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Abstract, Major oxides and trace elements were analyzed
in bulk-rock samples of middle Miocene volcanic rocks
from Santa Catalina and San Clemente Islands located on
the Southern California Continental Borderland. Volcanic
rocks from Santa Catalina belong to the low- to medium-
K calc-alkaline magma series and range in composition
from basalt to rhyolite. Andesite samples have moderate-
Iy fractionated rare-earth elements (La/Lu, ~ 3.4) and
have slight Eu anomalies (Eu/Eu” ranges from 0.73 to
0.94). Two subsets of andesite samples have different
degrees of REE enrichment; La, averages 47 in 1 subset
and 35 in the other. Spider-diagram patterns of the 2 sets
are similar and exhibit only small fractionations.

Lavas on San Clemente belong to the medium-K
calc-alkaline magma series and are compositionally
bimodal: the dominant andesite unit has a range in SiO,
content of 57 to 63 wt%, whereas the upper dacite and
rhyolite units have a range of 69 to 70 wt% (rhyodacite).
Andesite samples are moderately enriched in the light
REE (La, averages 59), are moderately fractionated
(La/Lu, = 3.7), and have small Eu anomalies (Eu/Eu” =
0.74). Spider-diagram patterns show small depletions in
Ta-Nb, Sr, P, and Ti.

Volcanic rocks from Santa Catalina and San
Clemente Islands belong to a group of 12 volcanic centers
that were active in southern California between 17 and 13
Ma. An average initial ¥St/*Sr value of 0.7034 + 0.0003
(n = 7) for samples of this group implies a mantle origin.
Although this group of volcanic suites is calc-alkaline, a
subduction-related origin cannot be reconciled with the
history of plate motion in this area. During the middle
Miocene, shear between the Pacific and North American
plates began to be distributed across a wide belt, perhaps
as the crust was heated by rising sub-continental mantle.
Resulting localized extension in the mantle may have ini-
tiated decompression melting that produced widespread
volcanism in coastal southern California.

Keywords: California; islands; Miocene; volcanic rocks; geochem-
istry.

Introduction

Igneous rocks of medial Miocene age crop out on
about 17 named areas in coastal and offshore southern
California, including 7 of the 8 southern California
islands (Fig. 1), and are inferred to cover a significant
portion of the California Borderland (e.g., Vedder et al.
1986). The cause of this widespread magmatism is
unclear; theories fall into 4 general categories: (1) sub-
duction of the Farallon plate beneath the North American
plate, (2) southward migration of the Rivera triple junc-
tion, (3) overriding of the Pacific/Farallon spreading cen-
ter, and (4) rifting of the lithospheric mantle as the Pacific
and North American plates moved past each other. The
timing of interaction between the Farallon, Pacific, and
North American plates refined by Atwater (1989) effec-
tively rules out the first 3 scenarios, and suggests that the
Miocene igneous activity may have been the result of
extension. In an early study of Neogene volcanic rocks in
coastal southern California, Hawkins (1970) concluded
that extensive volcanism originated in the mantle during
regional dilation related to strike-slip faulting. Legg
(1991) proposed that the extensive volcanism in the
Southern California Continental Borderland was initiated
by strike-slip related rifting (transtension) and that the
volcanic flows on the 2 islands developed along the East
Santa Cruz basin fault system that acted as a leaky trans-
form fault. Both Santa Catalina and San Clemente Islands
lie within what Crouch and Suppe (1993) term the “Los
Angeles basin-inner borderland rift” and would represent
rocks formed within the rift as the western Transverse
Ranges block pivoted away from continental southern
California. Weigand and Savage (1993) theorized that
this rifting, whatever its origin, initiated decompression
melting of the lithospheric mantle that resulted in the
widespread Miocene volcanism.

This paper reviews previous work on volcanic rocks
on Santa Catalina and San Clemente Islands, and new
geochemical data are presented and discussed. It is shown
below that these 2 volcanic centers share geochemical
attributes with several other middle Miocene volcanic
suites located south of Los Angeles in coastal and off-



268 Weigand, P. W.

120°

SANTA
L HARBARA

RaNaigpislid

' h

\
DBEECHER'S] -
DAY bew  SANTA \\

-~ CONEID

118°

SAH
GABRIEL
% GLENOORA

S Y.

N\
-.

Q SANTA
BARBARA

San
ieataz |,

o CAUZ ot
= ¥~ =
b o ANACAPA U
BLARCA

\

4 3 ELMOOERD
Ly .o
A PALOSYT N SAOAQUIN | sanTa
VERDES (s Fryd
R BEACH
N N 116°
~ . '
EAY-'Thv' \; ~ ;
CATAUNATL . ;
N i
S !
vt ; \
R \ : | I L}

Lo
ANGELES

e
— P

-4 -~ \
» v )
\
NORTHEAST
BANK

~
-
=

.
v N
s .
- CLEMENTE YN ‘ i Jacues 1
\ i Ca
* € san |
Y "= oiEGo T e

Approximately

e —
0 £ 50 30 km |

\‘\\.

10.14.83 IMS: RST

Figure 1. Map of Cenozoic volcanic areas in coastal and offshore southern California modified from Weigand and Savage (1993).

shore southern California and are collectively referred to
as COSC (Coastal southern California) suites by Weigand
and Savage (1993). The origin of these snites is then inte-
grated into a tectono-magmatic model.

Santa Catalina Island

Santa Catalina Island is located on the inner border-
land about 30 km southwest of the Palos Verdes Peninsula
(Fig. 1). Miocene igneous activity on the island took 2
forms (Fig. 2). A hornblende quartz diorite pluton intrud-
ed into Catalina Schist basement 19.5 + 0.6 Ma (Vedder
et al. 1979). This pluton covers an area of about 39 km?
on the island and also crops out offshore over an addi-
tional area of about 7 km® With the exception of a single
whole-rock major-oxide analysis (Vedder et al. 1979), no
geochemical work has been performed on this body.

Unconformably overlying the schistose basement
and diorite pluton is a formerly extensive sequence of
volcanic and sedimentary rocks now limited to 1 broad
area midway between Avalon and the Isthmus and sever-
al other small areas. Volcanic rocks crop out over an area
of about 32 km? on the island (Vedder et al. 1986).
Surrounding much of the island is a unit of undifferenti-
ated terrace deposits of late Miocene and Quaternary age;
underlying this are additional exposures of Miocene vol-
canic rocks that cover about 190 km? (Vedder et al. 1986).

Vedder et al. (1979) mapped in detail the volcanic and
sedimentary sequence in the Fisherman’s Cove, Cactus
Peak-Cottonwood Canyon, and East End Quarry areas.
The Fisherman’s Cove sequence exceeds 150 m in thick-
ness and is composed of a wide variety of fine-grained
sedimentary rocks, volcanic and sedimentary breccias,
extrusive flows and domes, and tabular intrusions. Vedder
et al. (1979) determined that volcanism began about 14.7
Ma and extended until some time after 12.4 Ma, and
ascribed the igneous and depositional activity and con-
comitant crustal deformation to the encroachment of the
Pacific-Farallon ridge and the southward passage of the
Rivera triple junction. Stewart et al. (1992) measured ini-
tial Nd isotopic ratios in samples from some of the major
igneous units on Santa Catalina. A basaltic-andesite flow
yielded an epsilon Nd value of +9.4 and more felsic sam-
ples yielded values of +4.1 to +6.1. They interpreted these
data to imply that the mafic magmas originated from
depleted mantle during ridge subduction associated with
triple-junction migration.

Wood’s (1981) study of the volcanic rocks of the
Black Jack Peak-Whitley’s Peak area included detailed
field descriptions, modal analyses, microprobe analyses
of phenocrysts, and chemical analyses. In this area, Wood
found the volcanic section to be composed of subaerially
deposited lava flows, laharic breccias, and tabular and
dome intrusions that exceed 400 m in thickness. He esti-
mated the following abundances of rock types: 5% basalt,
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Figure 2. Generalized geologic map of Santa Catalina Isiand modified from Bailey (1985). Ti is hornblende quartz diorite and Tv is com-
posed of a variety of volcanic and shallow intrusive units and sedimentary units.

Table 1. Microprobe analyses of phenocrysts from Santa Catalina volcanics (from Wood, 1981).

Basaltic

Basalt andesite Andesite Dacite
Olivine Foug_; — —
Plagioclase Ang, ¢ Ang, Ang 4, Ang 4
Augite Rare En,gWo,,Fsg En,;WosFs,, Present
Hypersthene — En,,Wo,Fs,; En, Wo,Fs,; Present
Hornblende — — Present
Quartz — — Present

17% basaltic-andesite, 35% andesite, 40% dacite, and 5%
rhyolite. A summary of Wood’s (1981) microprobe analy-
ses of phenocrysts is given in Table 1. Chemical analyses
show that the suite is low- to medium-K and calc-alkaline

and that moderately high TiO, (> 1.0 wt%) and the
absence of Fe-enrichment typify these rocks. Hurst
(1983) reported initial ¥Sr/*Sr values for 2 basalt sam-
ples, 0.70294 and 0.70344. Hurst et al. (1982) suggested
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Table 2. Analyses of andesite samples from Santa Catalina Island. Proa SALER BEAARALREY (LA ALARR) RALALLALA) LELLALE T T T T T T T 4
r A - B -
Ecb1 TA29 TA?22 R3 TNAI AVD TA (2 TAS51 TPAS TDX C4 c2 BASS o r E I ¢ e 43
Si0, 5570 5600 5680 5660 56.50 5730 5780 58.10 5950 6170 6180 61.80  62.70 ¥ 10 7] - * 1.
TIO, 127 125 124 134 125 090 090 088 093 057 121 127 086 ;w [ AV B o N
AlLO, {8.00 17.20 1720 1680 1750 16.80 17.00 16,80 17.00 1670 18.00 1690 16.40 5 - 1. o LI _E :' : 1
FeO, 6.85 607 624 636 606 520 534 524 504 406 523 552 456 | C o osaid 7005 Dacite 1 | ]
MnO 0.13 0.12 0.15 0.17 0.11 0.12 0.15 0.14 0.10 0.09 0.07 0.10 0.08 b o FPERY YR FTUTA L I ETTNTI T T TN AP 0
MgO 445 394 421 413 4190 487 432 430 412 138 195 210 322 85 40 45 50 E:;?o 60 65 70 75 40 80
CaO 8.06 7.36 7.33 7.53 8.59 7.57 6.89 6.93 6.22 4.13 5.36 4.65 5.88 ) 2
Na,O 3.48 3.65 3.57 3.46 3.67 3.55 3.58 3.86 3.55 3.89 4.42 4.57 3.99 : 10 T I 4 T T
K,0 0.91 1.03 0.94 0.68 0.76 0.62 0.73 0.97 0.92 1.46 1.16 1.07 0.70 ! 8 '_ Akaling C _' D
P,04 0.18 0.23 0.22 0.21 0.18 0.14 0.17 0.18 0.18 0.21 0.22 0.21 0.17 1 L ]
H,0 — 142 148  — — — 091 080 — — — 140 — ' 3 6 R o* :. = Tholsitc
Total 99.03 9827 9938 9728 98.8f 97.07 9779 9820 9756 9419 9942 9959 98.56 g i > N
4 i - :‘. K- 3
Cr 162 50 55 58 116 142 137 134 121 9 15 15 102 2 ™ Calc-alkaline
Ni 65 49 61 70 57 60 58 54 72 42 0 59 102 : o T
Zn 94 79 80 80 87 72 80 73 73 69 76 75 66 40 50 6o 70 Alk Mg0
Sc 25.7 19.2 19.1 19.1 21.3 18.6 18.3 174 16.7 7.6 14.1 14.4 14.0 510,
Rb 31 35 41 12 17 20 26 31 35 35 32 48 18 5 10 ey 100 g
Sr 312 241 337 245 307 349 418 353 411 318 456 300 296 E - ’ F ;‘g
Cs 1.9 7.7 5.5 7.0 23 0.6 0.7 1.0 1.0 1.5 58.7 349 6.7 S [ ] g
Ba 358 568 619 537 614 334 373 316 337 581 831 626 458 :8:‘ ) b E
Zr 165 158 124 146 136 127 133 102 102 97 178 133 104 i 7
Sb BD 0.8 0.2 0.2 0.8 1.2 0.2 0.3 0.3 0.8 0.6 05 0.2 10 | 4 _ 10
Hf 4.0 4.8 4.8 4.7 4.1 3.0 32 3.6 3.5 4.1 54 5.1 3.8 o ] N E
v BD BD BD 12 BD 08 BD BD BD 09 22 19 L6 : Lla C'e Plr Nld ' S:n E‘u Gld le Dly H'o Elr T:'n Y.b L.u L'a cla Plr Nld . S:’n Elu Gld le |le H’o E[r Tlm Y'b Llu :
Th 2.6 3.9 4.1 4.2 33 1.8 22 2.5 2.5 2.8 5.8 6.0 2.8
La 11.5 16.3 17.2 16.2 11.9 7.7 1.1 12.9 11.5 135 18.2 16.8 12.7
Ce 21.4 28.9 28.0 28.6 227 15.2 18.5 22.0 21.1 254 352 34.1 22.8 LR B B AL L N B S BN S A R S A M e S T T T T T T T T T T T T T T T T
Nd 150 195 194 200 144 96 115 172 128 145 208 175 148 . [ Gl | H ]
Sm 4.27 5.79 544 5.23 431 2.86 3.66 3.95 3.85 3.73 5.21 4.98 3.95 ?3 100 £ - - 4100 3
Eu 1.32 1.42 1.33 1.37 1.22 0.97 1.15 1.19 1.10 1.07 1.25 1.26 1.13 'g - g ; ; §
Tb 0.83 0.85 0.89 0.93 0.76 0.57 0.65 0.63 0.63 0.53 0.73 0.86 0.66 § - i i I S
Yb 4.76 3.90 3.04 3.03 3.26 2.03 1.92 2.37 2.56 2.43 4.16 3.13 2.38 g 10 E g _ 1 10 E
Lu 0.51 0.56 0.50 0.45 0.47 0.29 0.32 0.38 0.32 0.35 046 0.46 0.37 - é ; g
Major oxides in wt % (from Wood [1981]). FeO; is total Fe expressed as FeO. Trace elements in parts per million (ppm). _B'aR‘bT'hl; N'bT'aL'a C|e s:er p ; slmz'r '_;f ;i le \'(T'W'b —BlaRIleh ; h;b'l"aLlaCleSerld ;S:'nzlr H'f '|l'ile \'(T'm Y'bj
that the Catalina magmas originated in a dilational envi- Table 2 lists geochemical analyses of selected , Figure 3. Geochem‘jca‘l diagrams for Santa Catalina samples. 3A. Rock names of individual samples; boundaries from Le Bas et al.
ronment generated as the Rivera triple junction interacted andesite samples from Santa Catalina. The major oxides, ggi%\ige iﬁod Sg:;zsg’alio(ulrg;alr)’elflfz (1:111;1 (512811(, 8 63)E3(}i;r;d:;3h ’tﬁtﬁ;‘:ﬁ;{fg;‘f f/éf I;I’Ilgcgaid‘;‘;ig{eg’aﬁgﬁﬂiﬁf;fs’gbc‘l’;‘;dgzﬁ
with the North American plate. analyzed by atomic absorption and spectrophotometric Nakamura (1974). 3F. Rare-earth element diagram fz)r low Lu samples. 3G. Spider diagram for high Lu samples; normalizing data from
Thompson et al. (1984). 3H. Spider diagram for low Lu samples.
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methods, are from Wood (1 981). The trace-element
analyses are new and were performed by Instrumental
heutron activation methods. Figures 3a—d, Which includes
data from Vedder et a1, (1979) and Wood (1981), con-
firms that the Santa Catalina volcanic racks are calc-alka-
line and low-K. The single available analysis of the
19.5-Ma hornblende quartz diorite (Vedder e 1. 1979) is
compositionally similar to andesite on Catalina with L;he
exception of higher Na,0 and Jower ons‘ This similarity
strengthens the conclusion by Vedder et al. (1979) that the
pluton and the younger lavas have 3 close genetic rela-
tionship.

Plots of the rare-earth elements (REE) normalized to
chondritic meteoriteg (Fig. 3e-f) are characterized by
slight enrichment of the Iight REE (La/Lu, ~3.4) and
slight negative Eu anomaties (Eu/Eu* ranges from 0.73 to
0.94, where Eu* ig the concentration of Eu calculated by
interpolating between its neighbors on the REE pattern).
These plots reveal 2 subsets of samples, a lower SiO,
group in which La, averages 47 and a higher SiO, group
in which La, averages 35. Patterns on spider diagrams,
also normalized to chondrites, of the 2 groups are similar
and exhibit only small fractionations (Fig. 3g-h); most
samples show a small negative spike for Ti and a few
show a positive spike for Ce. The group of samples with
higher La contents has slightly higher concentrations of
all of these incompatible elements,

Although several analyzed Catalina samples are
classified as basalt (Fig. 3a), none can be considered par-
ticularly primitive. The highest Ni abundance is 102 ppm,
the highest Cr abundance is 162 ppm, and the highest
Mg# is 65.

Crystal fractionation models were calculated using 3
Tepresentative samples that span the compositional range
from basalt to rhyolite, A 2-stage model was used in
which a representative basalt (8i0, = 50.0 wt%) was con-

Table 3. Summary of modelling caleulations for Santa Catalina
samples.

Parent basalt dacite
Daughter dacite rthyolite
% Mineral subtracted
Olivine 6.1 0
Augite 222 0
Plagioclase (% An) 431 (62) 334 (30)
Hornblende 0 94
Magnetite 59 3.1
% Liquid left 22.6 50.0
SOSOR 0.14 0.04

SOSOR = Sum Of Squares Of Residuals (see text).

sidered parental to a representative dacite (Si0, = 63.0
wt%), and then that dacite was considered parental to a
representative rhyolite (SiO, = 71.0 wt%). Mineral analy-
ses used were microprobe analyses of phenocrysts from
Wood (1981). Results of the calculations (Table 3) yield
low sums of squares of residuals (sosor) that indicate a
good fit in both cases. The large amount of plagioclase
suggested for both stages is consistent with its high abun-
dance in rocks of mafic to intermediate composition. The
presence of olivine and aungite in the first stage corre-
sponds to their presence in Catalina basalts; similarly, the
presence of hornblende in the second Stage corresponds
to its common presence in Catalina dacites. These mod-
els, based on major oxides, were then tested using trace
elements. Compositional trends of both compatible ele-
ments such as Ni and Cr and incompatible elements such
as Rb and Zr can be successfully reproduced using the
mineral assemblages of Table 3.

San Clemente Island

San Clemente Island lies about 50 km WNW of San
Diego (Fig. 1). It is the emerged portion of a structural
block bounded on the northeast by the San Clemente fault
that has a vertical displacement of at least 500 m (Junger
1976). Legg et al. (1989) considered this fault to be an
active, right-lateral, strike-slip fault within the broad
Pacific-North American transform plate boundary. The
entire island consists of Miocene volcanic rocks that in
places are interbedded with Miocene sedimentary rocks
or blanketed by Quaternary sedimentary rocks and
unconsolidated sediments (Fig. 4; Smith 1897; Olmsted
1958). Excluding the Quaternary cover, volcanic rocks
Crop out over an area of about 160 km? (Olmsted 1958).
An additional 172 km? of volcanic rocks surround the
island (Vedder et al. 1986). Unlike Santa Catalina, no
older basement rocks crop out on San Clemente, Also,
submarine volcanism predominated on San Clemente
(Vedder and Howell 1976), whereas subaerial volcanic
rocks are found on Santa Catalina.

Much of the following review of the volcanic rocks
is summarized from Olmsted (1958). Andesite flows and
minor pyroclastic units that exceed 600 m in thickness
dominate the bulk of the island, Andesite varies from
dense to highly vesicular with sparse to abundant phe-
nocrysts. Phenocrysts are mostly plagioclase (~An,) with
less abundant augite and hypersthene. Groundmass tex-
tures vary from hyalopilitic to holocrystalline. Dacite
occurs as 2 or more distinct flows that overlie the andesite
and that reach 70 m in thickness. It is characterized by
flow banding and is aphanitic to slightly porphyritic.
Phenocrysts of mostly andesine plagioclase (An, ) and
sparse hypersthene and augite are set in a pilotaxitic
groundmass. Flows and minor tuff of rhyolite composi-
tion up to 45 m thick also overlie the andesite flows; rhy-
olite and dacite are not in contact with each other.
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Figure 4. Generalized geologic map of San Clemente Island modified from Olmsted (1958).
figure 4.

Phenocrysts are predominantly andesine (An, ) and
minor hypersthene, augite, and quartz.

Merifield et al. (1971) described the petrology O.f a
core drilled at Eel- Point, which' is located about mld-f
island on the southwest coast (Fig. 4). About 364 m o

andesite were encountered, which are largely not exposec;
on the island. The andesite is composed of phenochrysts ?<
plagioclase (~35%), augite (_~§%), aqd hyperst er;e <
1%) set in a matrix containing vamablq arrlloup slase
feldspar, pyroxene, and glass. Phenocrystic plagioc
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Table 4. Major-oxide whole-rock analyses of samples from San Clemente Island.

U'n'll Ta Ta Ta Ta Ta Ta Ta Ta
Site LA LA LB LB LC LE LGA LGC
Sample I 6 24 26 31 6l 69 83
Sio, 59.14 57.05 62.62 61.67 62.40 58.75 5172 58.40
TiO, 1.49 1.44 1.10 £.13 1.10 1.12 116 1.18
ALO, 15.86 15.79 15.52 15.02 15.73 15.46 15.90 15.64
FeOy 6.79 6.68 5.70 5.60 5.58 5.85 5.83 6.01
MnO 0.12 0.12 0.10 0.10 0.10 0.11 0.15 0.10
MgO 4.17 3.93 245 2.42 2.50 5.15 4.66 4.28
CaO 6.73 6.87 4.77 4.72 5.07 6.25 7.17 6.37
Na,O 4.55 5.11 4.84 4.66 4.39 4.75 4.13 8.43
K,0 1.28 1.21 1.83 1.87 1.96 1.49 1.26 1.26
P,0; 0.07 0.23 0.19 0.20 0.13 0.21 19.18 0.03
Total 100.20 98.43 99.12 97.39 98.96 98.06 99.12 101.70
U_nil Ta Ta Ta Ta Ta Ta Ta

Site LGC LGC LGC LGD LGE LGG LGG

Sample 85 86 87 96 106 109 112

Si0, 58.09 58.19 58.12 58.52 57.83 61.70 60.81

TiO, 1.17 1.16 1.17 1.17 1.12 1.17 1.15

AL, 16.36 15.82 15.68 15.79 16.27 16.04 15.85

FeO, 5.84 5.91 6.23 5.82 545 5.55 5.10

MnO 0.10 0.11 0.11 0.12 0.09 0.09 0.08

MgO 4.23 4.26 453 4.45 4.53 345 3.57

CaO 6.76 6.66 6.16 6.65 6.71 5.56 5.56

Na,O 435 4.50 4.30 4.86 4.69 4.05 4.02

X,0 1.24 1.24 1.24 1.34 1.35 1.83 1.86

P,0q 0.25 0.21 0.18 0.19 0.18 0.18 0.18

Total 98.39 98.06 97.72 98.91 98.22 99.62 98.18

leit Ta Ta Ta Tr Ta Ta Td

Site LGH LGH LH LK LL LL M

Sample 117 120 139 165 {76 179 182

Si0, 58.80 59.04 60.50 69.83 62.13 61.83 69.26

TiO, 1.08 1.10 1.35 0.59 1.06 1.07 0.58

AlO, 15.39 15.26 15.66 15.37 17.10 16.23 15.12

FeO; 6.13 5.88 6.15 2.34 4.70 4.62 3.66

MnO 0.10 0.10 0.11 0.01 0.06 0.07 0.04

MgO 545 526 3.80 0.61 2.41 2.55 0.78

Cal 6.15 6.07 6.16 2.49 5.73 5.50 2.44

Na,0 4.36 6.29 4.51 4.47 4.59 443 5.00

K,0 1.23 1.30 1.46 2.49 1.86 1.90 248

P,0; 0.03 0.05 0.22 0.99 0.18 0.14 0.12

Total 98.72 100.35 99.98 99.19 99.82 98.34 99.48

Site refers to collecting sites on Figure 4. Major oxides in wt %. FeOy is total Fe expressed as FeO.
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ranges in composition from cores up to An,, to rims down
to An,. Hawkins and Hawkins (1977) reported phe-
nocryst compositions of hypersthene (W En aS,) and
augite (Wo,En Fs ) in San Clemente andesite and
dacite.

Merifield et al. (1971) reported a whole-rock K-Ar
date determined from near the bottom of the Eel Point core
of 16.1 + 0.8 Ma and one from near the top of the core of
15.9 + 0.7 Ma. Turner (1970) reported additional K-Ar ages
on plagioclase separates of 15.4 = 1 Ma from a subaerial
andesite flow and 13.6 + 0.4 Ma from a rhyolite collected
near the top of the volcanic sequence. Thus, volcanism last-
ed about 2.5 m. y. and probably longer if older volcanic
rocks exist below the bottom of the core hole.

Hawkins and Divis (1975) reported initial ¥Sr/*Sr
values of 0.7042 on an andesite and 0.7045 on a rhyolite;
Johnson and O’Neil (1984) reported an initial ¥Sr/**Sr
value of 0.70371 and a value for §"*O of 6.8%o0 on the rhy-
olite sample dated by Turner.

Tables 4 and S list whole-rock major-oxide analyses
of samples from paleomagnetic drill cores (Luyendyk et
al. 1988: sample numbers are keyed to sites shown on
Fig. 4). These samples, largely andesite, are calc-alkaline
and medium-K (Figs. Sa—d). Samples collected from
Olmsted’s (1958) lower andesite unit are all classified as
andesite hased on SiO, abundances, which range from
57.0 to 62.6 wt%. Collecting area LG represents 6 sepa-
rate sites located near a dirt road that extends from near
Black Point west to the coast (Fig. 4). Increasing sample
numbers represent sites positioned higher in the section.
Elevations range from 25 ft above sea level for site LGA
to about 675 ft at site LGH. Samples from 5 of the sites
are virtually indistinguishable (SiO, = 57.7 to 59.0 wt%)
whereas the 2 samples from site LGG (475 ft elevation)
have slightly higher SiO, abundances (60.8 to 61.7 wi%).
The 2 samples from site LL, which is located in
Olmsted’s (1958) porphyritic andesite unit, exhibit no
differences in major oxides compared to samples from
the main andesite unit. The 3 samples collected from the
dacite and rhyolite units are identical to each other with
respect to major oxides.

Trace-element analyses of 4 representative andesite
samples are listed in Table 5. Rare-earth patterns are
straight (Fig. Se) and exhibit slight light REE enrichment
(La/Lu =3.7) and small negative Eu anomalies (Euw/Eu*
= 0.74). Concentrations of Gd may be somewhat elevated
due to analytical difficulties (M. Walawender 1993, pers.
comm.), which would exaggerate these negative Eu anom-
alies. Spider diagrams (Fig. 5f) exhibit negative spikes for
Ti, P, St, and possibly Ba, and a small Ta-Nb trough.

None of the analyzed Clemente samples can be con-
sidered primitive. No basalt or basaltic-andesite have
been reported from the island. The highest Ni abundance
is 50 ppm, the highest Cr, 169 ppm, and the highest Mg#
is 61.

Results of least-squares calculations of fractional
crystallization models show that andesite sample SCL 66

Table 5. Major-oxide and trace-clement whole-rock analyses of samples
from San Clemente Island.

Unit Ta Ta Ta Td
Site LC LGA LH LI
Sample 33 66 137 148
Si0, 63.40 58.50 61.10 69.90
TiO, 1.10 1.20 1.39 0.54
ALO, 15.30 15.20 14.80 14.50
FeOy 5.16 5.56 5.02 3.05
MnO 0.08 0.09 0.10 0.03
MgO 2.24 4.46 3.51 0.48
CaO 4.87 6.64 5.68 2.11
Na,O 4.36 3.89 4.32 5.22
K,0 1.58 .33 1.19 2.24
£,04 0.24 0.18 0.23 0.10
L.OI 1.16 1.39 0.93 1.23
Total 99.49 98.44 98.87 99.40
\Y 120 150 170 ) 34
Cr 34 169 85 1
Ni 12 50 43 7
Co 13 24 22 52
Cu 22 39 35 11
Zn 89 87 93 57
Sc 15.9 21.6 20.3 8.39
Rb 69 56 56 106
Sr 250 250 260 190
Cs 3.0 13 2.1 1.10
Ba 510 320 360 600
Y 15 47 45 37
Zr 250 190 210 330
Nb 14 12 11 16
Sb 0.2 0.2 0.3 . 0.3
Hf 6.7 4.5 54 8.2
Ta 0.5 0.5 0.7 0.7
U L5 1.5 1.4 2.1
Th 4.4 3.8 3.7 6.1
La 24.5 18.7 153 19.2
Ce 42 42 35 41
Nd 26 23 19 20
Sm 6.15 5.64 4.71 4.59
Eu 1.80 1.49 1.68 1.14
Gd 10.1 8.3 6.4 6.1
Tb 1.3 1.2 0.8 09
Dy 8.9 78 6.5 57
Yh 4.58 3.53 3.02 3.18

Major oxides in wi %. FeOy is total Fe expressed as FeO. LOI = Loss
On Ignition. Trace elements in parls per million (ppm). Analytical
methods listed in Weigand and Savage (1993).
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(8i0,=58.50 wt%) can yield dacite sample SCL. 33 (8i0,
= 63.40 wt%) by the subtraction of an assemblage of pla-
gioclase (An,), augite (WO“EI’ISOFSW), hypersthene
(Wo,En_Fs ), and magnetite (Table 6). The same parent
can yield dacite sample SCL 148 (SiO, = 69.90 wt%) by
the subtraction of different proportions of the same min-
erals. The validity of these calculations is strengthened by

the fact that these are the same minerals found as phe-
nocrysts in San Clemente andesite and the proportions are
in the same order (Merifield et al. 1971). In addition, sub-
traction of these assemblages reproduces the variations
exhibited by a variety of trace elements.
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Table 6. Summary of modelling calculations for San Clemente
samples.

Parent andesite andesite
LGA 66 LGA 66

Daughter dacite dacite
LC 33 LI 148

% Mineral subtracted

Olivine 0 0
Augite 7.9 13.5
Hypersthene 58 7.5
Plagioclase 14.0 25.0
Magnetite 1.3 2.8
Imenite 0 0.9
% Liquid left 70.6 50.1
SOSOR 0.08 0.04

SOSOR = Sum Of Squares Of Residuals (see text).

Comparison

Volcanic rocks from Santa Catalina and San Clemente
Islands belong to a group of 12 volcanic centers that were
active in southern California between 17 and 13 Ma. The
analyzed samples from these COSC suites show a prepon-
derance of andesite, are calc-alkaline and have medium or
medium-to-low contents of K. Two representative SiO,-
variation diagrams (Fig. 6) emphasize this relative homo-
geneity (data sources listed in Weigand 1994).
Nevertheless, each area exhibits subtle differences. For
instance, the Santa Catalina samples extend over a greater
SiO, range than the other areas and have somewhat lower

concentrations of TiO, and K,O than those from the other
areas. San Clemente samples have a somewhat higher con-
centration of MgO than those from the other areas. Samples
from El Modeno are characterized by a very restricted range
in SiO,, whereas the Rosarito Beach and San Clemente
suites exhibit a gap in SiO, contents. Some of the Rosarito
samples also have the highest TiO, contents.

There are too few data to make many observations
about trace elements. Rare-earth patterns show a modest
enrichment of the light REE compared to chondrites (La,
ranges from 30 to 54) and compared to the heavy REE
(La/Lu, ranges from 3.1 to 5.3). Slight negative Eu-
anomalies are shown by samples from only 2 areas;
Ew/Eu* averages 0.85 for Santa Catalina andesites and
0.74 for San Clemente samples. San Clemente samples,
the only ones for which reliable Ta and/or Nb data are
available, exhibit a small negative Ta-Nb trough on the
spider diagram.

Discussion

All of the COSC suites belong to the calc-alkaline
magma series. Although only a few samples have a reli-
able data for Nb and/or Ta, those from San Clemente
exhibit small but distinct Nb-Ta troughs on a spider dia-
gram, which is a characteristic of subduction-related
igneous rocks (Thompson et al. 1984). The success of the
fractional crystallization modelling for the Santa Cruz
and Santa Catalina suites, including the ability to repro-
duce trace-element patterns, suggests that fractionation of
a low-temperature mineral assemblage was responsible
for much, if not most, of the chemical variation exhibited
for these rocks. Most of the rocks in COSC suites have
undergone moderate degrees of fractionation, and no
COSC samples have an Mg# > 65, Ni > 110 ppm, or Cr
> 260 ppm, all far lower than values thought to be repre-
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Figure 6. Comparison of Santa Catalina and San Clemente volcanic samples with other COSC suites. @ = Catalina; ® = Clemente;
4 = El Modeno; X = Rosarito Beach; ¢ = Palos Verdes; cross = Laguna Beach.
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sentative of unmodified mantle melts [67, 400 to 500
ppm, and 1,000 ppm, respectively (Wilson 1989)].

Low values of both ¥Se/Sr and §*0, as well as rel-
atively high values of epsilon Nd, in samples from these
suites argue for derivation from a mantle source with lit-
tle or no contribution from, or interaction with, continen-
tal crust—even for the more evolved dacite and rhyolite
samples. Both the calc-alkaline nature of the volcanic
rocks and the presence of a Nb-Ta depletion strongly sug-
gest that these rocks were generated in a subduction set-
ting. However, as outlined below, evidence from
ocean-floor magnetic anomalies indicates that subduction
in this area had ceased for some 3 to 10 my before vol-
canism began. Thus these rocks may represent calc-alka-
line volcanic rocks that originated somewhere other than
in a subduction environment.

The tectonic environment of magma generation
responsible for the widespread volcanism in coastal and
offshore southern California during the middle Miocene
has generated much speculation. From sea-floor magnet-
ic anomalies, Atwater (1989) has shown that subduction
had ceased in this area 3—10 million yr before the main
pulse of middle Miocene volcanism. Some authors have
used paleomagnetic inclination data to suggest that the
Baja-Borderland allochthon of southern California was
transported from the south (e.g. Champion et al. 1986),
raising the possibility that volcanism occurred in a sub-
duction setting south of the Rivera triple junction before
the Baja-Borderland allochthon was translated north-
ward. However, sea-floor magnetic anomalies (Atwater
1989) and other evidence (Butler et al. 1991; Crouch and
Suppe 1993) argue against such large-scale movements.
Thus, plate configurations during the middle Miocene
appear to preclude this widespread volcanic event from
being related to subduction or triple-junction processes.

The tectonic environment in southern California at
the time of Miocene volcanism was dominated by shear
related to the dextral transform between the Pacific and
North American plates. This shear affected a broad zone
of continental crust that was possibly heated and softened
by hot, mantle material that rose into a no-slab region cre-
ated between the Mendocino and Rivera triple junctions
(Henyey 1976). Across a wide area, basins were forming
(Crowell 1974), large crustal blocks were rotating
(Kamerling and Luyendyk 1979), and crust was rifting
(Yeats 1968; Legg 1991; Crouch and Suppe 1993). This
extensional environment provided an opportunity for
decompression melting to develop in the lithospheric
mantle, especially beneath the most highly extended
areas such as the inner borderland.

Because igneous rocks belonging to the calc-alkaline
magma series are currently erupting exclusively in sub-
duction environments, prehistoric cale-alkaline suites are
conventionally thought to require a subduction setting.
However, Robyn (1975) interpreted some Miocene calc-
alkaline volcanic rocks in eastern Oregon to have origi-

nated in an extensional rather than a subduction environ-
ment. Also, other recent studies have documented the
presence of lavas with arc characteristics in non-arc set-
tings (i.e., Lange et al. 1993; Sloman 1989). These stud-
ies suggest that the overlying mantle can stabilize fluids
derived from the downgoing slab, and can subsequently
yield arc-characterized magmas generated by tectonic
events that postdate active subduction.

Lavas on San Clemente and Santa Catalina Islands
specifically, and all related Miocene suites in coastal
southern California in general, are concluded to have
been generated by decompression melting beneath the
Southern California Continental Borderland that was ini-
tiated by widespread extension. The lithospheric mantle
source had attained its geochemical characteristics during
subduction of the Farallon plate between about 220 Ma
and 30 Ma. Later extension, associated with
Pacific/North American shear, triggered short-lived but
widespread volcanism in coastal and offshore southern
California.
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Faulting and Uplift of the Northern Channel Islands, California
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Abstract. The northern Channel Islands are aligned E-W
along the southern margin of the rotated western
Transverse Ranges. Continuing post-Miocene clockwise
rotation of the western Transverse Ranges is related to
oblique left-reverse deformation of the northern Channel
Islands. Strain partitioning is indicated by the presence of
sub-horizontal striations on fault surfaces of both out-
crop-scale and island-scale faults. Uplifted wavecut plat-
forms are present in the footwalls (downthrown blocks)
of the steeply-dipping mapped faults, and must be the
result of thrust motion above sub-horizontal faults. On
eastern Santa Cruz Island, as the upper crust moves
southward relative to the deeper crust, new oblique-slip
faults are progressively forming to the north.

The time that the islands have been emergent can be
calculated from the elevation of the islands, the rock
uplift rate, and the erosion rate. Because the wavecut rock
platforms have yet to be dated, the uplift rate is not

known. Well preserved wavecut platforms in volcanic
rocks suggest that denudation of the highest peaks has
been slow, and that uplift must have been at least a kilo-
meter since important shortening initiated at the end of
early Pliocene time. Large permanent islands have only
been present for ~3 My, or ~2 My if shortening and uplift
rates have increased with time.

Keywords: California; western Transverse Ranges; northern
Channel Islands; rotation; uplift; faulting; striations; marine ter-
races; strain partitioning.

Introduction
The northern Channel Islands lie along the southern

margin of the western Transverse Ranges, south of Santa
Barbara Channel (Fig. 1). The Transverse Ranges are
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Figure 1. Faults and Jocations of the western Transverse Ranges. Geographic abbreviations include: A = Anacapa Island; C = Christi out-
crop; Gav = Gaviota; LA = Los Angeles; PA = Point Arguello; PC = Point Conception; PR = Peninsular Ranges; SB = Santa Barbara;
SCrl = Santa Cruz Island; SMM = Santa Monica Mountains; SMI = San Miguel Island; SRI = Santa Rosa Island; SYM = Santa Ynez
Mountains; the western Transverse Ranges are the region of E-W faulting. Structural abbreviations include: CIFZ = Channel Islands fault
zone of Ogle (1984); DF = Dume fault; HF = Hosgri fault; HoF = Hollywood fault; MCF = Malibu Coast fault; NIF = Newport-
Inglewood fault; RF = Raymond fault; SCFS = San Clemente fault system (along the eastern escarpment of Santa Cruz-Catalina ridge);
SCrIF = Santa Cruz Island fault; SMF = Santa Monica fault; SRIF = Santa Rosa Island fault; SLBF = Santa Lucia Bank fault.
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