, b = plane laminae, c = rippled, 
and metavolcanic clasts of the Peninsular Ranges d = plane laminae, and e = massive pelite. A system 
suite (Peterson, 1970b; Abbott and Peterson, 1978). of basin analysis based on careful measurement of 
The Poway clasts were derived by long-distance flu- thicknesses and calculation of ratios between Bouma 
vial transport from a probable source terrane in divisions was popular in the 1960's. However, the 
northwestern Sonora, Mexico (Abbott and Smith, 1978). many associated bed types that did not contain Bouma 
Paleoclimatic analysis of soils developed within the sequences, and the intermixing of very proximal and 
Eocene sequence, which includes numerous caliches, very distal bed types complicated the use of this 
suggests a change to a semiarid climate (Pierce, system in paleogeographic reconstructions.  
1974; Peterson, Pierce and Abbott, 1975; Pierce and 
Peterson, 1975; Peterson and Abbott, 1976, 1977). Mutti and Ricci Lucchi (1972, 1975) proposed a 

division of deep-marine strata into seven facies that 
TURBIDITE FACIES represent a spectrum of depositional processes: A-

generally very thickly bedded conglomerate, pebbly 
Turbidite sequences comprise the major type of mudstone, pebbly sandstone, and very coarse- to 

sedimentary rock to be examined on the field trip. medium-grained sandstone; B--thickly bedded medium
The depositional processes of sediment gravity flows, to coarse-grained sandstone containing inclined plane 
which produce turbidites, have been summarized by laminae and, locally, scattered granules or small 
Middleton and Hampton (1973, 1976). The nomenclature pebbles; C--sandstone beds containing Bouma sequences 
for facies and facies associations of turbidites that begin with the a division; D--sandstone or mud
developed by Mutti and Ricci Lucchi (1972, 1975) is stone beds containing Bouma sequences that begin with 
used in this guidebook, and the following summary the b or higher divisions; E--thin beds of ungraded
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and cross-stratified coarse-grained sandstone; F-- sequences. These deposits have a lower sandstone: 
chaotically bedded deposits thought to have been shale ratio than the deep-sea fan facies, and receive 

transported by slumping and sliding; and G--pelites sediment from turbidity currents that do not deposit 
deposited by settling of pelagic detritus, material all of their load on the fan. Thicker hemipelagic 
in the nepheloid layer, or material in turbid-layer deposits typically characterize this facies, because 
suspension. vertical settling of pelagic material is disturbed 

less often by resedimentation and erosion than is the 
The interpretation of depositional environments deep-sea fan. Beyond the fan margins, turbidity cur

of ancient turbidite sequences has been greatly aided rents can flow for hundreds of kilometers, depositing 
by studies of modern submarine slopes, deep-sea fans, thin to thick beds that can be co-related for long 
and basin plains. Slopes can be either relatively distances.  
simple features bounding basins or tectonically and 
sedimentologically complex features characterized by Publications describing turbidites in modern and 
active faulting, instability, canyons, and intra- ancient deep-sea fans according to Mutti and Ricci 
slope basins. Fans are complex physiographic Lucchi facies designations include Nelson and Kulm 
features that develop mostly at the base of slopes (1973), Nelson and Nilsen (1974), Ricci Lucchi 
and generally contain outward-radiating systems of (1975), Nelson, Mutti and Ricci Lucchi (1975), Mutti 
distributary channels. They grow by deposition in (1977), Nilsen (1977a), Mutti, Nilsen and Ricci 

laterally migrating channel systems and related Lucchi (1978), and Bouma and Nilsen (1978).  
outer-fan lobes. In addition to lateral variability 
in sediment type between channel and interchannel STRATIGRAPHIC FRAMEWORK 
areas, fans change downslope in facies, bed thick
ness, coarseness, and direction of sediment dis- The Point Loma and Cabrillo Formations form an 

persal. Fans can be divided morphologically and almost continuous and relatively unbroken east- to 

sedimentologically into distinct inner, middle, and southeast-dipping sequence along the coast west of 
outer parts. La Jolla and Bird Rock (Fig. 6). To the south, in 

the Pacific Beach, Mission Beach, Mission Bay, and 
On this field trip,we will examine primarily Ocean Beach areas, the Cretaceous sequence is buried 

inner- and middle-fan deposits. Inner-fan deposits unconformably beneath younger Cenozoic deposits.  
consist of thick and coarse-grained channel facies Farther to the south, in the Point Loma Peninsula, 

alternating with fine-grained channel-margin and the Cretaceous sequence crops out again, dipping 
interchannel facies. The channel deposits are primarily to the east and northeast. Thus, the two 
commonly conglomeratic and typically do not form separated sections form part of a broad, east-plung
thinning- or thickening-upward megasequences. They ing syncline which can be shown in north-south cross
vary in character from braided to meandering to section (Fig. 7). These sequences are relatively 

straight depending upon the nature of the channel and similar, and the Point Loma and Cabrillo Formations 
thalweg. Middle-fan deposits consist of laterally can be distinguished using the criteria of Kennedy 
and vertically alternating channel and interchannel and Moore (1971a).  
sequences. Channels are typically filled with facies 
A and B beds, which form thinning- and fining-upward The stratigraphic cross-section shown in Figure 
sequences of several meters to more than fifty meters 7 outlines the distribution of the principal conglom

in thickness. The base of each sequence is channel- erate, sandstone and mudstone units within the Cre
ized and individual beds are laterally discontinuous. taceous sequence. The general upward progression 

The channel deposits incorporate slumped blocks and from sandstone and mudstone to conglomerate is clear 
fragments of channel-margin facies. Interchannel in both outcrop areas. In the Point Loma area, a 

facies consist primarily of mudstone or shale thick interval of sandstone overlies the conglomer
sequences that contain abundant thin-bedded turbi- ate, whereas in the La Jolla area, a thinner and less 

dites adjacent to channels; the turbidites result continuous interval of sandstone is present above the 

from overspilling of channelized turbidity currents. conglomerate and beneath the post-Cretaceous uncon

Thicker interchannel sandstone sequences result from formities.  
crevasse splays.  

Mudstone with abundant thin interbeds of sand
Outer-fan sequences consist mostly of construc- stone is particularly abundant in exposures on the 

tional sandstone bodies with high sandstone:shale Point Loma Peninsula, where it flanks and underlies 

ratios that have been called outer-fan lobes. These a thick sequence of conglomerate that fills a large 
nonchannelized bodies typically consist of thicken- channel cut into the mudstone. The north margin of 

ing- and coarsening-upward sequences of facies C and the channel can be observed in coastal outcrops 
D turbidites, although facies A and B turbidites may between the Sewage Treatment Plant and the area to 
be present at the tops of the sequences. The sand- the west of McClellan Road (Fig. 7). The south mar

stone lobes average 10-30 m in thickness, but gin of this large channel is not exposed. The chan
sequences three times as thick have been noted. The nel is more than 100 m deep. Channeling of this 
lobes and individual beds are laterally continuous, scale is not apparent in the northern outcrops in the 
having been traced 10 km or more. La Jolla area, but could also be present there. This 

area also contains locally thick mudstone intervals, 
Lobe-fringe and interlobe deposits, at the mar- chiefly below the conglomerate.  

gins of the lobes, have lower sandstone:shale ratios 
and thinner and less developed thickening-upward East of the Country Club fault along the south
sequences. The entire fan-fringe area may consist ern shore of La Jolla Bay, a 50-m thick sequence of 

of the lobe-fringe facies association, which consists shallow-marine fossiliferous sandstone that is over
primarily of facies D turbidites. lain by about 300 m of mudstone with a few thin 

interbeds of sandstone crops out. These strata, 
Basin-plain deposits consist generally of thin although broken by several faults, apparently from 

but laterally extensive facies C or D turbidites that the lowest strata of the Cretaceous sequence, and are 
are not organized into vertical cycles or mega- unlike Cretaceous exposures in other parts of San
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Diego, although possible equivalents may be present are texturally submature, micaceous lithic 
north of Mount Soledad adjacent to the Rose Canyon arkoses or feldspathic litharenites. Grains are sub
fault. angular to angular, clays comprise less than 5 per

cent of the rock, carbonaceous matter is common, and 
The mudstone interval overlying the shallow- the cement is calcite. The composition reflects a 

marine sandstone east of the Country Club fault con- mixed plutonic, volcanic, and metamorphic provenance, 
trasis with other mudstone intervals shown in Figure which is supported by a heavy-mineral assemblage of 
7 by its general lack of intercalated beds of tur- sphene, andalusite, sillimanite, garnet, hornblende, 
bidite sandstone. augite, and spinel.  

AGE AND PALEOBATHYMETRY The conglomerates of the Cabrillo Formation 
are polymict and generally poorly sorted.  

Analyses of fossil gastropods, pelecypods, The largest clast reported by Jones and Peterson 
ammonites, calcareous nannoplankton, and foraminifers (1973) is more than 3 m in diameter. The plutonic 
from Cretaceous marine strata in northern Baja rocks are primarily felsic in composition, and match 
California, the San Diego area, and Carlsbad have in general abundance the variety of plutonic rocks 
indicated a Campanian and Maestrichtian age (see in the Peninsular Ranges batholith. The clasts of 
Sundberg, see Sliter, both this volume). At Carls- metavolcanic and metasedimentary rocks composition
bad, mollusks indicate a Maestrichtian age (Popenoe ally match the Santiago Peak Volcanics, and the 
et al., 1960), ammonites a Campanian or Maestrichtian higher-grade metamorphic rocks match the Julian 
ageTAnderson and Hanna, 1935; Durham and Kirk, 1950; Schist. Mudstone clasts are intraformational in 
Matsumoto, 1951), foraminifers a middle to late origin, although some may be derived from erosion of 
Campanian age (Bandy, 1951; Liska, 1964; Sliter, the underlying Point Loma Formation.  
1968), and calcareous nannoplankton a late Campanian 
to early Maestrichtian age (Bukry and Kennedy, 1969; PALEOCURRENTS 
Wilson and Lipps, 1970); this sequence appears to 
represent deposition at inner-shelf depths (Sliter, The most comprehensive paleocurrent study of the 
1968), considerably shallower than that of the San Cretaceous turbidites, by Maytum and Elliott (1970), 
Diego area. In northern Baja California, Campanian indicated westward transport of sediments by tur
and Maestrichtian ages have also been derived from bidity currents and related sediment gravity flows 
Cretaceous strata (Sliter, 1968; Allison, 1970; Fig. 8). In the La Jolla area, 81 measurements of 
Mickey, 1970; Acosta, 1970; Morris, 1974), including convolute laminations, flame structures, folded rip
dinosaurs (Morris, 1970), mammals (Lillegraven, 1970), up clasts, and groove casts indicates a mean 
corals and gastropods (Saul, 19.70), ostracodes 
(Holden, 1970), and a tuff dated radiometrically at 
73 ± 2 m.y. (in Morris, 1970). LA JOLLA AREA 

In the San Diego area, middle and late Campanian 
benthonic foraminifers are present in the lowest 
exposed strata of the Point Loma Formation at Point 
Loma, and early Maestrichtian foraminifers near the 
top of the formation at Bird Rock (Sliter, 1968).  
Coccoliths from the Cretaceous sequence at Point Loma 
indicate a Campanian and Maestrichtian age (Bukry and 
Kennedy, 1969). The foraminifers indicate deposition 
at outer-shelf or slope depths. The Cabrillo Forma
tion has yielded a fossil pelecypod of Maestrichtian 
age from the east flank of Mount Soledad (Kennedy and 
Moore, 1971a, p. 713). Analysis of trace fossil 
assemblages in the Point Loma Formation at the south
west tip of the Point Loma Peninsula by Kern and POINT LOMA AREA 
Warme (1974) indicates deposition in quiet, bathyal 
environments interrupted periodically by mass-flow N 
deposition, although two ichnofossils, Ophiomorpha 
and Thalassinoides, are generally considered more 
typical of shallow-marine facies.  

PETROGRAPHY 
Co,,,Iuts 

Little petrographic work has been published Flame Structures 
regarding the Point Loma Formation. Swenson, et al. Cr,., -Beds 
(this volume) report that generally the sandstnes 

wCa Lmiton 

are weakly cemented, mineralogically immature, lithic 6-1oo. cost.  arkoses and feldspathic mixed litharenites that 
record the unroofing of the Peninsular Ranges batho
lith to the east. Sandstones are texturally sub
mature, contain angular grains and are moderately to (153 Readings) 
poorly sorted. The sands were produced under semi
arid climatic conditions, transported only short 
distances, and deposited with minimal reworking.  

Figure 8. Rose diagrams showing directions of sediFor the Cabrillo Formation, Jones (1973) and ment transport of Cretaceous turbidites in the 
Jones and Peterson (1973) summarized the sandstone Point Loma and La Jolla areas (from Maytum and 
and conglomerate compositions. The sandstones Elliott, 1970).
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transport direction of about 2700; in the Point Loma coastline. The dominant transport direction of sedi

area, 153 measurements of convolute laminations, ments, based on the orientation of the majority of 
flame structures, cross-strata, and groove casts cross-strata, appears to be toward the north and 
indicate a mean transport direction of about 3150 west, which may have been the offshore direction.  

Grain orientation data from Cretaceous marine sand- The numerous reactivation surfaces and herringbone 
stone in the La Jolla area also suggest generally cross-strata indicate reversing paleocurrent direc

west-directed transport of sediments (von Rad, 1970). tions and possible tidal influences in either a part
ly protected lagoon or sandy portion of a tidal flat.  

Additional observations and measurements of The medium-scale cross-strata (amplitudes of 10-40 

flute casts, clast imbrications, and channel margins cm) indicate rapid and energetic current activity, 
by us and students at San Diego State University have sorting, and winnowing of sediment; however, the 

confirmed this general pattern of west to northwest abundant mica and carbonaceous matter indicate con

sediment transport. However, there is considerable finement of lighter components within the deposition 

scatter of paleocurrent orientations because of al site. Although the facies is 50 m thick in out

meandering and braiding of channel axes and overbank- crop, its base is not exposed and it is cut by sev

ing transport of sediment out of channels into inter- eral faults that may have resulted in either repeat

channel areas; this latter type of transport may pro- ing or cutting out parts of the section. No clear 

duce paleocurrents oriented almost perpendicular to relation of this facies association to the presum

transport directions in channels. ably underlying nonmarine Lusardi Formation can be 
determined from the present outcrop distribution.  

Paleocurrent measurements have not been obtained 
from beds of the basal shallow-marine and lagoonal SLOPE AND BASIN-PLAIN (?) MUDSTONE 
sandstone of the Point Loma Formation at its north
easternmost outcrops east of La Jolla Cove. This This facies association has also been recognized 

unit is extensively cross-stratified, in many places only along the south shore of La Jolla Bay from west 

with herringbone cross-strata and reactivation sur- of the Mt. Soledad fault to east of the Country Club 

faces indicative of reversing current directions. fault (Fig. llA). Although broken by several faults, 

Although it appeared that the dominant paleocurrent it appears to be about 150 m thick (Fig. 10). It 

flow was to the northwest, a more detailed analysis consists primarily of massive mudstone with thin 

might yield a scattered pattern typical of shelf interbeds of graded siltstone and very fine-grained 

conditions where currents are affected by wind, sandstone (Fig. 11B). The mudstone is thoroughly 

wave, and tidal factors. bioturbated and is rich in carbonaceous material, 
including some large suspended clasts of wood (Fig.  

SEDIMENTARY FACIES ASSOCIATIONS llC. Some siltstone interbeds, as well as layers 

of mudstone, form concretionary layers containing 

SHALLOW-MARINE SANDSTONE carbonate cement. Parts of the mudstone are evenly 
and well stratified, particularly in the lowermost 

This facies association has been recognized only and uppermost parts, whereas other parts are irregu

in outcrops along the south shore of La Jolla Bay larly layered and appear to have slumped or been 
east and west of the Mount Soledad fault. It is deformed when still unconsolidated.  
about 50 m thick and consists of cross-stratified 
extensively bioturbated, locally pebbly, medium- to In the lower 25 m of section, a thinning- and 

very coarse-grained lithic arkose that contains local fining-upward megasequence consisting of about 10 

concentrations of megafossils (Fig. 9). Several beds of fine- to medium-grained sandstone forms a 

types of cross-strata are present, including trough, striking outcrop on a wave-cut platform (Fig. 110).  

tabular, and herringbone (Fig. 10A, B, C). The sand- This sequence of beds, not clearly channeled, may 

stone contains abundant mica and carbonaceous detri- represent filling of a broad, flat submarine gully or 

tus typically concentrated in cross-laminae. Peb- minor canyon on a slope. Thin, isolated mega
bles of plutonic, volcanic, and metamorphic rocks are sequences such as these have been noted in other 

concentrated locally in lenses, typically at the base slope facies, such as in the Eocene Cozy Dell Forma

of trough cross-strata. Transported fragments of tion of the eastern Santa Ynez Mountains, California, 

rudistid pelecypods and other megafossils are com- and in lower Tertiary turbidites of the Hecho Group, 
monly associated with the pebbly layers (see northern Spain (Mutti, 1977).  
Sundberg, this volume). No shale partings or strata 

are present in this sandstone unit, in contrast to We interpret the mudstone facies to have been 

other parts of the Point Loma Formation. The sand- deposited on a slope and possibly adjacent basin 

stone is extensively bioturbated, locally to the plain. The predominant bioturbated mudstone idi

extent that stratification is completely destroyed; cates slow settling from suspension of fine-grained 
trace fossils are typically vertical and include detritus rich in clay minerals, mica, carbonaceous 

Ophiomorpha and other vague traces characteristic of material, and possibly tests of planktonic organisms.  
the Cruziana ichnofacies, reflecting deposition The interstratified, thin, graded siltstone and fine

above wave base (Fig. 10B). The sandstone contains grained sandstone layers represent deposition either 
irregular calcareous concretions, either subspherical from dilute, fine-grained turbidity currents that 

in shape or subparallel to the stratification of flowed along the sediment-water interface or from 

coarser grained layers (Fig. 10A). The uppermost settling of interflows or overflows generated by 

bed of this facies association appears to be a sedi- storms or floods within, or on top of, the water 

ment-gravity-flow deposit that contains abundant column. The coarser interbeds, except for the thin
displaced megafossils, including brachiopods, ning-upward megasequence near the base of this 

rudistids, ammonites, gastropods, oysters, and pele- fades, are randomly interstratified and do not form 

cypods (Fig. 10D). megasequences; the sandstone and siltstone-to-mud 
stone ratio in this facies is extremely low, from 

Although not studied in detail, we interpret 1:10-100.  
this facies to represent shallow-marine deposition, 
possibly lagoonal, along a moderately high-energy
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Figure 9. Measured section, south shore of La Jolla Bay, 
from La Jolla Beach and Tennis Club south and west to 
Country Club fault then upslope of Mt. Soledad between 
the Country Club and Mt. Soledad faults. Measured by 390 0 
William A. Bartling.  
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Figure 10. Photographs showing sedimentary structures and features of the shallow-marine sandstone facies 
association.  

A. Cross-stratified massive sandstone.  

B. Cross-stratified and bioturbated sandstone; dark 
cross-laminae formed of concentrations of 
carbonaceous matter.  

C. Herringbone cross-strata indicative of reversing 
directions of current flows.  

D. Fossiliferous bed of sandstone at top of shallow
marine massive sandstone.
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Figure 11. Photographs showing sedimentary structures and features of the slope and basin-plain(?) mudstone 
facies association.  

A. View east along south shore of La Jolla Bay 
showing shoreline outcrops of west-dipping mud
stone.  

B. Massive mudstone with thin turbidite interbeds 
of siltstone and very fine-grained sandstone.  

C. Closeup view of massive mudstone with large 
clast of wood at bottom center of photo.  

D. View northwest of thinning and fining-upward 
sequence of sandstone turbidites in lower part of 
slope facies.



152 

A clearly defined transition or break between The upper thinner beds are characteristically 
the lower-slope and basin-plain facies associations of fades D and E. They contain abundant parallel 
is not evident. In many basins, where abundant sands laminae, convolute laminae, ripple markings, flute 
are not being transported to basin plains, and where and groove casts, mica flakes, carbonaceous matter 
abundant slumping does not occur on the basin-bound- and bioturbation. The entire upper parts of some 
ing slopes, the transition, both morphologically, megasequences are deformed by synsedimentary slump
lithologically, and stratigraphically from slope to ing, and thick deformed and contorted sections are 
basin plain, is not clearly defined. More extensive present locally (Fig. 150).  
outcrops providing lateral control might permit dif
ferentiation of these two paleogeographically A distinctive feature of the upper parts of the 
important facies associations. megasequences, especially in the Point Loma Forma

tion, is the presence of large 'flaps" of contorted 

OUTER-FAN LOBE SANDSTONE and broken, thinly-interbedded sandstone and shale 
suspended in and injected by medium- and coarse

This facies association has also been recognized grained sandstone (Fig. 15E). The flaps represent 
only along the south shore of La Jolla Bay, in previously deposited thin-bedded turbidites that are 
coastal outcrops directly east of the Country Club lifted off the bottom and incorporated in thicker 
fault (Fig. 9). Here the facies association is not bedded sandstone that initiates the next cycle of 
more than about 40 m thick, although its base is channel cutting and channel fill. The suspended 
marked by a fault. The facies association is defined flaps can be traced laterally into undeformed and 
by a series of thickening- and coarsening-upward regularly bedded sequences of thin-bedded, channel
megasequences from 4 to 15 m thick, by lateral con- margin turbidites. At La Jolla Cove, 3-5 flaps 
tinuity, facies C and D character of the sandstone extend laterally for more than 15 m, are tightly 
beds, and by variable but generally high sandstone to folded and deformed, and rise several meters upward 
shale ratios (Fig. 12A). The thicker and coarser into the overlying sandstone. They have not been 
uppermost beds are locally scoured and channeled, laterally transported far, because they are still 
whereas the thinner and finer lowermost beds are attached to their original depositional sites, but 
planar and more bioturbated (Fig. 12B). Local slur- appear to have risen upward into the sandstone by a 
ried beds within the megasequences may have been process of buoyant uplift and lateral injection and 
formed by scour of lobe flanks, as demonstrated by intrusion by the overlying sandstone. Some large 
Mutti et al. (1978) in the Laga Formation of east- fragments have become detached and are floating 
central Italy. Abundant carbonaceous matter, mica, within the sandstone. Recumbent folds and minor 
and, locally, megafossil fragments, are present in faults in the flaps record deformation associated 
this facies association (Fig. 12C). with flap formation.  

Outer-fan lobes generally comprise the greatest Dish and pillar structures are commonly associ
stratigraphic thickness of deep-sea fans, but within ated with the channel-fill sandstones and associated 
the Cretaceous turbidites of the San Diego area, they flaps and attest to expulsion of fluid from sands 
are poorly represented, almost absent. In addition, deposited by mass-flow processes (Fig. 15F). Upward 
the lobes are thin and relatively fine-grained, sug- and lateral movement of interstitial water at the 
gesting that the present outcrop distribution does time of sedimentation and immediately after sedimen
not expose the complete fan and that the paleogeogra- tation probably contributed to the formation and 

phy may have been complex.  

MIDDLE-FAN CHANNEL-FILL SANDSTONE INTERCHANNEL SANDSTONE AND MUDSTONE 

The great majority of outcrops of the Point Loma Sequences of thin-bedded turbidites with va

Formation, both in the La Jolla and Point Loma areas, able sandstone to mudstone ratios are common in both 

are of this facies association. In addition, much of the Point Loma Formation and upper parts of the 

the upper sandstone-rich part of the Cabrillo Forma- Cabrillo Formation (Fig. 16A,B,C). They are less 

tion is of this facies association. Well-defined, common in the lower conglomeratic facies of the 

repetitive thinning- and fining-upward megasequences Cabrillo Formation, but are present both as slump 

of sandstone crop out extensively along the coast blocks within the conglomerate and in some places as 

(Fig. 13) with thicker lower beds forming steep part of the sequence. We interpret these thin-bedded 
coastal cliffs and thinner upper beds forming more turbidites as channel-margin and interchannel depos

gentle slopes (Fig. 14). Because the strata dip its. Within the middlefan facies association, they 

either north (Point Loma) or south (La Jolla) along form (1) the uppermost parts of some channel-fill 

the coast and the paleocurrents are oriented toward sequences, (2) levees deposited on channel margins, 

the west, major channeling at the bases of the mega- and (3) generally finer grained, less sandstone-rich 

sequences has generally not been osbserved, although interchannel deposits with crevasse-splay interbeds.  

minor channeling is abundant (Fig. 15ABC). The Within the inner-fan facies association, they form 

megasequences are typically 5-15 m thick, and the thin levees that are less extensive laterally and 

channels appear to be broad and shallow (Fig. 13). were deposited marginal to thalwegs, the active sub
channels within the larger inner-fan channels; slump 

Many interesting sedimentary features and struc- blocks may represent fragments of the main inner-fan 

tures are present in these megasequences. bThe thick- channel levee deposits.  

er lower sandstones, of facies A and B, are locallytty 
pebbly and contain abundant dish structures (Fig.m s p 
15l, diffuse parallel laminae, wood fragments, mud- cally consists of bioturbated mudstone with generally 

stone rip-up clasts, carbonate concretions, beds that thin interbeds of fine- to medium-grained sandstone 

range from being ungraded to reverse graded to and siltstone. The interbeds may appear laterally 

normally graded, large load casts, and abundant scour continuous at outcrop scale, but careful examination 

and amalgamation (Fig. 15). These beds are typically at both larger and smaller scale reveals abundant 

medium to very coarse grained and may be as thick as pinching out, thickness changes, pinching and swel
3-5 m.
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Figure 12. Photographs showing sedimentary features Figure 14. Photographs showing thinning- and fining
of the outer-fan lobe sandstone facies association. upward megasequences in middle-fan channel fills.  

A. View east along south shore of La Jolla Bay 
showing outcrops of laterally persistent outer- A. Point Loma Formation, La Jolla Cove, top of 
fan lobe sandstone beds. A P to Fm o L la v, p 

mega sequence.  

B. Upper Cabrillo Formation, Kellogg Way, Point Loma 
Peninsula.  

B. Outcrop of scoured thicker beds of sandstone at 
top of outer-fan lobe megasequence.  

C. Point Loma Formation, Sunset Cliffs, view north 
from Ladera Avenue (field trip stop no. 4).  

C. Fragments of megafossils and wood in thick bed 
of sandstone.
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Benjamin F. Weaver.
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Figure 15. Photographs showing sedimentary structures and features of middle-fan channel-fill facies 
association.  

A. Small-scale channels at base of thinning- and B. Medium-scale channeling, same location as A.  
fining-upward megasequence, upper Cabrillo 
Formation, near intersection of Canon and Akron 
Streets, Point Loma Peninsula.  

C. Small-scale channels with associated dish and D. Large deformed slump block of thin-bedded chan
pillar structures, upper Cabrillo Formation, nel-margin turbidites in channel-fill sandstone 
Kellogg Way, Point Loma Peninsula. megasequence, upper Cabrillo Formation, 

McClelland Road, Point Loma Peninsula.  

E. Folded and injected flaps of thin-bedded turbi- F. Dish structures, narrower and more concave upward, 
dites in base of channel-fill megasequence, Point Point Loma Formation, La Jolla Cove.  
Loma Formation, La Jolla Cove.
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ling, and truncation by low-angle faults (synsedi- Channel walls are generally gently sloping and 
mentary slumps) that follow bedding surfaces for some slightly concave upward in cross-section (Fig. 17A, 
distance. The thin interbeds are generally of facies BC). Locally, steeply sloping undercut and injected 
D, but some facies C and, closer to channel margins, walls are preserved (Fig. 17D); the walls generally 
facies E beds are present. Sole markings, local consist of more thinly bedded sandstone and mudstone.  
scour and fill, and abundant convolute laminae and Channels range in size from small features several 
deformed ripple markings are characteristic of the meters wide to the inferred large inner-fan channels 
interbeds (Figs. 16D,E,F); climbing ripples and that may be several kilometers wide.  
starved ripples are common in channel-margin depos
its, and dune-shaped, cross-stratified facies E beds The conglomerates are variable in character, 
are locally common (Fig. 16G). The thin interbeds although most are normally graded and have closed 
are arranged into thin cycles or bundles generally less frameworks with nonisotropic fabrics characterized 
than 2 m thick that thin and fine upward, mimicking the by well-developed imbrication and long-axis orienta
megasequences present in adjacent channels. In other tion (Fig. 17E). The matrix is generally finer con
areas, small thickening-upward cycles are present glomerate and sandstone (Fig. 17F), although silty 
where levees have prograded over interchannel and muddy matrices are locally present. Clasts are 
sequences. generally subrounded to well rounded, as large as 

2 m, and are polymict in composition. Zones of rip
In several thicker interchannel sequences, thick up conglomerate are common, and these clasts are 

beds of locally pebbly sandstone are intercalated in typically angular to poorly rounded (Fig. 17G). Rip
mudstone. These beds may form irregular thickening- up clasts are typically of mudstone or thinly inter
or thinning-upward sequences, may be channelized at bedded siltstone and mudstone, and may be as long as 
the base or within the sequence, and commonly con- 10-15 m (Fig. 17H).  
tain large irregular clasts of sandstone, siltstone, 
and mudstone chaotically suspended in either muddy or PALEOGEOGRAPHIC AND PALEOTECTONIC SETTING 
sandy matrices (Fig. 16C; see description of stop 4).  
We infer these sequences to be crevasse-splay depos- In the San Diego area, parts of a large deep-sea 
its, formed where turbidity currents break through fan deposited in Campanian and Maestrichtian time are 
levees and flow into interchannel areas, depositing preserved mainly in coastal outcrops. Middle- and 
laterally extensive sheets of sandstone that may be inner-fan facies are remarkably well exposed in two 
partly channelized. The crevasse-splay sequences are major areas, La Jolla to Pacific Beach and Ocean 
generally not multiple or stacked on top of one Beach to the tip of Point Loma. Outer-fan, basin
another, but form isolated sandstone bundles within plain, slope, and shelf facies are poorly represented, 
the middle-fan facies association. chiefly in one section preserved along the south 

shore of La Jolla Bay between the Country Club and 
The levee sequences are extremely rippled, Rose Canyon faults. These relations suggest that 

characterized by generally thin beds that are varied most, or at least a large part, of the deep-sea fan 
in grain size, and by beds that are laterally dis- does not crop out and is either covered, eroded, or 
continuous and commonly slumped. The levee sand- transported elsewhere by post-Cretaceous tectonism.  
stones and siltstones, like the interchannel deposits, The westward-flowing system of sedimentary transport 
contain abundant amounts of mica, clay, and organic suggests that the more distal parts of the fan system 
debris deposited by overbank spilling. Bioturbation are farther west. However, no Cretaceous deposits 
of levee and interchannel deposits is extensive are present to the west. This is also the case for 
(Fig. 16H). the proximal Eocene deep-sea fan deposits preserved 

in the San Diego area; the distal parts of that 
INNER-FAN CHANNEL CONGLOMERATE system are thought to have been transported by strike

slip faulting to the Channel Islands area (Howell et 
This facies association is present in the lower a]., 1974; Abbott and Smith, 1978; Howell and Link, 

part of the Cabrillo Formation, whose base is strati- 1979) or by extension to the west (Yeats et al., 
graphically defined by the first appearance of con- 1974).  
glomerate in the Upper Cretaceous marine sequence.  
The facies association crops out in both the La Jolla The exposed Cretaceous section on San Miguel 
and Point Loma areas. The facies association con- Island in the Northern Channel islands is nearly 
sists of thick beds of conglomerate with some inter- 2000 m thick and has been referred to as the Jalama 
bedded sandstone and, locally, some thin-bedded tur- Formation of the Santa Ynez Mountains by Weaver 
bidites deposited on the margins of subchannels with- (1969). Weaver found foraminifers in the upper 
in larger channels. We infer these deposits to be quarter of the San Miguel Island section that indicate 
inner-fan channel sequences that prograded over the a Campanian age succeeded by Maestrichtian forams in 
middle-fan sandstone channel deposits. At least two the uppermost sixteenth of the section. The foram
major inner-fan channels were active in the Point inifers suggest an offshore oceanic environment at 
Loma and La Jolla areas, but it is not certain depths like modern outer shelf or upper continental 
whether both were active at the same time. slope. Weaver (1969) described the rock units as 

dominantly thin bedded and fine grained but with some 
The base of the facies association is marked medium- to coarse-grained sandstones that commonly 

typically by the abrupt appearance of conglomerate in are convoluted and locally contain volcanic-granule 
multiple channelized bodies. Some channels are conglomerate lenses. The rock descriptions are too 
filled with sandstone, and sandstone is also preserved generalized to allow detailed interpretations to be 
locally on channel margins. Measured sections show made, but the sequenceappears to be finer-grained 
repeated fining-upward couplets of conglomerate to and possibly more distal than that in the San Diego 
sandstone without development of the fining- or thin- area. Intervals of coarser sediment may record sea
ning-upward megasequences characteristic of the level drops or tectonic upwarps of the depositional 
middle-fan sections. The north-trending outcrops cut site. The overlying Eocene rocks on San Miguel 
across the west-trending channels, exposing the chan- Island have been correlated with the Eocene section 
nel cross-sections. in San Diego (Howell et al., 1974; Abbott and Smith,
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Figure 16. Photographs showing sedimentary structures and features of interchannel sandstone and shale facies 
association.  

A. Thin-bedded interchannel turbidites and mudstones, B. Levee and interchannel thin-bedded turbidites, 
Point Loma Formation, west side of Point Loma same location as A.  
about one kilometer north of lighthouse.  

C. Thin-bedded interchannel turbidites with thick D. Convolute laminae in thin-bedded levee sequence, 
crevasse-splay deposit near base, Point Loma For- injected by sandstone, Point Loma Formation, 
mation, Sunset Cliffs (field trip stop 4). Sunset Cliffs Boulevard and Hill Avenue.  

E. Thin-bedded channel-margin overbank deposits with F. Thin-bedded channel-margin turbidites of slump 
extensive convolute laminae and ripple markings, block enclosed in inner-fan channel conglomerate 
Point Loma Formation, Sunset Cliffs Boulevard and of Cabrillo Formation, east of False Point, Ocean 
Osprey Avenue. Beach (see description of field trip stop 6).
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Figure 16. (continued) 

G. Starved ripples in levee sequence of inner-fan 
channelized conglomerate of Cabrillo Formation, 
False Point, Ocean Beach (field trip stop 6).  

H. Bioturbated (Spirophycos and Zoophycos) thin
bedded interchannel turbidites, Point Loma For
mation, Sunset Cliffs Boulevard and Osprey Avenue.  

Figure 17. Photographs of sequences and sedimentary features of inner-fan channel-fill conglomerate facies 
association of Cabrillo Formation.  

A. Conglomerate-filled channel with nearly flat base, 
near Cabrillo Road, Point Loma.  

B. Conglomerate- and, sandstone-filled channels, 
coast west of Tourmaline Surfing Park, Pacific 
Beach.



159 

Figure 17. (continued) 

C. Cross-cutting channels filled with sandstone and D. Vertically undercut channel wall injected by con
conglomerate, near Cabrillo Road, Point Loma. glomerate, near False Point, Pacific Beach.  

E. Thick beds of crudely stratified but well imbri- F. Imbricated conglomerate near Cabrillo Road, Point 
cated conglomerate, coast west of Tourmal ine Loma; sediment transport toward the right (south
Surfing Park, Pacific Beach; sediment transport west).  
toward the left (west).  

G. Slurried bed of clastically oriented mudstone H. Large slump block of channel-margin thin-bedded 
rip-up clasts above polymict conglomerate, near turbidites in conglomerate, coast west of 
Cabrillo Road, Point Loma. Tourmaline Surfing Park, Pacific Beach.
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1978); this correlation suggests the possibility that fining-upward megasequences, and lesser amounts of 

the Jalama Formation on San Miguel Island may have preserved levee and interchannel facies.  
been a distal or lateral part of the deep-sea fan at 
San Diego. If so, then the Upper Cretaceous fan con- The general distribution of the Rosario Group in 

sisting of the Point Loma and Cabrillo Formations the San Diego area and the reconstructed Upper Cre

appears to have been dismembered by Cenozoic strike- taceous paleogeography are shown in Figure 19. The 
slip movement along the San Andreas fault system. Point Loma and Cabrillo Formations form pait of a 

larger deep-sea fan transported westward onto ocean 

Clast types in the Cretaceous conglomerates sug- floor. Inner-,middle-, and outer-fan regions are 
gest a chiefly local provenance in the Peninsular shown on this figure, although the actual shape of 

Ranges to the east. This area must have been up- the deep-sea fan cannot be well defined at present.  

lifted or in the process of being uplifted following The fan was most probably fed by two submarine can
intrusion of the Cretaceous batholiths which underlie yons that contoured fanward as the two inner-fan 
the range. The Campanian-Maestrichtian shelf may conglomerate-filled channels defined by the Cabrillo 
have been quite narrow, as was the later Eocene Formation in the La Jolla and Point Loma areas 

shelf, but its character and width cannot be fully (Fig. 7). We favor the hypothesis as shown in Figure 
ascertained because of pre-Eocene beveling of the 19, that these channels fed a single large fan, based 

tilted Cretaceous sequence to the east. A reasonable on the general north-south distribution of facies and 

paleogeographic scenario is that large amounts pf paleocurrent trends. However, it is also possible 
sand and gravel were transported westward by streams that two separate fans were constructed adjacent to 
draining the rising Peninsular Ranges. These coarse- one another, possibly in part of slightly different 
grained sediments were retransported westward down age and coalesced.  
submarine canyons by sediment gravity flows to the 
deep-sea fan complex which grew westward out onto The Cretaceous deep-sea fan apparently developed 

the ocean floor. at the west margin of North America, on the west 
flank of the Cretaceous batholithic complex (Fig.  

Late Cretaceous (Campanian-Maestrichtian) time 19). Supplied by detritus shed from the batholiths 

represented a period of rapid eustatic sea-level rise and from metamorphosed pre-batholithic volcanic a'rd 
and worldwide transgression, which appears to be metasedimentary rocks, the general setting was that 

recorded in the Cretaceous sequence in the San Diego of an Andean margin, with a subduction zone to the 
area where the basin floor deepened rapidly follow- west and possibly some strike-slip faulting to the 

ing deposition of shelf sands. In a vertical sense, east along the proto-San Andreas fault (Nilsen, 

the lower part of the Cretaceous sequence is retro- 1977b, 1978). However, during the latest Cretaceous 
gradational, i.e., more distal and deeper facies and early Tertiary, the subduction angle was appar 

overlie more proximal and shallower facies (Fig. 18). ently very low, so that the zone of batholith intru
Most deep-sea fan deposits are progradational in sion shifted eastward into Arizona and New Mexico 
their basal parts, recording the growth and out- (Keith, 1978).  
building of the fan over the sea floor. Rapid pro
gradation of the Cretaceous deep-sea fan is recorded The Cretaceous sequence of San Diego and sur
in the sequence on the south shore of La Jolla Bay, rounding areas appears to have been deposited along 

where a thin sequence of basin-plain turbidites is the east edge of a forearc basin analogous to that of 
overlain by a thin sequence of outer-fan deposits the Great Valley sequence (Ingersoll, 1978). The 

which are in turn overlain by thicker sequences of basin deepened and sediment thickness increased west
channelized middle-fan and then channelized inner-fan ward, with only a thin sequence preserved at the east 

deposits (Fig. 18). This type of progradational edge of the basin, probably during the time of maxi

sequence is typical of deep-sea fans, although outer- mum eastward transgression associated with the Late 
fan and basin-plain deposits commonly form thicker, Cretaceous rise in sea level. Western remnants of 
or even the thickest part of vertical sections. How- the forearc basin, including trench and trench-slope 
ever, the Cretaceous deposits in San Diego undoubt- parts, have probably been dismembered and transported 
edly were thicker to the west. The uppermost part of northward by late Cenozoic strike-slip faulting 

the Cretaceous section records retrogradation again, associated with the initiation of the San Andreas 
where middle-fan channelized sandstone bodies of the fault system (Crouch, 1979). The fragments are 
upper Cabrillo Formation overlie inner-fan channel- probably present in the Transverse Ranges and Coast 
ized conglomerate bodies. This retrogradation may be Ranges west of the Sur-Nacimiento fault as parts of 
related to continued sea-level rise or possibly to the Franciscan assemblage and Great Valley sequence.  

decreased sediment supply. The uppermost part of the Preliminary paleomagnetic data from the Point Loma 
Cretaceous sequence is either not exposed or is trun- Formation (see Marshall and McNaboe, this volume) 
cated unconformably by Eocene or younger strata, so indicate that the amount of northward translation is 
the last stages of fan deposition are not recorded. about 5 to 100. This displacement is about the same 

as that calculated for the Peninsular Ranges batho 
The abrupt appearance of thick conglomerate in lith to the east (Teissere and Beck, 1973) 

the sequence at the base of the Cabrillo Formation 
may record change of sediment supply as well as ACKNOWLEDGEMENTS 
development of inner-fan facies. Hedward erosion of 
submarine canyons may have resulted in direct input We gratefully acknowledge work of the following 

of stream gravel into the canyon-fan system, whereas students at San Diego State University, who measured 

previously most sediment may have been supplied by numerous sections in the Cretaceous turbidites, did a 
littoral drift of sand into the feeding canyons. number of detailed studies (some of which are 
Thus, the inner-fan facies, which is mainly distin- included in subsequent sections of this guidebook), 

guished by the presence of conglomerate, may have and stimulated fruitful and lively discussions 

developed during a short time interval when gravel regarding the genesis of these strata: William A.  

was supplied to the fan. The inner-fan facies, where Bartling, Lynn D. Gray, Jo Ann Kimzey, Scott D.  

nonconglomeratic, can also be recognized by deeper McDonough, Gerald J. McNaboe, Richard L. Nagy, 
channels with steeper walls, lack of thinning- and
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Figure 19. Paleogeographic map of San Diego area in Late Cretaceous (Campanian and Maestrichtian) time.  
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MAP OF CRETACEOUS TURBIDITE FACIES, POINT LOMA PENINSULA 

Eli Zlotnik 
Department of Geological Sciences 

San Diego State University 
San Diego, California 92182 

INTRODUCTION Inner-Fan Channel 

Recent mapping on the Point Loma Peninsula has The inner-fan fades is best developed in the 
delineated Cretaceous turbidite facies patterns southern end of Point Loma (Figures 1 and 2). At 
exposed there. The rocks have previously been mapped field trip Stop #1 (Sewage Treatment Plant), organ
as the Point Loma and Cabrillo Formations (Kennedy, ized and disorganized conglomerate channels, as well 
1975). In this work, the strata have been mapped as as massive sandstone channels, have been cut into un 
four submarine fan facies: (1) lower mid-fan sand- derlying interchannel mudstone facies. At the south 
stone lobe; (2) mid-fan channel sandstone; (3) inter- em tip of the peninsula, this facies is sandwiched 
channel overbank mudstone; and (4) inner-fan channel between massive mid-fan sandstone facies (Figure 1).  
conglomerate (Figure 1).  

Interchannel Overbank 
Exposures are generally good in the southern 

half of the peninsula. However, a cover of Cenozoic Exposed principally on the western side of the 
rocks and urbanization toward the north make certain peninsula, the low-dipping mudstones with localized 
interpretations tenuous. Beds dip generally to the 0.5 to 1 m thick sandstone beds crop out from the 
north and east, and offsets due to faulting are not tip of Point Loma to nearly the Sunset Cliffs area, 
major. 6 km to the north (Stop #4 and Figure 1). These 

fine-grained sedimentary rocks generally overlie the 
DESCRIPTION OF FACIES lower mid-fan sandstone lobe facies and are overlain 

by mid-fan channel sandstone, inner-fan conglomerate, 
Lower Mid-Fan Lobes or the contact is covered by Cenozoic sedimentary 

rocks.  
The lower mid-fan sandstone turbidite facies can 

be traced in outcrop from the southern tip of Point ANALYSIS OF TURBIDITE FACIES PATTERNS 
Loma, northward about 6.5 km, to where it disappears 
below the waterline in the Sunset Cliffs area The Point Loma Peninsula is underlain by the 
(Figure 1). Typically, the facies consists of lower mid-fan/highest outer-fan sandstone facies.  
planar- to trough-bedded, medium to coarse sandstone This facies may overlie a more distal facies such as 
turbidite beds commonly capped with finer sedimentary the outer-fan lobe or basin-plain turbidites. The 
rocks. Some sedimentation units have been traced for mid-fan massive sandstone facies is above the lower 
several kilometers. The sandstone/shale ratio is mid-fan facies, but interchannel mudstone covers a 
equal to or less than one. Upper contacts are greater area. Toward the northern end of Point 
chiefly gradational with overlying interchannel or Loma, near Sunset Cliffs, a progradational mid-fan 
channel-fill mudstones, or made obscure due to amal- channel sequence overlies the lower mid-fan 
gamation by mid-fan sandstones. This facies can be (Figure 3).  
viewed at field-trip Stop #3, where it forms the base 
of the section exposed along McClelland Road. The inner-fan channels brought in massive, very 

coarse sandstones and conglomerates which were depos
Mid-Fan Channel ited over the interchannel mudstones. This is best 

observed in the large cliff cut behind the sewage 
The mid-fan massive sandstones are the most treatment plant (Field Trip Stop #1), where some 

voluminous facies. They are thickly bedded (1-3m), conglomerates rest depositionally on mudstone. The 
generally channelized, and intercalated with thin- entire conglomerate section in the southern part of 
bedded mudstones which probably represent overbank the peninsula represents a huge channeled valley 
and levee deposits. Field trip Stop #3 (McClelland incised into the pre-existing fan. Laterally, the 
Road) will include the lower mid-fan facies and the pattern is not as dramatic. To the north, outer mid
overlying mid-fan channel facies. Localized conglom- fan facies are overlain by massive sandstones of the 
erate and mudstone lenses are also developed within mid-fan facies, which are overlain by interchannel 
this facies (Figures 1 and 2). This facies is mudstone. Furthermore, mid-fan channel sandstone 
developed both below and above the inner-fan con- appears to coalesce in the Sunset Cliffs area 
glomerate facies. In a normal prograding fan, this (Figure 3).  
facies is usually stratigraphically below the inner
fan conglomerates. Near the base of the stratigraph- Overlying the inner-fan conglomerate in the 
ically higher mid-fan facies are 1-4 m megaclasts of southern part of Point Loma and in the extreme north
the Jurassic Santiago Peak Volcanics. Megaclasts eastern part of the area are mid-fan massive sand
have been noted as far as 2.5 km north of the stone facies. This relationship suggests a change 
southern tip of Point Loma. The uppermost occurrence from a progradational to a retrogradational fan. The 
of this facies is the youngest Cretaceous exposure on change appears to have occurred over a widespread 
Point Loma. area and represents a locally important trans

gression. Also, it is the last major event, barring 
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Inner-fan channel conglomerate and 
massive sandstone.  

Mid-fan channelized sandstone.  

Lower mid-fan sandstone lobes with 
interbedded mudstone.  

t..  

Interchannel mudstones (includes over
bank and levee deposits).  

Contact, (dashed where located 
-- approximately).  

Fault, (dashed where located approx
imately;dotted where concealed).  

A A Line of cross-section.  

0 0 

O I 

4 
1 

Be 
0 

0 11 

1 I I I 
MI LE 

c .  

0B 

A 

Figure~I- 1. Ma oftePin oaPeisl 

oI.** 

- Al 
(1975, Pate 3A)



A A' 

SEWAGE TREATMENT PLANT CABRILLO ROAD POINT Lo4MA 

0 METERS 300 
1 I 

PACIFIC OCEAN MCCLELLAND ROAD 

0 METERS 300 

L _ a / 

Figure 2. Cross-sections A-Al , and B-B . See Figure 1 for location of 

section lines and lithologic symbols. There is NO VERTICAL EXAGGERATION.



170 

minor conglomeratic lenses and overbank levees, seen In summary, the sequence of turbidite facies 
locally in the youngest facies. The megaclasts in records major shifts in the locus of sedimentation, 
the top-most, mid-fan facies suggest erosion of a as well as changes in sea-level, due to either 
local basement terrane. The topmost facies are transgression or tectonics, or a combination of 
unconformably overlain by Cenozoic deposits which both.  
obscure the remaining history of the deep-sea fan 
at Point Loma.  
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Figure 3. Cross-sections C-C', and C-C". See Figure I for locations and lithologic symbols.



CRETACEOUS FORAMINIFERS FROM LA JOLLA, CALIFORNIA 

William V. Sliter 
U.S. Geological Survey 
Washington, D.C. 20560 

INTRODUCTION is a sandstone facies that consists of massive, 
medium-grained sandstone with fragments of rudists 

Cretaceous foraminifers from the Point Loma and thick-shelled bivalves and a sparse, largely 
Formation at La Jolla, California are among the most allochthonous shallow-water foraminiferal fauna.  
diverse and best preserved along the eastern north The best preserved faunas and sedimentary structures 
Pacific continental margin of the United States and are found in the overlying section that consists of 
Canada. Consequently, their ages and environmental nearly 170 m of mudstone and interbedded sandstone.  
relations play an important role in constructing 
Mesozoic biostratigraphies and the tectonic history A lower massive mudstone facies about 60 m 
of the western North American continent. Although thick contains foraminifers deposited at bathyal 
several Cretaceous sites occur in southern Califor- depths of from 900 to 1000 m that were only per
nia and Baja California, Mexico, the La Jolla local- iodically interrupted by bottom currents that 
ity is an ideal starting place with its central lo- deposited and redistributed the largely hemipelagic 
cation, thicker exposed section, varied lithology sediment. The assemblage contains a dominant fauna 
and range of depositional environments. of six to eight agglutinated genera and numerous 

calcareous benthic species, with five to six percent 
Foraminifers from the Point Loma Formation planktic species and a diversity that averages 55 to 

range from the late Campanian Globotruncana elevata 60 species per 200 gm sample. Trace fossils consist 
Zone to the early Maastrichtian Globotruncana of Chrondrites-like burrows in association with 
tricarinata Zone. A combination of oceanographic, organic detritus and fragments of Inoceramus. For
climatic and geographic factors have acted together aminifers present indicate an age assignment to the 
to produce a northeastern Pacific Cretaceous assem- Globotruncana elevata Zone of the late Campanian.  
blage characterized by endemic species and devoid of Three concurrent range zones were erected by Sliter 
the typical Tethyan age indicator species (Sliter, (1968) to zone the Late Cretaceous sedimentary 
1972). As a result, a progression of local biostra- rocks in southern California and Baja California, 
tigraphies have been constructed based upon geo- Mexico and the present unit falls within the 
graphically restricted foraminiferal species and the Globotruncana rosetta Zone. The relation of this 
age relations of associated organisms, most notably unit to the provincial west-coast "Zones of 
ammonites and calcareous nannofossils. The zonation Goudkoff (1945) remains tentative and correlations 
employed here relates these local stages to an range from portions of his F zone to the younger 
interregional planktic foraminiferal scheme in the E zone (see Sliter, 1968; Almgren, 1973).  
continuing process of biostratigraphic refinement.  

The massive mudstone is overlain by some 30 m 
Environmentally, foraminifers from the Point of laminated to thin-bedded mudstone and interbedded 

Loma Formation are representative of open-ocean thin sandstone beds. Foraminifers consist of 11 to 
slope assemblages (Sliter and Baker, 1972; Sliter, 12 dominant agglutinated genera, three to four per
1975). The faunas are clearly distinct from the cent planktic species and diversities that average 
coeval deep-water assemblages of Vancouver Island, 58 to 65 species per sample. The laminated mudstone 
British Columbia, Canada (Sliter, 1973) and from the facies records a change in sedimentary regime with 
Great Valley and Coastal Ranges of California that increased bottom-current activity and the preserva
are characterized by low diversity and largely tion of primary sedimentary structures. Low-oxygen 
agglutinated benthic faunas primarily due to sedi- conditions are indicated by the foraminiferal assem
ment dilution and poor preservation. Conversely, blage that has strong analogies to modern low-oxygen 
the La Jolla fossils are not as diverse or well- environments off southern California in the faunal 
preserved as those from the marly continental margin content and size of the benthic species, increased 
deposits of the U.S. Gulf and Atlantic Coastal dissolution of the calcareous species, increased 
Plains. In addition, the generic and specific pyritization and decreased predation. These charac
composition of the Point Loma Formation assemblages teristics are accompanied by an increase in organic 
distinguishes them from coeval shelf and shallow- detritus and the occurrence of trace fossils largely 
water faunas of onshore deposits in southern Alaska confined to bedding surfaces typical of modern low
and southern California. Within the La Jolla sec- oxygen, high-sulphide environments. Sedimentary 
tion, elements of these shallow-water faunas occur structures are diverse and include scour and fill 
in the allochthonous interbedded sandstone units and structures, current-ripple laminations, some grading 
in the basal sandstone facies of the Point Loma of sandy beds, and layers of abundant mudstone rip
Formation. up chips less than one cm long. Deposition of the 

laminated facies took place through the hemipelagic 
LITHOLOGIC AND FAUNAL DESCRIPTIONS sedimentation of slope muds and clays at bathyal 

depths of not less than 850 m that was interrupted 
The four rock types that comprise the Point frequently by the rapid sedimentation of both grain

Loma Formation are best exposed at the foot of flow and distal turbidity-current deposits. The 
Princess Street, La Jolla in sea cliffs bordering laminated facies again fall within the Globotruncana 
the eastern side of La Jolla Bay. The lowest unit elevata Zone, of late Campanian age and straddle the 
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Globotruncana rosetta and G. mariei Zones of Sliter Sliter, W. V., 1975, Foraminiferal life and residue 

(1968). This unit most probably correlates with the assemblages from Cretaceous slope deposits: 

E zone of Goudkoff (1945). Geol. Soc. America Bull., v. 86, p. 897-906.  

The final rock type is represented by nearly Sliter, W. V. and Baker, R. A., 1972, Cretaceous 

75 m of interbedded sandstone and mudstone. This bathymetric distribution of benthic foramin

unit forms a distinctive and prominent sedimentary ifers: Jour. Foram. Research, v. 2, p. 67-183.  
rock type that extends around the periphery of La 
Jolla Bay south to the vicinity of Bird Rock where it 
is unconformably overlain by the Cretaceous Cabrillo 
Formation. Beds of graded, poorly sorted, coarse
grained arkosic sandstone with allochthonous foram
inifers, rudist fragments and coarse bivalve debris 
are interbedded with thin-bedded mudstone that repre
sent Bouma's de intervals. Foraminifers from the 
mudstone include eight to eleven agglutinated species 

and a return to calcareous benthics similar to those 
of the massive mudstone facies. Planktics account 
for seven to ten percent of the fauna and diversities 
average 80 species per sample. The interbedded 
facies represents alternating hemipelagic and tur
bidity-current sedimentation at bathyal depths of 
600 to 700 m or greater. Common burrows such as 
Ophiomorpha and Thalassinoides in the sandstone and 
mudstone beds together with the foraminiferal fauna 

indicate a return to aerobic bottom environments.  
Internal structures include scour and fill structures, 
cross-laminations, loading features and gravity
deformed structures among others. The age of the 
interbedded unit ranges from the late Campanian 
Globotruncana elevata Zone to the early Maastrichtian 
Globotruncana tricarinata Zone with the youngest 
assemblages occurring in the mudstones adjacent to 

the fault contact at La Jolla Bay and in the thin, 
pelitic mudstones exposed at Bird Rock. In local 
biostratigraphic terminology the range is from the 
late Campanian Globotruncana mariei Zone to the early 
Maastrichtian Rugoglobigerina rugosa Zone of Sliter 
(1968) and from the E to D2 zones of Goudkoff (1945).  

Further reading on the age and environmental 
relations of the Point Loma Formation and on the 
identified foraminiferal assemblage are given in the 
following references.  
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INTRODUCTION PREVIOUS WORK 

Macro-fauna collections from the Upper Creta- Paleontological literature on the Cretaceous of 
ceous Rosario Group of the San Diego area are rare. San Diego County is limited. The first Cretaceous 
Those faunas found in the Rosario Group are of two macro-fossils described from San Diego were by 
types: a nekto-planktonic and epi-planktonic assem- Cooper (1894). Additional faunal lists and new 
blage and a transported, shallow-water assemblage. species were presented by Anderson (1958). Anderson 
The nekto-planktonic and epi-planktonic assemblage listed several species from the La Jolla and Point 
is typically found in the Point Loma Formation mud- Loma areas, but these fossils need to be re-examined 
stones. The transported, shallow-water assemblage and re-identified to update their taxonomy. Trace 
is more commonly found in the coarser sandstones of fossils from the Point Loin Formation were described 
the Point Loma Formation and the mudstone/siltstone by Kern and Warme (1974). Micro-biota for the San 
rip-up clasts in the Cabrillo Formation (Dawson, Diego area have been described by Slicer (1968 and 
1978). From the Cretaceous section of La Jolla, this volume) and Bukry and Kennedy (1969). An ex
California (Figure 1), these two faunal assemblages tensive micro-fauna present in the Carlsbad area 
are recognized and described herein. (north of San Diego) has bcen described by Bandy 

(1951), Holden (1964), and Sliter (1968). However, 
the diverse, in situ, shallow-water fauna of this 

SDSU area has not been described.  
3185 
3186 IPALEONTOLOGICAL DATA 31865 

6 
7 ISix fossil sites were collected from the Creta
9) ceous section of La Jolla (Figure 2). Two fossil 

LA localities were collected in the lowermost exposed 
JOLLA strata of cross-bedded sandstone. These deposits 

consist of disarticulated, sorted valves of 
Bird Glycymeris n. sp., Crassatella omana Cooper, and 
Rock fragmented Coraiiiochaa orcutti White. These 

LACM kun fossils are indicative of a paralic, high-energy 
4288 frI environment (Stanley, 1970; Marincovich, 1975), as 

are the sedimentary features (Nilsen and Abbott, this 
volume).  

SAN Moving up-section, the next fossil locality is 
DIEGO located at the top of the basal sandstone at the 

base of the mudstone sequence. This deposit consists 

505 

0 of poorly-sorted sediments (muddy, pebbly sandstone) 
and contains a fragmented fauna consisting of 

Z Anphidonte Cp., Megerlia du.itanda Cooper, Coralio
chama orcutti White, Glycymeris n. p., Lime n. p., 
Scurriapsis (Scurriopsis) n. sp., Spondylus striatus 
Packard, Faventia zeta Popenoe, Trigonocalista p., 
Teilina sap., ?Siphonalia p., and echinoderm spines.  
These fossils are also representative of a shallow

SDSU water environment, although a more quiescent enviro
3050 ment than the underlying faunas (Stanley, 1970).  

SDSU The sedimentary features of this lenticular, dirty 
3049 sandstone are suggestive of a gravity-flow deposit as 

opposed to a traction-current deposit.  

The next two localities further up-section 
Figure 1. Location map for Upper Cretaceous fossil occur in the mudatones of the Point Loma Formation 

sites in the San Diego area, California. Localities and contain a fauna typical of the formation. The 
SDSU 6, 7, 9, 3185, and 3186, near La Jolla, are faunal elements consist of the large ammonite 
discussed in the text. SDSU = San Diego State Pachydiscus catarinae Anderson and Hanna, the heter
University; LACM = Los Angeles County Museum of omorphic ammonites Wostoceras mexicasnum Anderson, 
Natural History. and Bacuites lomaensis Anderson, disarticulated 
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Figure 2. Stratigraphic distribution of fossils for the Upper Cretaceous Point 

Loma Formation at La Jolla, California. Measured section modified from William 

Bartling, 1979, unpublished.  

valves of epi-planktonic bivalves Inoceramus n. sp. and the Santa Ana Mountains are probably two differ

and Anomia sp., the infaunal gastropod Tessarolax ent species. In general, the mega-fossils indicate 

distorta Gabb and other rare bivalves. This fauna is an upper Campaian - lower Maatriebtian age. This 

associated with the slope deposits of the Point Loma age conclusion is supported by the work on micro

Formation (Nilsen and Abbott, this volume), and are fossils (Sliter, 1968 and this volume).  

generally of an open-marine assemblage.  
CORRELATION 

The uppermost locality in the section occurs in 
the turbidite-fan sandstones of the Point Loma Forma- The faunas found in the basal Point Loin Farma

tion and consists primarily of fragmented specimens tiom at Point Loin are most similar on a species 

of Coralliochama orcutti White. level to the fauna found at the Carlsbad locality and 
a few isolated localities in Baja California. The 

The overlying Cabrillo Formation was not sampled faunal assemblage from the Point Loma Formation mud

in this study, but fossil-bearing strata occur at stones are unlike any fauna to the north but do bear 

Point Loma and Bird Rock (Dawson, 1978; Tables I and some similarities to those assemblages found in the 

II). Rosario Group of Baja California.  

AGE Allison Center Contribution 114 

The majority of the macro-fauna provides little REFERENCES 

time-stratigraphic information. The common species 
Baculites .omaensis is considered to be upper Anderson, F. M., 1958, Upper Cretaceous of the Paci

Campanian and lower Maastrichtian (Matsumoto, 1960), fic Coast: Geol. Soc. Amer. Men. 71, 378 p.  

as is Pachydiscus catarinae (Popenoe et al., 1960) Bandy, 0. L., 1951, Upper Cretaceous foraminifera 

and Coralliochama orcutti (Marincovich, 1975). from the Carlsbad area, San Diego County, Califor

Crassatella lomTana is thought to be Campanian in age nia: Jour. Paleont., v. 25, p. 488-513.  

(Anderson, 1958; Sliter, 1968) because of its supposed Bukry, D., and Kennedy, . P., 1969, Cretaceous and 

occurrence in the Campanian of the Santa Ana Mountains Eocene coccoliths at San Diego, California: Calif.  

(Popenoe, 1937). But these two forms from La Jolla Div. Mines and Geol. Spec. Ret. 100, p. 33-43.
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TABLE I 

Cabrillo Formation, East Side of Point Loma 

Acila cf. A. demessa Crassatella lomana Lysis intermedia 
Nemodon n. sp. Protocardia sp. Lysis californiensis 
Striarca n. sp. Etea n. sp. Gyrodes expansa 
Limopsis n. sp. Corbicula astartoides Euspira shumardiana 
Glycymeris n. sp. Calva peninsularis Ampullina sp.  
Mytilus n. sp. A Callista (Microcallista) n. sp. Turritella cf. T. chaneyi 
Mytilus n. sp. B Loxo decore ?Anchura sp.  
Inoceramus pacificus Gastrochaena n. sp. ?Eripachya sp.  
Camptonectes n. sp. Opertochasma n. sp. Cophocara n. sp.  
Eburneopecten n. sp. Coralliochama orcutti ?Hercorhyncus sp.  
Spondylus striatus ?Condonella sp. Baculites rex 
Anomia n. sp. Haliotis sp. Baculites lomaensis 
Lima (Lima) n. sp. Patella n. sp. A Nostoceras sp.  
Ostrea sp. Patella n. sp. B Trochocyathus (Platycyathus) n. sp.  
Fimbria n. sp. Calliomphalus Creterhynchia? dubitanda 
Opis cf. 0. triangulata Margarites sp.  

TABLE II 

Cabrillo Formation in the Pacific Beach Sea Cliff, Fossil Locality LACM 4288 

Acila princeps Loxo decore Turritella cf. T. chaneyi 
Limopsis n. sp. Callista (Microcallista) sp. ?Anchura sp.  
Glycymeris n. sp. Corbula n. sp. ?Eripachya sp.  
Inoceramus pacificus Opertochasma sp. Cophocara n. sp.  
Fimbria n. sp. ?Calliomphalus sp. Biplica miniplicata 
Meekia sp. Euspira shumardiana Nonacteonina n. sp.  
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10 

11 12 

PLATE I 

Figure 1. Inoceramus n. sp., Loc. SDSU 9, x .75.  
Figure 2. Lima n. sp., Loc. SDSU 6, x 1.0.  
Figure 3. Anomia sp. attached to Inoceramus n. sp., 

Loc. SDSU 9, x 1.75.  
Figure 4-6. Megerlia dubitanta Cooper, 1894, Loc.  

SDSU 6, x 1.25; 4. Brachial valve; 5. Pedical 
valve; 6. Side view of 5.  

Figure 7. Glycymeris n. sp., Loc. SDSU 3186, x. 1.25.  
Figure 8. Flaventia zeta Popeno, 1937, Loc. SDSU 6, 

x .75.  
Figure 9. Trigonocallista sp., Loc. SDSU 6, x. .75.  
Figure 10. Spondylus striatus Packard, 1922, Loc.  

SDSU 6, x .50.  
Figure 11. Amphidonte sp., Loc. SDSU 6, x 1.0.  
Figure 12. Echinoderm spine, Loc. SDSU 6, x .75.  

Figure 13. ?Siphonalia sp., Loc. SDSU 6, x .75.  
Figure 14. Tellina sp., Loc. SDSU 6, x 1.0.



PALEOCURRENT DATA FROM THE POINT LOMA AND CABRILLO FORMATIONS 

Robert S. Tucker and Jo Ann Kimzey 
Department of Geological Sciences 

San Diego State University 
San Diego, CA 92182 

This study was undertaken primarily to determine paleocurrent directions from clast orientations in conglom
erates of the Cabrillo Formation. Orientations were measured with Brunton compass by recording strike and dip of 
the projection of maximum surface area. Orientations were corrected for structural dip and plotted on a Schmidt 
(equal area) net. The strike of the clasts was used to determine the two-dimensional vector mean (Rv) and con
sistency ratio (L); the dip was ignored. As a result, two current directions are possible. The concentration of 
poles on the stereonet was used to fix a single direction assuming imbricated clasts dip upcurrent.  

It is likely that there is some degree of sample error, due to bias in selection of the clast population.  
This is probably reflected by fairly high consistency ratios. Only clasts larger than 5 cm were measured, those 
smaller than 5 cm were ignored due to difficulties in measurement. The optimal discoid form was rarely observed 
and, in general,the clasts were comparable in form to a triaxial ellipsoid. Many clasts were too irregular to 
determine the face of maximum projection and were ignored. Statistical error is introduced by the small size of 
some of the clast populations.  

Organization or imbrication is not usually observable in outcrop. However, behind the sewage treatment 
plant at Point Loma, small "pockets" (5-7 clasts) of moderately well-developed imbrication are present; evi
dently, these were not substantial enough to affect the data. A dominance of either transverse or parallel ori
entations of long (A) axes was not noted, and as a result, it was not determined if the clasts were carried by 
traction or suspended in the sediment-water dispersion. Most likely, they were in suspension, due to the massive 
nature of the beds and the abundance of clasts "floating" in matrix.  

The data appear rather inconclusive, however, a general westerly trend of currents can be discerned (Table 
1). The dispersion of data is probably due to both meandering channels and channels with differing orientations 
on the submarine fan. It is also possible that the measurement technique did not truly reflect the orientation 
of the clasts with respect to the transporting current.  

TABLE 1. CONDENSED PALEOCURRENT DATA 

I. Sunset Cliffs section (Point Loma Fm.) 

A. Ripples: Rv = N82W, L = 80%, n = 9 
B. Flute casts: Rv = 563W, L = 58%, n = 5 
C. Groove casts: Rv = S23W, L = 70%, n = 3 

II. Point Loma area (Cabrillo Fm.) 

A. Clast orientations in conglomerate on Cabrillo Rd.  
Rv = N24E, L = 87%, n = 50 

B. Clast orientations in conglomerate behind Sewage Treatment Plant.  
Rv= Nl9W, L = 52%, n = 50 

Ilil. Bird Rock area (Cabrillo Fm.) 

A. Clast orientations in conglomerate near intersection of Archer St. and Linda Way.  
Rv = NI3E, L = 63%, n = 33 

B. Clast orientations in conglomerate near end of Midway St.  
Xv = N5W, L = 81%, n = 19 

C. Clast orientations in conglomerate near intersection of Calumet and Chelsea P1.  
Rv= N22E, L = 74%, n = 47 

IV. La Jolla area 

A. Clast orientations in Cabrillo Conglomerate on north flank of Mt. Soledad.  
Rv = N46W, L = 68%, n = 16 

B. Flute clasts in Point Loma Fm. north of Country Club fault: N40W, n = 2 

where Rv is the azimuth of resultant vector, n the number of observations, and L is the 
magnitude of the resultant vector in terms of percent 
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SANDSTONE PETROLOGY, POINT LOMA AND CABRILLO FORMATIONS 

Guy A. Swenson, William A. Bartling, Bradley L. Steer and Patrick L. Abbott 
Department of Geological Sciences 

San Diego State University 
San Diego, CA 92182 

Fourteen thin sections of sandstones from the cretions examined had less than 1% post-emergent 

Upper Cretaceous Point Loma and Cabrillo formations hematite cement (stain). The absence of matrix in 
were point counted. The data from eleven of the the concretions indicates that cementation occurred 
samples were compiled; for the other three only the soon after deposition. Some sandstone concretions 

Alling notation was used. Seven of the samples were were ripped up and deposited as sandstone clasts 

collected from the Point Loma area and seven from within conglomeratic units.  
the La Jolla area. Four samples were taken from con
cretions. Framework mineral percentages were counted as 

Quartz (Q), Plagioclase (P), potassium feldspar (K) 
The sandstones studied are mineralogically imma- and Rock fragments (R). Percentages ranged as 

ture and fall in the subquartzose clans; composi- follows: Q18-69 , 5 -4 5, K2 .30 ,6 -4  The sandstone 
tions are centered in the mixed lithic arkose clan samples are comprised of approximately equal amunts 

with other samples classified as arkose to feld- of quartz, feldspar and rock fragments. Although the 

spathic mixed litharenite (Figure 1). The rocks con- sample population is small, there does appear to be 
tain subequal amounts of quartz, feldspar and rock a small difference in QPKR populations between Point 
fragments. Biotite and hornblende are the predomi- Loma and La Jolla. The La Jolla samples tend to have 

nant accessory minerals. The sandstones are textur- about 10 to 15% more quartz. All samples are miner
ally submature with median grain sizes ranging from alogically immature, first-cycle sediments.  

coarse to very fine sandstone. The percentages of 
calcite cement and authigenic clay vary inversely Quartz. Grain-size median varies from coarse 

with one another. Where the cement formed it was to medium sand, and sorting is poor to moderate.  
precipitated early and hindered the diagenetic Grains from the Point Loma area are angular while 

processes. The provenance consisted of a mixed plu- grains from La Jolla are angular to subangular.  

tonic, metamorphic and volcanic terrane with compo- About 95% of the grains have straight or slightly 
sitions similar to those found today in the Penin- undulose extinction, the remainder are strongly 

sular Ranges to the east of San Diego. The abundance undulose. Roughly 1/4 of the grains are polycrystal

of grains from plutonic source rocks suggests that line. Inclusions of vacuoles, apatite, rutile and 
the Peninsular Ranges batholith was well exposed in zircon are present in a little less than half of the 
the Late Cretaceous. With the exception of the grains. Quartz types indicate a mixed provenance of 
vrf's, the framework grains are angular to subangular plutonic, metamorphic and vein rocks.  

and show only moderate alteration. This combined 
with the mineralogic immaturity suggests that the Feldspar Grain size median varies from coarse 
source area was of moderate to high relief, the to medium sand with poor to moderate sorting.  

distance and duration of transport was short, and Grains from the Point Loma area are angular while 
the climate was mild with low annual precipitation. grains from La Jolla are subangular. The plagio
When the sandstones from Point Loma and La Jolla are clase/K-feldspar ratio may be slightly higher at 
compared, it appears that the latter have undergone Point Loma, but the sample population is too limited 

more physical and chemical weathering. The La Jolla to be definite. Feldspar types indicate a mixed 

samples show better rounding, a higher percentage of provenance of plutonic (both intermediate and mafic) 
quartz, less hornblende and a slightly smaller with some metamorphic rocks. Determination of An 

plagioclase/K-feldspar ratio than samples from Point contents by the Michel-Levy method for plagioclase 
Loma. gave a range from albite to labradorite with the 

bulk of the values falling in the oligoclase and 
The following range of percentages of Framework andesine fields. A couple of samples appeared to 

(F), Matrix (M), Cement (C) and Porosity (P) were have two distinct populations, one intermediate and 

seen in the 14 thin sections: F63.8 3 , M0 -3 1, CO- 39 , one mafic. Ten to twenty percent of the plagioclase 

PO-1 3 . The framework portion of all the sandstone grains showed considerable alteration but the 
samples shows little variation; they average 73%. remainder had little to none. Orthoclase, the pre

Porosity varies but generally remains low due to dominant potassium feldspar, exhibits varying 
poor sorting and matrix and/or cement reduction of degrees of alteration similar to that of the plagio 

pore space. The percentage of matrix varies clase. Altered microcline was found in about half 
inversely with the percentage of cement. Chlorite, of the samples.  
illite-sericite, and some smectite occur as epi
matrix that has surrounded and replaced ferromag- Rock Fragments Grain size median varies from 

nesian minerals, feldspars and rock fragments during coarse to medium sand with poor to moderate sorting.  

diagenesis. The cement consists of random calcite Grains from Point Loma are angular to subangular and 

crystals of varying shape and size, averaging very grains from La Jolla are subangular to subrounded.  
finely crystalline. This calcite cement shows evi- Plutonic rock fragments range from 5 to 41% of 
dence of having forced grains apart along cleavages framework and appear to be mostly of intermediate 
or fractures during its recrystallization. It also composition. Metamorphic rock fragments vary from 
appears to have etched some quartz grains. Two con- 0 to 15% of framework with mica schist dominant.  
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Quartzite, gneiss, metavolcanic and metaplutonic 
grains are also present. Volcanic rock fragments 
vary from I to 6% of framework and generally show 
considerable alteration to sericite, chlorite and 
hematite. Vrf's are better rounded than prf's and 
mrf's. Biotite (trace to 14%) and hornblende (trace 
to 4%) are the most abundant accessory minerals.  
Both are abundant in the Peninsular Ranges batholith.  
Other accessory minerals found are magnetite, zircon, 
muscovite, epidote, chlorite, sphene, apatite, hyper
sthene, andalusite and tourmaline. The provenance 
indicated by these accessory minerals are plutonic 
and metamorphic. Besides these minerals, a small 
amount of shell fragments (rudistid), organic debris 
(wood), and pyrite are found in some samples.  

All of the samples studied are sandstones with 
median grain sizes from coarse sand (0.4) to very 
fine sand (3.6). Sorting of the sandstones ranges 
from moderate to very poor (a = 0.6 to 2.14). Skew
ness varies from near symmetrical to strongly fine 
skewed (Ski = -0.02 to 0.72). There is no apparent 
relationship between the median grain size, sorting, 
and skewness versus the geographic location. The 
rounding of the grains ranges from very angular to 
subrounded with about 90% of the samples falling in 
the angular and subangular fields. Samples from 
Point Loma tend to be angular while the sandstones 
from La Jolla tend to be subangular.  
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Figure 1. Mineralogic compositions of sandstone samples.



CLAY MINERALOGY OF THE POINT LOMA AND CABRILLO FORMATIONS 

Lynn D. Gray 
Department of Geological Sciences 

San Diego State University 
San Diego, CA 92182 

INTRODUCTION between 14 and 15A untreated, only expanding to 16.6A 
upon glycolation. On heating to 550 0 c, the expand

Six samples were studied: four siltstones and able material in both siltstones and sandstones col
one sandstone from the Point Loma Formation, and a lapsed to a 10A spacing. Because the peaks did not 
sandstone lens in the dominantly conglomeratic fully collapse at 3500 C, montmorillonite is ruled 
Cabrillo Formation. out as the expandable material. These peculiar 

smectites are apparently in a transition state 
Sample # Description between a true vermiculite and a smectite.  

1 Well-indurated siltstone from a Bouma Te The mixed-layer clays were identified by the 
unit near Bird Rock. asymmetry of the expandable peak in the untreated 

2 Friable siltstone from a 3 to 4 m thickat 

mudstone interbedded between sandstone 12 to 126A in the 550C fully collapsed traces from 

layers near the northern end Sanst siltstone samples. These peaks seem to remain at 

Cliffs. n2A after glycolation as shown by the asymmetry of 
Cliffs. he 17-3A curve. This mixed-layer clay is the 

3 Soft and friable, clay-rich siltstone from average of chlorite (14A) and illite (IOA). In the 
a 12 cm thick Bouma Te unit along clays taken from the sandstones, none of the 124 
McClelland Road. average clay is left after glycolation. However, a 

4 Well-indurated, whitish, clay-rich silt- large percentage of clay remains at the 12A position 
stone from south of Whale Point in after 550% heating. This indicates a chlorite (14A) 
La Jolla. and smectite (0 to 16A) mixed-layer clay. The fully 

collapsed 12A peak is the average of the 14 and 10$A 
5 Uncemented coarse sandstone from a 0.3 to spacings.  

0.7 m thick sandstone lens in the Cabrillo 
Formation from the beach cliff below The illite group is easy to identify as it 
Forward Street in Bird Rock. remains at the 10$ position after glycolation. How

6 Calcite-cemented, medium sandstone from a ever, the clay mineral present may be sericite which 

1.5 m thick bed near the northern end of is impossible to differentiate from a true illite 
1.5se Clticks using x-ray methods alone.  
Sunset Cliffs.  

Clay-sized material less than 2 microns in size The chlorite group is the most difficult to 
was pipetted from a settling tube, centrifuged, then identify, especially when it is poorly crystalline.  
dripped onto two clean slides. After air drying one The chlorite peak would remain at the 7 and 14A posi 
slide was placed in a desiccator containing ethylene tions after glycolation and heating. In clays from 
glycol. The slide placed in the glycolator was left the siltstones, it is present in a degraded form and 
for four days in order to expand the lattice of any is obscured by the mixed-layer peaks. Most of the 
clays that attract polar molecules. An x-ray trace chlorite in the samples is in the intermediate 
of the glycolated slide for each sample was run from stages of alteration to vermiculite and mixed-layer 

3 to 200 (20). An x-ray trace of the untreated phases.  
slide was taken from 3 to 50' (20). The slide was The kaolinite group is also difficult to identi
then heated to 350c for one minute, placed into a 
desiccator, and x-rayed. The slide was reheated to fylbcaue Thiseconed wit the pekofthe 
5500 C and x-rayed again. The purpose of the separate chlorite Trefor estimate 
heat treatments was to collapse expanded lattice 
structures in stages. SEMI-QUANTITATIVE ANALYSIS 

QUALITATIVE ANALYSIS All percentages are visual judgements of the 

Clay mineral groups represented in the x-ray areas under the peaks as they differ from the illite 
traces are: 1) smectite, 2) mixed-layer chloritic, peak. Percentages of smectite were estimated by the 

3)ace ar amount added to the glycolated illite peak on 550 3) ilit, 4 chorit, 5 kalinte.heating. The mixed-layer percentages were estimated 

Smectites are classified on their ability to by the area of the curve remaining at 12A after 
expand with the addition of the polar molecule heating to 550'C. This area is related to the area 
ethylene glycol. The untreated peak ranged between of the glycolated illite curve. This method is not 
14 and 15A in the four siltstone slides. This peak very accurate due to the fact that the chlorite 
expanded to a well-crystalline peak at 17.3A after phase may be destroyed at this temperature. In the 
glycolation. On heating to 3500 C, these same peaks clays from siltstone samples the percentage of 
collapsed to more diffuse peaks averaging 14.5$. chlorite and mixed-layer clays are undifferentiable 
The peaks in the sandstone samples also ranged and are reported together. The percentage of 
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kaolinite is the amount of the 7 phase left over 
after the amount of chlorite has been subtracted.  
This percentage is only an estimate. The relative 
percentages are: 

clays from siltstone, samples 1-4: 
vermiculitic smectite 50-60% 
illite 20-35% 
mixed-layer chloritic 10-15% 
kaolinite 5-10% 

clays from sandstone, samples 5-6: 
vermiculitic smectite 35-40% 
mixed-layer chloritic 48-52% 
illite 8-12% 
chlorite 0-10% 
kaolinite 0% 

CONCLUSIONS 

Diagenesis in the sandstones reduced the 
expandability of the smectite from 17.3A to 16.6A.  
The amount of kaolinite originally deposited was 
minimal, indicating a lack of acidic weathering 
(Figure 1). The large amount of smectite originally 
deposited in the siltstones also indicates alkaline 
weathering conditions (Figure 1). The percentage 
of mixed-layer clays greatly increased during dia
genesis of the sandstones. This is interpreted as 
the intermediate stages of the recrystallization of 
degraded chlorites and alteration of biotites to 
chlorite. The smaller percentage of illite clays in 
the sandstones is only a relative change due to the 
increase of the other clay minerals. In actuality, 
sericitization probably increased with diagenesis.  

Volcanic Rock Bioti t Ferromag. Minerals 
Major source materials: Fragments lort Feldspar Hornblende & Pyroxene 

poorly xtalline 
chlorite K+ feldspar + Mg++ A W C 

L E Y 
smectite Detrital C 

biotite\ A T L 
small % degraded L H E 

Siltstone assemblage: chlorite illite/sericite smectite I E kaolinite smectite + vermiculite NR 
(17. 31)EI 

E I II N 
destroyed slight G 

collapse N' 
of structure biotite recrystallized chlorite+ lite+smectlte D 

Sandstone assemblage: I6 6) A 

vermiculitic smectite biotite small % , G 
chlorite illite chloritic mixed-layer clay N 

sericite 
E 
S 

S 
Figure 1. Possible evolution of the clay minerals from the source rocks, to deposition, and through diagenesis.  

Source materials are from thin-section studies. This model assumes a low annual rainfall (,c20-25"/yr.) 
which produced alkaline weathering conditions. Diagenesis was promoted by high porosity of sandstones 
which allowed circulation of groundwater. Diagenetic'temperatures approximated surface conditions.



HEAVY MINERALS OF THE POINT LOMA FORMATION 

Scott D. McDonough 
Department of Geological Sciences 

San Diego State University 
San Diego, CA 92182 

Samples analyzed consist of a concretion and a grains consisting of ilmenite, magnetite, and biotite 
friable coarse-grained arkose from the Point Loma (sample 1, Table 1). Some of the biotite is in 
Formation. The calcite-cemented concretion is 0.5 m hexagonal books. There is also an abundance of 
diameter and is located at Boomer beach in La Jolla. green amphibole and reddish garnet that exhibits con
The sample was placed in glacial acetic acid diluted choidal fracture. Green tourmaline, zircon and 
to a 10% solution. Once the soluble cement and sphene are present in significant amounts. Some 
grains were dissolved, the sediment was washed, rock fragments are present that contain both light 
dried, and examined for heavy minerals. and heavy minerals. Nicely crystalline apatite is 

present.  
The arkose was obtained from the second turnout 

on Sunset Cliffs Boulevard in Point Loma. The The arkose sample is dominated by green amphi
sample is very friable and the sediment used for boles. A significant amount of black opaque miner
analysis was broken off and disaggregated by hand. als (magnetite, ilmenite, and biotite) occur in pro
The disaggregated samples were poured into beakers portions similar to the concretion sample. Garnet 
of bromoform; the heavy minerals settled, were drawn was markedly less abundant as compared to the slide 
onto filter paper, and washed with acetone. The from the concretion.  
heavy minerals were bound onto a glass slide with 
Canada balsam and then examined under the micro- The provenance of the concretion seems to be a 
scope. Two slides were made of each sample and 100 dual source. A batholithic-source is supported by 
points were counted on each slide. The heavy min- the presence of green amphibole, zircon, tourmaline, 
erals collected were generally all in the ultrastable sphene, biotite, ilmenite, magnetite, and apatite.  
to moderately stable range. The rock fragments are also batholithic in origin.  

A metamorphic source is also indicated based on the 
The concretion sample had an average grain size relative abundance of garnet within the slide.  

of 0.33 mm. There is an abundance of black opaque 
The source of the arkose seems to be dominated 

more by the batholith. There is a relative absence 
of metamorphic minerals, such as garnet, as compared 
with the other sample.  

TABLE 1. Heavy Minerals from the Point Loma Formation.  

Sample #1: Concretion Sample #2: Arkose 
Heavy Minerals Grains Counted % Grains Counted % 

Garnet 38 19 5 3 

Green Amphibole 40 20 126 63 

Black Opaques 49 25 23 12 

Tourmaline 17 8 5 3 

Zircon 16 8 10 5 

Sphene 15 7 13 7 

Apatite 1 -- 1 -

Biotite 9 4 2 1 

Rock Fragments 15 8 15 8 

Total 200 99% 200 102% 
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PRELIMINARY PALEOMAGNETIC RESULTS FROM THE CRETACEOUS POINT LOMA FORMATION 

Monte Marshall and Gerald J. McNaboe 
Department of Geological Sciences 

San Diego State University 
San Diego, CA 92182 

Preliminary paleomagnetic data from Cretaceous sedimentary rocks in the sea cliffs of La Jolla and Point 
Loma suggest that the sediments were deposited at or near their present latitude. However, there is evidence 
for clockwise rotations.  

In La Jolla, samples were taken from a thick mudstone section between Country Club and Mt. Soledad strands 
of the Rose Canyon fault system. In this area the paleomagnetic data suggest a 170 degree clockwise rotation.  
Samples near the apparent top of the section were reversely magnetized.  

The Point Loma Peninsula samples were taken from an interbedded mudstone and sandstone unit at the foot of 
Ladera Street. Preliminary paleomagnetic data suggest that this area has been rotated clockwise approximately 
40 degrees.  

Other paleomagnetic data (Teissere and Beck, 1973) from the Cretaceous Peninsular Ranges batholith show 
approximately 30 degrees clockwise rotation of the batholith with about 10 degrees of northward translation.  
In comparison, the paleomagnetic data from La Jolla and Point Loma both show about 5 degrees of northward trans
lation, but the limited data are too scattered to accurately state the amount of northward translation. The 40 
degree rotation of Point Loma agrees reasonably well with the amount of rotation of the batholith found by 
Teissere and Beck (1973).  

The seacliff section south of La Jolla shores shows a 170 degree rotation which is 140 degrees more than 
the rotation of the Peninsular Ranges batholith. Kamerling and Luyendyk (1979) observed 60 to 120 degree clock
wise rotations of blocks in the Transverse Ranges which are possibly related to the bend in the San Andreas 
fault as it passes north of the Transverse Ranges. The Rose Canyon fault bends to the left as it passes north
ward through the La Jolla area and is considered by many to have had right lateral motion. Compressional forces 
due to the bend in the Rose Canyon fault may have caused a rotation analogous to that of the San Andreas fault 
and the Transverse Ranges.  

REFERENCES 

Kamerling, M. J. and Luyendyk, B., 1979, Tectonic rotations of the Santa Monica Mountains region, western 
Transverse Ranges, California, suggested by paleomagnetic data: Geological Society America Bulletin, 
v. 90, p. 331-337.  

Teissere, R. F. and Beck, M. E., Jr., 1973, Divergent Cretaceous paleomagnetic pole positions for the southern 
California bath., U.S.A.: Earth and Planetary Sciences Newsletter.  
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.. .....  

"What? This is field trip number 22 ??? But I'm 
supposed to be on number 11 walking along the 
beaches at La Jolla!!"
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Figure - . Index map.



Pleistocene 
STOP NO. 1: SEWAGE TREATMENT PLANT, POINT LOMA PENINSULA 

lop of Cliff by Tor NilIsen, El i Ziotnik, Guy Swenson, Brad Steer, Pat Abbott 

_fA1;;1A thick Cretaceous section is exposed here, extending 
-2 0, Afrom shoreline exposures eastward and upsiope to the crest 

160m f the Point Loma Peninsula. The main objective of this 

wihis exposed very well here, and to permit field trip 
leaders to discuss the regional geology and sedimentology 

z ofthe Cretaceous turbidites. The sewage disposal plant' 

ois located on the west side of the Point Loma Peninsula, 
150 directly southwest of the Fort Rosecrans National Cemetery.  

< The Cretaceous section here consists, in ascending 

'o .. order, of 1) 25 m of a thinning- and fining-upward sand
O.0 stone sequence, and a 45 m thick covered interval, 2) 32 m 

o of thinly interbedded sandstone and shale, 3) 12 m of a 
LL U it o0 othinning- and fining-upward sequence, and 4) 51 m of chan

120

Unit O nelized conglomerate with intercalated sandstone lenses.  

0 4 The base of the section is covered by beach 
0 ~*sand and the top is unconformably overlain by Pleistocene 

-80 

_J gravels.  

0 UNIT 4 consists of channelized beds of facies A conglomer

Cn10- o0 ate and facies B sandstone, with conglomerate forming the 
reatest volume of sediment. The conglomerate contains 
igneous and metamorphic clasts as long as 50 cm and rip-up 

0. ~ ~ &0oO ' clasts of sandstone and shale more than 100 cm long. In
dividual beds are laterally truncated by channelized con
tacts, with prominent concave-upward sandstone-filled chan

12-0 nel remnants standing out most prominently in the face of 
the outcrop. All the conglomerates have sandy matrices 
and most are clast supported. We interpret this unit to 
be inner-fan channel deposits, with the small-scale chan
neling representing 'thaiweg migration and meandering within 
a larger channel.  

110 

oUNIT 3 consists of a thinning- and fining-upward sequence 
3 of medium- to coarse-grained sandstone that extends later

ally across the entire outcrop face. The individual sand
stone beds are less than one meter thick and consist of 
facies C and C turbidites that locally are amalgamated and 

100- contain mudstone rip-up clasts. We infer this unit to be 
a broad, channelized body of sandstone in the upper part 
of the Point Loma Formation.  

Z UNIT 2 consists dominantly of mudstone with thin interbeds 

0 of sandstone and siltstone that are generally less than 
3 cm thick. We interpret this unit to be an interchannel 
deposit lateral to the main fan channel system. Little 
sUnit coarse-grained sediment reached this site, implying lack 
of nearby channel activity.  

UNIT I contains a 180-cm-thick,slumped chaotic mudstone 
interval at its base with clasts of sandstone. This inter 
val probably consists of slumped levee or other chbnnel
margin facies of a lower thinning- and fining-upward 
chcnneIized megasequence of which only the uppermost part 
can be seen, and that only at low tide. A 10-rmick 
fining-upward sequence follows, with beds of coarse-grained 
to fine-grained sandstone as thick as m. The thinning
and fining-upward megasequence is typical of the Point Loma 
tFormstion, with lower, thicker sandstone beds of facies 

B, and upper thinner sandstone beds of facies , with 
abundant ripple markings, mica, carbonaceous debris, and 
lateral changes in thickness.  

Unit 

oadshoreline 

Section measured by Zlotnikl Steer, and Swenson. 186
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A. Cliff behind Sewage Treatment Plant. Basal beds B. Sea cliff at southern tip of Point Loma Peninsula.  
are of interchannel mudstone facies. Band of Four major facies exposed in ascending order: 
light beds below mid-cliff is mid-fan sandstone lowermost-interchannel mudstone; lower middle
facies. Upper part of cliff is inner-fan valley mid-fan sandstone (largely colluvium covered); 
facies comprised mostly of conglomerate-filled upper middle- inner-fan conglomerate; upper- mid
channels with lesser sandstone-filled channels, fan sandstone.  

C. View up sea cliff at tip of Point Loma Peninsula. D. Mid-fan facies in canyon south of McClellan Road.  

m. Northern end of cliff behind Sewage Treatment F. Conglomeratic sandstone concretion eroded and 
Plant. Inner-fan channel conglomerate rest transported after cementation. In cliff behind 
directly on interchannel mudstone. Sewage Treatment Plant.



STOP NO. 2: UPPER CABRILLO ROAD, POINT LOMA PENINSULA 

by Tor Nilsen, Jo Ann Kimzey, Richard Nagy and Pat Abbott 

A good conglomeratic section) about 75 m thick, of 
the Cabrillo Formation is exposed here in roadcuts 
extending downslope from the crest of the Point Loma 

Pleistocene Peninsula. The section consists almost wholly of 
_____________complexly channelized conglomeratic and sandstone beds 

* **. -:that we interpret to be inner-fan channel deposits, a 
* . .. ... .1series of minor fining- and thinning-upward channelized 

7 .. .bodies produced by 'thalweg migration within a larger 
Cm channel that encompasses the entire outcrop area. The 

basal contact with the underlying Point Loma Formation 

heis poorly exposedand at the top of the roadcut 

4. the Pleistocene Lindavista Formation unconformably 
overlies the Cretaceous section.  

60 * .~eWalking upsection, a number of aspects of the chan 
nelized facies can be observed. The thinning- and 
fining-upward cycles consist of a basal channelized 
conglomerate that passes upward into pebbly sandstone 
and finally sandstone; these cycles range from less 

* 7 than a meter to as much as 30 m in thickness. Channels 50 as deep as 5-10 m can be observed in the roadcuts.  
-..jw Various types of conglomerate beds are present, inclu

ding those with normal grading, inverse grading, inverse 
to normal grading, organized and disorganized layering, 
and well-defined to poorly-defined fabrics. Prelimi
nary determinations of some channel axes indicate an 
almost east-west trend, and observations of imbrication 
suggest westward transport of clasts.  

Other features observable at this stop include 
t) a thick slurried bed with abundant, chaotically

_j oriented mudstone clasts floating in a sandstone matrix, 
scut by sandstone dikes; 2) boulder trains seen in 

cross-section; 3) conglomerate beds alternating in 
S Alping relative amounts of mudstone or shale rip-up clasts and 

M igneous and metamorphic clasts; 4) medium-scale cross
strata in beds of sandstone near the top of the section; 
and 5) pebble layers in the upper part of the section 
that are only one-pebble thick.  
na eThe composition of clasts in the conglomerate aver

ages about 80-85 percent igneous and metamorphic clasts, 
and 15-20 percent sandstone and mudstone rip-up clasts.  
The size of the igneous and metamorphic casts ranges 

S 80 Wup to about 50 cm in length, although rip-up clasts may 
ut be larger.  

c The section in general becomes finer grained upward 
with lesser amounts of conglomerate and finer pebble 
sizes. The upper 25 m of pebbly sandstone, which has 

Channel large calcareous concretions in it, contains scattered 
N87W large angular blocks of metavolcanic rock derived from 

-0- the Santiago Peak Volcanics. These blocks, exposed in 
the roadcut east of Cabrillo Road and on the upper 
slopes of the west-facing cliff, are more than 5 m in 
largest dimension. They probably represent submarine 
rockfall debris derived from outcropping ledges of the 
probably Jurassic Santiago Peak Volcanics in either 
the feeding submarine canyon farther upslope to the 
east or on parts of the slope to the east.  

Section measured by Kimzey and Nagy.  
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B. Closeup of roadcut shown in A.  

A. Roadcut in conglomeratic facies, Cabrillo Road.  

D. Large andesitic clast from Santiago Peak Volcan
ics deposited in inner-fan valley following 
oceanic transgression. Roadcut on Cabrillo 
Memorial Drive just south of Cabrillo Road 
intersection.  

C. Conglomerate-filled channel, Cabrillo Road.  

E. Clay-clast conglomerate, Cabrillo Road.  

F. Lighthouse at tip of Point Loma Peninsula.



STOP 3 MCCLELLAN ROAD AND ROSECRANS BOULEVARD, POINT LOMA 

Michael A. Arthur , Edward L. Winterer , Ulrich von Rad and Michael P. Kennedy 

U. S. Geological Survey, Denver, Colorado 80225 

Geological Research Division, Scripps Institution of Oceanography, La Jolla, California 92093 

Bundesanstalt fur Geowissenschaften u. Rohstoffe, Postfach 510153, D 3000 Hannover 51, W. Germany 

California Division of Mines and Geology, Scripps Institution of Oceanography, La Jolla, California 92093 

Stratigraphy and General Setting 

The exposures in cliffs and roadcuts near the Tbce or Tce sequences. Thin layers of hemipelagic 
intersection of McClellan. Road and Rosecrans Blvd. silty mudstone separate adjacent sandstone beds here.  
on the Fort Rosecrans Naval Base on the east side of In the upper part of the measured sequence the sand
Pt. Loma provide a cross-section of the transition stone beds are generally thicker (>1 m), more mas
from green-gray mudstone and muddy siltstone of the sive, are commonly amalgamated and have scoured or 
Point Loma Fm. to the predominantly thick-bedded channelized bases. Intercalated hemipelagic silty 
sandstone and conglomerate of the Carbillo Fm. mudstone layers are rare. The fine-grained faintly 
(Kennedy and Moore, 1971; Kennedy, 1975). This to well-laminated upper portions of many of the thick 
lithologic transition marks a rapid change from pre- sandstone units are often convoluted and loaded by 
dominantly hemipelagic sedimentation on a submarine overlying thick sand beds. Faint dish structures 
slope at bathyal depths (greater than 600 m; Sliter, occur in the lower portions of a few of the thick 
1975; Kern and Warme, 1974) to deposition in a proxi- sandstone beds and inverse textural grading was ob
mal to mid fan channel sedimentary environment. The served in several beds. Outsized mudstone clasts up 
sedimentary sequence at this locality probably repre- to 20 cm in diameter also occur in several thick sand
sents an early and primarily marginal submarine fan stone units and are generally flattened in the plane 
channel environment in contrast to the thick, con- of bedding. They generally occur at the transition 
glomeratic channelized facies exposed higher in the from Bouma "a" to "b" in these beds. The thickness 
Cabrillo Fm. further south along the Point Loma of individual beds varies laterally.  
seacliffs (Fig.. 3-1). The sparse assemblage of 
planktic foraminifers (Sliter, 1968) and calcareous The measured section at this locality can be sub
nannofossils (Bukry and Kennedy, 1968) recovered divided into two parts on the basis of bed thickness, 
from several localities indicate a late Campanian character and sequence. The lower 21 meters comprises 
through early Maastrichtian age for the strata of the mainly thin-bedded sandstone beds of irregular thick
Point Loma and Cabrillo Fms. ness. Little pattern in vertical thickness variation 

is apparent, but some fining upwards sequences of 2-3 
A total of 64 meters of section, shown in Figure meters overall can be noted (Fig. 3-3). In these 

3-3, was measured in detail at the McClellan Rd. packets, bed thickness decreases upwards as does 
locality in beds dipping gently northward. The lower maximum grain size.  
10 meters were measured from the top of the eroded 
bench near sea level at the degaussing facility up The upper 43 meters consists mainly of more 
to the level of McClellan Rd. A gap of perhaps 5 m coarse-grained, thick-bedded sandstone. The pattern 
may exist between the top of this section and the of vertical thickness variations is complex and con
base of that measured in the road cuts along sists of multiple composite fining upwards and 
McClellan Rd. The upper section ends at the roadcut thickening upwards cycles, the distribution of which 
near the top of the hill at a prominent fault across is irregular. The vertical succession probably 
which no correlation of beds was possible. For the represents a transition from lower slope to mid-fan 
generalized lithologic sequence and distribution of or inner-fan channel environment.  
the Cretaceous stratigraphic units on Pt. Loma see 
Figures 1 and 2 of Kennedy and Moore (1971). The sandstone is arkosic and comglomeratic.  

Conglomerate clasts show derivation from an igneous
Bed thickness, Lithology and Sedimentary Structures metamorphic complex. Crystalline igneous rock frag

ments are mainly granitic. Some of the conglomerates 
Sandstone beds range in thickness from one also contain clasts of various sedimentary rocks, 

centimeter to a maximum of 3.8 meters in the mea- some containing fragments of rudists. Pebble imbri
sured section. Most of the thin-bedded units are cation in some of the organized conglomerates and a 
moderately well sorted and consist of fine to medium few other directional sedimentary structures indicate 
sandstone, while the thicker standstone beds are transport primarily from the north-northeast.  
very coarse-grained to granule-sized at the base and 
typically fine-grained at the top, Textural grading 
occurs in most of the sandstone beds thicker than 
10 cm., although some thick beds show little or no 
grading. Many beds exhibit the Bouma "a", "b" and 
occasionally the "c" divisions. In the lower part of 
of the sequence sandstone beds are generally thin 
(i.e. less than 50 cm) and exhibit a Tabe or Tabce 
sequence. Beds as thin as 10 cm) commonly contain 
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Figure 3-1. IndeS map
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STOP NO. 6: COASTAL OUTCROPS, BIRD ROCK TO TOURMALINE 

SURFING PARK, LA JOLLA - PACIFIC BEACH 

by Tor Nilsen, Lynn Gray, Bob Tucker, Eli Zlotnik, Pat Abbott 

0.'0000&0A thick, well-exposed sequence of Cretaceous turbidites, 

lO~ ~ ~00 extending from the upper part of the Point Loma Formation 100m- 0 e 0 through the Cabrillo Formation is present in coastal out

q.~ 3 0 crops extending southward from Bird Rock in La Jolla around 
0 L False Point toward Tourmaline Surfing Park in Pacific Beach.  

90
0O~ A fault several hundred meters north of Bird Rock juxta

~ .41 poses a downdropped block of Cabrillo Formation conglome
90 ~ rates with the Point Loma Formation; a virtually unfaulted 

southeast-dipping Cretaceous section extends southward from 

z this fault to several hundred meters south of the inter
Ssection of Linda ay and Sea Ridge Drive, where the Creta

ceous section is overlain unconformably by conglomerate of 
Eocene age, which is in turn unconformably truncated farther 

<08 south by Pliocene marine gravels of the San Diego Formation.  

50

Still farther south, at Tourmaline Surfing Park, the San 
9000 'coDiego Formation is truncated unconformably by terrace 

O 0roO~ gravels of the Pleistocene Bay Point Formation. About 18 0m 
LL a~~,~' of Cretaceous strata are exposed, 25m of the upper Point 

.0. Loma Formation, and 155m of the Cabrillo Formation.  
o 70 - This stop is designed to be of variable length, depen

.0 0 o ding upon the amount of time remaining in the day. The 
0000 ~JIfull stop extends from Bird Rock to Tourmaline Surfing Park, 

0 0 0 0 but the stop can also be initiated higher in the section at 

M a 0' 0 Forward Street or Midway Street, and can be terminated at 

60- . Linda Way below the Eocene contact if time is limited.  

0 ~ 0 C 

otni 0 The upper part of the Point Loma Formation consists of 
three thinning- and fining-upward channelized midfan mega

0 asequences. Massive beds of coarse- to very coarse-grained 
0fl sandstone as thick as 3.5m form the thicker beds of these 

megasequences; these beds are of faies A and B, contain 
..... carbonate concret ions and prominent dish structures in 

some beds, and are not conspicuously channelized, although 

load casts and flame structures are common. The thinner 
beds are .5-70 cm thick and are of facies 0 and E with pro
minent ripple markings and convolute laminations. Some 
moderate-sized flaps of mudstone and thin-bedded sandstone, 

4 0 .similar but smaller than those at La Jolla Cove (Stop 5), 
are suspended in some beds of sandstone. The thinning

Z ... Dig. and fining-upward megasequences are about lby thick, al
Sovered though the uppermost megasequence appears to be thicker 

and is incomplete, being truncated by channelized conglome
<L30 ratic beds of the Cabrillo Formation. The Cabrillo Forma

tion here is similar lithologically to outcrops in the 
southern part of the Point Loma Peninsula (Stops I and 2).  
It consists dominantly of channelized beds of faes A 

0LL Covered conglomerate that fine upward into beds of facies B sand
stone, forming thin thinning- and fining-upward cycles.  
s 20 The conglomerate is coarser here than at Point Loma, and 
contains clasts of plutonic rocks as long as 160 cm. The 

lower 80m of the Cabrillo Formation consists almost wholly 
o0es of interbedded conglomerate and sandstone, the middle 30m 

crbonsists of abundant mudstone with thin interbeds of sand
stone and several thinner channelized conglomerate bodies, 

10 ~ : dctand the upper 50mis similar to the lower part but contains 
Z in general smaller clasts. The conglomerate varies from 

well organized to poorly organized and from well imbricated 
imito poorly imbricated.  

The lowest bed of conglomerate is channeled into mud
stone at the top of the Point Loma Formation and grades 

m.....hupward into parallel-stratified to cross-stratified coarse

to very coarse-grained sandstone. Overlying beds of con
glomerate are coarser, very channelized, and contain little 
interstratified sandstone. Mudstone rip-up clasts are 
common in the congomerate and at 70m above its base, a 

Section measured by Gray, Tucker, Zlotnik large tabular slump block of mudstone 5m long and 2m wide 
is incorporated in the channelized conglomerate 
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Figure 6-1. index map.
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Figure 5-8. Sketch of lateral variations along strike in thick-bedded sandstone -units 
along Coast Boulevard on beach (Fig. 5-7). This section is located between 
the prominently carved Tikis in thick sandstone beds just south of Seal Rock.  
Note channels containing massive,coarse-grained sandstone and siltstone clasts 
which give way laterally to medium- to fine-grained, cross-bedded sandstone.  

N 

Figure 5-9. Rose diagram showing measured orientation of long axes of elongate carbonate 
concretions and closed and open joints from Point La Jolla to Seal Rock.  
Concretion formation may have been controlled by later water movement along 
joints or during early diagenesis with direction of elongation controlled 
by sedimentary fabric.
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Figure 5-7. Section 6: Seal Rock to Nicholson Point; detail of thick-bedded channel sandstone 
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Figure 5-6. Section 5: Point La Jolla to near Seal Rock; thick-bedded sandstone and thin
bedded innerchannel facles. Note complex thickening-upward sequences.
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Figure 5-5. Sections 3 and 4: Goldfish Point to Point La Jolla; thick-bedded sandstone 
of inner fan channel facies. Note pebbly sandstone channels and amalgamation 
of units.
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Figure 5-4. Section 2: thick-bedded sandstone of submarine fan channel facies exposed 
along Cormorant Cliffs. Detailed profile shows sediment of possible 
channel levee.
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exposed along Cormorant Cliffs.
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of Bouma intervals present. In vertical series both 
fining upwards and thickening upwards sequences 
exist but these are complex and difficult to discern.  

The thickest beds generally contain very coarse 
sand or even granules at the base; pebbles are rare.  
Ripped-up shale chips and slabs are common; the shale 
chips or clasts are most commonly found at the Bouma 
"a" and "b" transition in the beds, especially in 
channels. A great deal of channel migration has 
occurred. Grading is most pronounced in the upper 
part of a bed, and commonly the lower 80% of beds 
shows no textural grading.  

The order of internal structures is unusual in 
only one respect: the presence of dish structures.  
Some thick beds begin with a more or less structure
less Bouma "a" division (Fig. 5-7, 35 m), while 
others equally thick, begin with the somewhat lami
nated Bouma "b" division (Fig. 5-7, 10 m). In many 
beds, the "a" division, and in some beds the "b" 
division show well-developed dish structures (Fig. 5
7, 47.5 m), probably indicative of rapid dewatering.  
In a few beds there are low-angle cross strata in 
sets 25-35 cm thick (Pig. 5-7, 14 m).  

The thick, and even many of the thinner, graded 
beds commonly include an interval of convolute bed
ding at the top. The convolutions are generally or
ganized as long ridges and troughs parallel to the 
current direction. Ripple cross-laminated, fine
grained sand commonly fills the troughs in the con
volutions (Fig. 5-7, 9 m). Ripple cross-stratifica
tion is also very common in thin (less than 10 cm) 
sandstone beds, where it occurs as both "starved" 
(Fig. 5-7, 21.5 m) and climbing (Fig. 5-7, 20.5 cm) 
ripples.  

Wood fragments-now carbonized- are common in the 
sandstone beds and in mudstones. In some beds they 
are so concentrated as almost to form lignite layers 
(Fig. 5-7, 46 m). The elongate woody fragments are 
commonly more or less aligned by the current.  

Burrows are ubiquitous, and their presence in 
the lower parts of some very thick sandstone layers 
(Fig. 5-7, 28.5 m), is an index of the depths to 
which certain organisms will pursue organic matter.  
The thick sandstone layers are commonly penetrated 
by larger Ophiomorpha or Thalassinoides, whereas 
thinner, more muddy sequences also include traces of 
Chondrite-like organisms.  

Slump structures, involving many beds, crop out 
at several places, most notably on the wave-cut 
bench immediately northwest of La Jolla Cove. Here, 
a large mass of sediments several meters thick be
came partially detached from its substratum and 
skidded southward, in a direction parallel to the 
dominant direction of current flow. The fold axes in 
this partly detached mass trend and plunge south, 
The fabric is congruent with that of convolute bed
ding in underlying strata at this locality.  

Large calcareous concretions are conspicuous in 
the thicker sandstone beds in the La Jolla cliffs.  
Many of these are elongate. Whether these are 
joint-controlled (and hence late diagenetic) or sedi
mentary fabric-controlled (and possibly early) is 
indeterminate from the data at .hand (Fig. 5-9).
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Figure 5- . Index map.
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Stratigraphy and General Setting a highly vriable direction of transport. These sand
stones are tentatively interpreted as a neritic or 

Upper Cretaceous marine sedimentary rocks are shelf facies.  
exposed continuously in the seacliffs from the south 
end of La Jolla Shores Beach along the Cormorant The neritic facies is succeeded by a least 90 

Cliffs and La Jolla Cove to Nicholson Point (Fig. 5- meters of interbedded green-gray silty mudstone and 
1). The total succession, of late Campanian to mid- relatively thin sandstone and siltstone beds inter
dle Maastrichtian age (Bukry and Kennedy, 1968), is preted as a slope facies. The upper 35 meters of this 
about 320 meters thick. The sequence is interpreted sequence are shown in Figure 5-3 (as Section 1). The 
as a shallow to deeper water transition from neritic sandstone is generally fine to medium grained and 
sandstone through slope mudstone and intercalated commonly contains abundant whole mollusks and mol
thin sandstone to inner submarine.fan channel and luscan debris, including inoceramid prisms. The beds 

channel margin sandstone and conglomerate with sub- range from 5 cm to a maximum of 1 meter thick and 
ordinate mudstone intervals. Farther south along have planar to slightly channelled bases. A majority 
the coast, from Windansea to False Point, strati- of them exhibit Bouma Tcde or Tde sequences but many 

graphically higher parts of the section contain are massive and ungraded. Sliter (1975) has studied 
thick, channelized, disorganized conglomerates which sedimentary structures and benthic foraminiferal 

are probably a proximal inner fan channel facies. faunas in the mudstones and suggests that the inter
These are unconformably overlain at Tourmaline bedded mud and thin sand layers were deposited on a 
Beach by Eocene shallow water sandstone. The mud- prograding slope or in a slope basin at from 850 to 

stone and thick sandstone sequences are assigned to 1000 m water depth. Frequent fine lamination in parts 
the Point Loma Fm,while the upper conglomeratic of the mudstone, relatively high organic carbon con
unit is termed the Cabrillo Fm (Kennedy and Moore, tents and pyrite and a restricted benthic foram
1971; Kennedy, 1975). iniferal assemblage suggest intermittent low oxygen 

conditions as might be found in a slope environment 
The details of the succession at La Jolla, ex- with an impinging oxygen minimum zone. Chondrites 

cept for the neritic sequence, are shown in a series like burrow traces are predominant.  
of measured sections (Figs. 5-3 to 5-7), whose posi
tions along the seacliffs are indicated on the Submarine Fan Facies 
geologic map (Fig. 5-2). Data on directional sedi
mentary structures, mostly from cross-lamination in This thick-bedded sandstone facies with sub
the upper parts of individual turbidites, are gather- sidiary interbedded mudstone, exposed along coastal 
ed into "rose" diagrams on the map. The map also La Jolla, shows a geometry and a broad array of sedi
shows that the section is broken into compartments mentary structures that strongly suggest deposition 
by a number of normal faults. In some places it is in a mid-fan to inner-fan channel and channel margin 
possible to correlate beds across faults, but in most environment. The vertical sequence and paleocurrent 
places the displacements cannot be determined and data suggest that the fan prograded gradually south
gaps may exist in the section exposed and measured. ward, possibly along the axis of a deep-water trough 

or slope basin oriented subparallel to the Late 
Neritic and Slope Facies Cretaceous shoreline. However, we do not know the 

full seaward extent of the fan. The timing, litho
The outcrops at the southern end of La Jolla logic succession and the direction of transport of 

Shores Beach and along the Cormorant Cliffs (Figs. 5- these sediments are similar to those of the sediments 
3, 5-4) dip from 15 to 40 degrees to the south and exposed on Point Loma and indicate that they were 
are cut by several major faults which obscure the probably part of the same basin.  
nature of the passage from one facies to the next.  

The outcrops have somewhat limited accessibility be- The most striking feature of the La Jolla se

cause of steep cliffs and private property restric- quence is the thickness of the graded sandstone units: 
tions, but they can be reached by wading in at low beds more than 2 m thick are common, and some beds 
tide from the La Jolla Shores side, from La Jolla are as much as 3 m thick (Fig. 5-7, 37-40 m). The 
Cove, or by climbing down a small stream cut near base of each bed is commonly channelled into the 
Goldfish Point. Only 20 to 30 meters of the thick- underlying sediments (Fig. 5-7, 1.0 m), and flame 
bedded medium to coarse-grained sandstone at the structures and evidence of loading are common at this 
base of the sequence are exposed. These beds are contact (Fig. 5-7, 8.5 m). Directional sole markings, 
commonly cross-stratified and contain lenses or thin however, are rare. Some sequences of beds consist of 
stringers of rudist debris and occasional ammonites. "nested"! channels (Fig. 5-8), and individual beds show 
The tabular and trough cross-stratification indicates great lateral variability in thickness and sequence 
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A. Interchannel overbank facies. Looking south B. Interchannel overbank facies at Stop 4.  
toward steps at foot of Ladera Street.  

C. Crevasse-splay sand unit that chaotically deformed D. Close-up of chaotic slurried bed shown in C.  
interchannel mud laminae. Near base of stairs 
at foot of Ladera Street 

E. Interchannel overbank laminae at Stop 4. F. Carbonized logs in interchannel overbank facies 
south of Ladera Street terminus.



STOP No. 4: COASTAL CLIFFS AT INTERSECTION OF SUNSET 

Pleistocene CLIFFS BOULEVARD AND LADERA AVENUE, POINT LOMA PENINSULA 

62m :.by Tor Nilsen, Brad Steer, Guy Swenson, and Pat Abbott 

60m 

This stop provides remarkably good cliff expo
sures that are accessible by a stairway to the coast.  

61 ~ We interpret the sequence exposed here to be of the 

interchannel mudstone facies, with some crevasse-splay 

60 sandstone deposits, a thick slurried bed formed pro
bably by slumping of adjacent levee facies, and thin 
ripple-marked overbank deposits. The measured section 

59 at this stop indicates that there are no thinning
or coarsening-upward megasequence in this section.  

Z The base of the sequence, at sea level, consists 

)of several meters of bioturbated mudstone with thin 
interbeds of ripple-marked and laminated fine- to 
very fine-grained sandstone and siltstone that are 
less than 5 cm in thickness. These interbeds contain 

abundant carbonaceous debris and mica indicative of 
overbank transport of the lighter constituents of tur

bidity currents out of channels and into irterchannel 
areas. Rarer beds of sandstone 10-40 cm thick are 
present, indicative of overbank sedimentation from 
ippllarger turbidity currents. The thin sandstone beds 

W, locally are in bundles of about 5 beds that may form 
thin thinning- and fining-upward cycles that mimic 
Ssimilar thicker egasequences in channel deposits.  

These bundles, as well as individual beds, o not 
f persist laterally for great distances, and can be 

__53 observed to change laterally in thickness and locally 
Spinch out at outcrop scale. The sandstone:shale ratios 

vin these interchannel deposits are thus variable, 

depending chiefly upon proximity to channels and the 
amount of overbanking sedimentation. Inoceramus frag
meats are present locally in the mudstone.  

Near the base of the section, a 2.5-c-thick slur
ined bed contains folded and deformed clasts of sand

stone and shale more than one meter in length. This 
slurried bed can be traced laterally for more than 
100 m near the base of the'cliff, its chaotic fabric 

and large clasts forming a spectacular interval. The 
clasts appear to represent fragments of levee and in

terchannel facies, and we interpret the slurried bed 
to be the result of a crevasse-splay, in which a large 
turbidity current broke through its channel and levee 
wall to deposit a thick chaotic bed in the interchannel 

Section measured by Steer and Swenson area. Overlying the slurried bed are some beds of 
sandstone as thick as 170 cm that, together with the 
slurried bed, form a 5-c-thick thinning-upward 

sequence. The sandstone beds are thought to represent 
deposition by succeeding turbidity currents that con
tinued to flow through the previously disrupted channel 
margin, depositing a crevasse-splay sequence. The 
sandstones are generally laterally persistent and are 
of facies C, containing Bouma sequences beginning with 
division a.  

Above the crevasse-splay sequence is interbedded facies D sandstone and shale thought to be interchannel facies.  

The fine-grained sandstone beds are typically less than 10 cm thick, although some beds of cedium-grained sand

stone as thick as 40 cc are present. One prominent sandstone bed just above the crevasse-splay can be seen to 

pinch out southward in the outcrop face. The sandstone:shale ratio in the interchannel deposits is less than 

one, with some scattered pebbles present near the base of the unit on the crevasse-splay sequences. The inter

channel facies is extensively bioturbated and Inoceramus fragments are present in the mudstone. The sandstones 

are extensively laminated and rippled, and contain abundant overbanked carbonaceous and micaceous material. A 

prominent, laterally persistent bed of sandstone about 40 cm thick is present in the middle of the interchannel 

facies, and contains some lage flame structures at its base. The top of the sequence consists largely of sand

stone in beds 15-100 cm thick that appear to form a thickening-upward sequence; however, the top is truncated by 

Pleistocene terrace deposits. Farther northward along the coast, these sandstone beds form a symmetrical cycle 

which thickens upward and then thins upward. These deposits probably also are a crevasse-splay sequence that 

prograded out into the interchannel area and then retrograded as channel activity shifted to mther parts of the 

fan. Below this sequence are two beds of sandstone that form part of the interchannel sequence. Looking south

ward down the coastal sections toward Point Loma, a number of prominent thinning-upward midfan channelized mega

sequences can be observed. These megasequences are most typical of the Point Loma Formation, and have been 

observed at Stops I and 3 to the south and will also be seen at Stops 5 and 6 to the north.  
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Figure 4-S. Index map.
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A. Inner-fan valley channelized conglomerate. Note B. Large block of levee material that fell into 
blocks of levee material near top. Sea cliffs inner-fan valley. Sea cliffs south of Bird Rock.  
south of Bird Rock.  

C. Clam steinkern transported downslope in planar D. Carbonaceous laminae deposited near low energy 
tabular sedimentation unit. Sea cliffs south of margin of inner-fan valley. Sea cliffs south of 
Bird Rock. Bird Rock.  

E. Channelized sandstone in interval between planar- F. Large, fresh dioritic clast in chaotic con
tabular, mid-fan sandstone (below) and trough- glomerate south of Bird Rock.  
lenticular, inner-fan conglomerate. Sea cliff 
just south of Bi rd Rock.
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STOP NO. 6 continued 

The finer grained middle part of the Cabrillo Formation 
consists of interchannel and levee facies cut by three 

thinning- and fining-upward conglomeratic channel mega
sequences. This section is still inner-fan facies, but 

probably represents a less active part of the large inner
fan channel, less affected by 'thalweg migration. These 

Eocenemegasequences are 
-15m thick and the channelized basal 

conglomerates are downcut as much as 3m. In the lower 

200m megasequence, a mudstone clast as large as 60 cm is sus

Spended in a sandstone bed. In the second megasequence, a 

vertical and partly undercut wall of thin-bedded turbidites, 
dominantly rippled facies D and E beds, is truncated and 
injected by conglomerate from the adjacent channel. The 
conglomerate is injected into several parts of the wall, 

190 ~ , soand is an open-framework type, with imbrication indicating 
sediment transport away from the wall. Below the level of 

the lowest conglomerate the uppermost layer of mudstone 

has been partly uplifted, upturned, and incorporated in an 
overlying bed of sandstone; this upturning of shale is the 
initial development, at a small scale, of the larger, de
formed and contorted flaps observed at La Jolla Cove 
(Stop 5).  

Within the mudstone units are beautifully developed 

facies E and D thin-bedded levee and channel margin turbi
dites. Climbing ripples, starved ripples, thin cross-stra

ctified beds of medium- to coarse-grained sandstone charac
terize this facies. The sandstone:shale ratio in the 

:.f..K*.thin-bedded turbidite and mudstone sequences is variable.  Z 
nThe sandstone beds are rich in both mica and carbonaceous 

debris, and at the outcrop scale can be observed to change 

H **~* . ~thickness laterally and pinch out locally.  

<1h The upper conglomeratic part of the Cabrillo Formation 

consists of channelized lens- and wedge-shaped bodies of 
conglomerate and sandstone that locally incorporate large 

o slump blocks of thin-bedded channel-margin turbidites and 

LL mudstone. In general, the size of clasts diminishes upward 
in the sequence, from a maximum size of about 50 cm in the 

o lower part to about 30cm near the exposed top. Various 
types of conglomerate are present in this part of the 

0e Cabrillo Formation, ranging from well imbricated and well 
organized to chaotic in fabric and with poorly organized 
layering. Several large slump blocks are spectacularly 

exposed along the beach, one as long as 2m; the slump 

blocks are internally deformed, with prominent folds, 

0 microfaults, and sandstone dikes and sills.  

The Cabrillo Formation is overlain unconformably in 

coastal outcrops by conglomerate of Eocene age. The uncon
formity is marked by soils and weathering profiles developed 
on top of the Cretaceous conglomerates, an irregular ero
sional surface, an angular discordance indicated by a minor 

change in angle of dip, and a complete change in clast com
position. The Cretaceous conglomerates contain a Peninsular 
Ranges suite, i.e., dominantly granitic rocks and clasts of 

120 P0 oo the Santiago Peak Volcanics, derived ioally from the 
southern California batholith and roof assemblage. The 
c Eocene conglomerates, on the other hand, contain a Poway 

clast suite, which consists of red-weathering metavolcanic 
frocks, quartzite, and other metavolcanics, derived from more 

distant areas, presently located far to the south and east 

110 Mof the San Diego area1 east of the San Andreas fault.  

Near Tourmaline Surfing Park, fossil-bearing marine 
conglomerate and sandstone of the Pliocene San Diego For

mation rest with angular unconformity on the Eocene 

sequence; these younger conglomerates contain dominantly 
a reworked Poway clast assemblage with intermixing of 
various other clast types. The entire dipping sequence 
of Cretaceous to Pliocene conglomerates is truncated with 

angular unconformity near the parking lot by the flat-lying 
Pleistocene Bay Point Formation.
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A. Imbricated, channel-fill conglomerate units B. Imbricated, channel-fill conglomerate. Near 
deposited in inner-fan valley. Near False Point. False Point.  

C. Deformed laminae near margin of house-sized block D. Channel overbank and levee laminae of Mutti and 
of levee material that fell into the inner fan Ricci Lucchi Facies E. North of False Point.  
valley. East of False Point.  

E. Channel-fill sandstone with flaps of underlying F. Conglomerate injected into sandstone bed from 
mudstone. North of False Point. undercut margin of conglomerate-filled channel.  

North of False Point.
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