16. The 12 experimental plants were arranged into
four blocks of three, with three time periods. The
design controls for variation caused by plant
identity, location within the reserve (block), time of
treatment, and carryover of effects (on visitation)
from previously applied treatments [R. G. Peter-
sen, Design and Analysis of Experiments (Dekker,
New York, 1985)]. | used the Tukey test [J. H. Zar,
Biostatistical Analysis (Prentice Hall, Englewood
Cliffs, NJ, 1984)] to test two pairs of a priori
pairwise predictions. To examine whether pollina-
tors responded to increases in flower number, |
tested the prediction C = B > A for visitation data.
To examine effects on pollination success, | test-
ed C > B = A for data on pollen receipt and
dispersal.

17. The initial 5 days allowed local pollinators to
adjust to the treatment. Residual effects of condi-
tions preceding each treatment were controlled
for by the experimental design as well (76). Pollen
grains and pollen tubes were measured by epi-
fluorescent microscopy (8). For a given treat-
ment, grains and tubes were averaged over all
intact stigmas and styles, respectively. Fluores-
cent dye has been used successfully to mimic
relative pollen movement [S. N. Handel, in Polli-
nation Biology, L. Real, Ed. (Academic Press,
Orlando, FL, 1983), p. 163; N. M. Waser, Funct.
Ecol. 2, 41 (1988)]. Twenty-four hours after dye
application, | collected stigmas of all female-
phase flowers on conspecific plants within 20 m, a
sufficient distance to detect most dye movement
from other flowers pollinated by Lampornis calo-
laema (Y. B. Linhart, W. H. Busby, J. H. Beach, P.
Feinsinger, Evolution 41, 679 (1987)].

18. Pollen dispersal was estimated in two ways: the
median number of dye particles reaching stigmas
of “visited” neighborhood flowers (those receiving
at least one dye particle) and the total number of
dye particles on these stigmas.

19. | could not assess treatment effects on seed
production because many fruits aborted. This was
partly an artifact of limiting pollen receipt to 1 day,
substantially less than a natural exposure of 3 to 4
days.

20. Recently captured male hummingbirds (L. calo-
laema), the sole pollinator for B. triflora (11), were
used in experiments. Details on the training and
handling of birds are given in (8).

21. A simple model (717) suggests that a larger floral
display will improve outcross pollen receipt per
flower only if greater visitation compensates for
the increased dilution of pollen among flowers.
This experiment tested one assumption of the
model: staminate flowers would dilute pollen
loads delivered to target flowers less than would
hermaphrodite flowers.

22. The short male phase, displaced stigma, and
shorter and wider corolla of staminate flowers (8)
could reduce flower contact with pollinators, lim-
iting pollen removal from the pollinator during
visits [C. Murcia, Ecology 71, 1098 (1990)]. Great-
er longevity on plants, despite a shorter male
phase, also extends the period during which a
staminate flower serves only to attract pollinators
(8).

23. In each ftrial, a bird (with a cleaned bill) visited
these six flowers in sequence. Experimental flow-
ers were either both hermaphrodite or both stami-
nate; donor and recipient flowers were hermaph-
rodite. To avoid confusing the pollen source, | used
experimental flowers in which the male phase had
ended. Four trials were run for each treatment with
each of six birds (n = 24 runs per treatment). After
each trial, stigmas of all experimental and recipient
flowers were treated (8) and viewed under epiflu-
oresence to count pollen grains.

24. Because B. triflora exhibits strong inbreeding
depression (R. Podolsky, unpublished data),
plants could also benefit by avoiding increased
within-plant pollination that would result from the
addition of hermaphrodite flowers, which have an
extended period of pollen dispersal (8).

25. L. A. Real and B. J. Rathcke, Ecology 72, 149
(1991); M. Zimmerman and G. H. Pyke, Am. Nat.
131, 723 (1988).

26. E. W. Stiles, Am. Nat. 120, 500 (1982).

27. D. W. Schemske and C. C. Horvitz, Science 225,
519 (1984).

28. Large maternal investment in fruits and seeds
suggests that allocation to attractive tissue is
chiefly paternal, which has prompted the argu-
ment that increased pollinator attraction should
benefit pollen dispersal rather than pollen receipt
(3 4).

29. D. R. Campbell, Am. J. Bot. 76, 730 (1989).

30. | thank R. Simons and M. Guindon for research

REPORTS

assistance. D. Schemske, R. Huey, P. Fein-
singer, M. Groom, and J. Kingsolver edited the
manuscript. Support was provided by the Na-
tional Science Foundation (NSF) (graduate fel-
lowship), the University of Florida (presidential
graduate fellowship), Sigma Xi, the Organization
for Tropical Studies (Jessie Smith Noyes Foun-
dation), and NSF grant BSR-8605043 to P. Fein-
singer.

13 April 1992; accepted 4 August 1992

Middle Tertiary Volcanism During Ridge-Trench
Interactions in Western California

Ronald B. Cole and Asish R. Basu*

Bimodal volcanism in the Santa Maria Province of west-central California occurred when
segments of the East Pacific Rise interacted with a subduction zone along the California
margin during the Early Miocene (about 17 million years ago). Isotopic compositions of
neodymium and strontium as well as trace-element data indicate that these volcanic rocks
were derived from a depleted-mantle (mid-ocean ridge basalt) source. After ridge-trench
interactions, the depleted-mantle reservoir was juxtaposed beneath the continental margin
and was erupted to form basalts. It also assimilated and partially melted local Jurassic-
Cretaceous sedimentary and metasedimentary basement rocks to form rhyolites and

dacites.

The middle Tertiary geologic history of
western California was largely influenced by
tectonic events that occurred when seg-
ments of the East Pacific Rise interacted
with a subduction. zone along western
North America (Fig. 1). This interaction
resulted in the development of the San
Andreas fault system (1). Coeval with the
ridge-trench interactions were episodes of
near-trench volcanism and localized devel-
opment of sedimentary basins (1-3). Ridge-
trench interactions can be important events
in the geological evolution of continental
margins (4—11). They can also invoke geo-
logic responses such as near-trench volca-
nism that are in marked contrast to typical
subduction processes. Isotopic and geo-
chemical compositions of such near-trench
volcanic rocks can provide important infor-
mation on the magmatic and tectonic pro-
cesses that take place when a spreading
ridge encounters a continental margin.
Several studies on volcanic rocks in western
California (12-14) have suggested a possi-
ble relation between mid-ocean ridge mag-
mas and near-trench volcanic activity.
However, these studies either lack a com-
bination of isotopic petrogenetic indicators
(for example, combined Nd and Sr isotopic
data) or do not contain sufficient data to
define a mid-ocean ridge basalt (MORBY)
end-member composition. In this report we
describe Nd and Sr isotopic data that indi-
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cate that early Miocene volcanism in the
Santa Maria Province (SMP) of west-cen-
tral California was a direct result of ridge-
trench interactions.

The SMP is located along onshore and
offshore west-central California. Onshore it
is bound by the Nacimiento and Rinconada
faults to the east and north, the Santa Ynez
fault to the south, and the coastline to the
west (Fig. 2) (15). We studied tuff and basalt
in the Obispo Formation and tuff in the
Lospe Formation, the Tranquillon volcanic
rocks, the Catway basalt, and the Lopez
Mountain basalt (Fig. 2). The SMP volcanic
rocks are bimodal and include basalts and
basaltic andesites with rhyolites and dacites.
Ages of eruption of the SMP volcanic rocks
are mostly between 16 and 18 million years
ago (Ma) (16). Available seismic and well-
log data for the onshore and offshore SMP
reveal that lower Miocene volcanic rocks are
volumetrically significant and thicken into
normal-fault-bounded basins (17). The
short age span and the similar stratigraphic
positions occupied by these volcanic rocks
(18) suggest that they were erupted rapidly
along the continental margin in close asso-
ciation with crustal extension and basin
development.

Immediately before Santa Maria volca-
nism, ~19 Ma, segments of the East Pacific
Rise between the Pioneer and Murray frac-
ture zones intersected the continental mar-
gin (Fig. 1) near the paleolatitude of the
SMP (1, 19). When segments of the East
Pacific Rise intersected North America,
subduction beneath the continental margin
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Fig. 1. Generalized
Early Miocene paleo-
geographic reconstruc-
tions showing position
of the East Pacific Rise
(EPR) with respect to
the North American
plate at (A) ~35 Ma
and (B) 20 Ma; modi-
fied from (1, 19). V-pat-
tern in (B) depicts the
area of Early Miocene
near-trench volcanism,
including the SMP.

Hatched line repre-

sents the estimated position of the subduction zone along western North America. Small arrows
show relative motions between adjacent plates. Present-day coastline of North America is shown for
reference. MFZ, Mendocino fracture zone; PFZ, Pioneer fracture zone; MyFZ, Murray fracture zone;
MTJ, Mendocino triple junction; and RTJ, Rivera triple junction. The right-lateral San Andreas fault
system lies between the MTJ and RTJ and formed when the Pacific and North American plates
came into contact after portions of the intervening Farallon plate were subducted (7).

ceased (20) and a transform boundary
formed between the Pacific and North
American plates that ultimately developed
into the modern San Andreas fault system
(I). Atwater (1), Dickinson and Snyder
(3), and Severinghaus and Atwater (19)
suggest that as segments of the East Pacific
Rise approached the North American
trench, the hot and buoyant young oceanic
lithosphere stalled and possibly equilibrated
with asthenosphere beneath the continen-
tal margin. As a result, new oceanic litho-
sphere was not formed when the ridge
approached the trench and a no-slab region
developed beneath the continental margin
inboard of the ridge segments (I, 3, 19).
The region beneath the continental margin
where ridge segments interact will presum-
ably be filled by suboceanic mantle as the
preexistent oceanic plates continue to di-
verge after entering the subduction zone (I,
4, 6, 19). The accumulation of juvenile,
suboceanic mantle could provide a source of
magma and heat for near-trench volcanic
activity in the forearc.

Our Nd-isotopic, Sr-isotopic, and ma-
jor- and trace-element geochemical data
(Table 1 and Figs. 3 to 5) (21) for the SMP
bimodal volcanic rocks show that the new
mantle material that had accumulated be-
neath the continental margin during ridge
encounter was depleted and had an affinity
to MORB (22). Santa Maria basalts exhibit
€nq(t) values from 8.0 to 9.3 and 87Sr/%Sr
(t) values from 0.702575 to 0.704076 (Fig.
3 and Table 1). The basalts are mildly
enriched in light rare-earth elements
(LREE) with chondrite-normalized La/Ce
ratios of 0.9 to 1.2 and Ce/Yb ratios of 1.8
to 2.6 (Table 1 and Figs. 4 and 5). The
basaltic andesites and rhyolites-dacites ex-
hibit lower €y4(t) and higher 87Sr/%Sr (t)
values than do the basalts (Fig. 3 and Table
1). Basaltic andesites exhibit moderate
LREE enrichment with La/Ce ratios of 1.0
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to 1.4 and Ce/YDb ratios of 2.2 to 3.3, and
the rhyolites-dacites show greater LREE
enrichment with La/Ce ratios of 1.1 to 1.4
and Ce/Yb ratios of 3.7 to 6.9 (Table 1 and
Figs. 4 and 5). The above Nd- and Sr-
isotopic signatures of the SMP basalts
(Fig. 3) can only be attributed to a deplet-
ed mantle source and are analogous to
MORB isotopic signatures from modern
and relatively young oceanic spreading
ridges, including the East Pacific Rise (22,
23). Depleted-mantle reservoirs may have
existed in the subcontinental lithosphere of
western North America, but volcanic rocks
attributable to these sources in the western
United States demonstrate relatively lower
€ng and higher 87Sr/%Sr compositions than
do the SMP basalts (24). This observation
suggests that the subcontinental mantle be-
neath the western United States was more
enriched or contaminated than the source of
the Santa Maria basalts and probably was

Pacific
Ocean N STQ,
—19,10)
-6 Q -SYF;
10 km 120°

Fig. 2. Simplified geologic map of the Santa
Maria Province. Black areas are outcrops of
SMP volcanic rocks, stippled areas are out-
crops of Eocene to Miocene sedimentary rocks,
hatched areas are outcrops of Jurassic-Creta-
ceous Franciscan Complex, and blank areas
are Pliocene and Quaternary deposits. Heavy
lines are major faults. Numbers in parentheses
represent locations of analyzed samples in
Table 1. OB, Obispo Formation volcanic rocks;
LO, Lospe Formation volcanic rocks; TQ, Tran-
quillon volcanic rocks; CB, Catway basalt; LM,
Lopez Mountain basalt; NF, Nacimiento fault;
RF, Rinconada fault; and SYF, Santa Ynez fault.
Modified from (15).

not a source for Santa Maria volcanism.
The formation of the SMP basaltic
andesites and rhyolites-dacites can be at-
tributed to assimilation of low €y and high
87Sr/6Sr crustal rocks by a MORB-like
magma and accompanying fractional crys-
tallization. In e€qy(t)—87St/%Sr (t) space
(Fig. 3), the Santa Maria volcanic rocks lie
along a hyperbolic mixing trend between
MORB and the range of isotopic composi-
tions expected for local basement. The
basement beneath the SMP consists of Ju-
rassic and Cretaceous metagraywackes and

Table 1. Nd-Sr isotopic data and selected petrogenetic parameters for the 17-Ma Santa Maria

Province volcanic rocks.

Sample* 87Rb/86Gr 87Sr/86Grt 147Sm/144Nd 143Nd/44Ndt €nglt) Ce/Ybt

1 1.735 0.708452 0.259 0.512561 -1.63 6.94

2 1.049 0.708301 0.095 0.512501 —2.45 6.14

3 0.404 0.708525 0.125 0.512466 -3.19 4.80

4 8.279 0.710617 0.114 0.512738 +2.14 4.99

5 13.619 0.710729 0.145 0.512727 +1.85 3.83

6 2.938 0.712017 0.119 0.512759 +2.53 5.10

7 2.929 0.705386 0.141 0.512954 +6.29 3.71

8 1.065 0.706884 0.141 0.512783 +2.96 3.33

9 0.534 0.704033 0.144 0.512867 +4.59 2.62

10 0.560 0.704125 0.157 0.512943 +6.04 2.21

11 0.084 0.703659 0.236 0.513053 +8.02 2.00

12 0.082 0.704096 0.163 0.512940 +5.97 2.27

13 0.052 0.702620 0.156 0.513103 +9.16 1.98

14 0.060 0.702590 0.183 0.513114 +9.32 1.88

15 0.059 0.702615 0.172 0.513061 +8.31 1.79

16 0.091 0.703236 0.178 0.513068 +8.44 2.59

17 0.095 0.703059 0.144 0.513083 +8.80 2.21
*Samples 1 to 7 are rhyolites and dacites, 8 to 10 are basaltic andesites, and 11 to 17 are basalts. tMeasured

(present-day) isotopic ratios.
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$Chondrite-normalized concentrations derived from chondritic values in (23).



Fig. 3. Plot of initial ey and initial (87Sr/%6Sr) for
the SMP volcanic rocks of this study (filled
symbols) and for volcanic rocks in the Tecuya
Formation (open symbols) (72). Squares repre-
sent basalts, triangles represent basaltic
andesites, and circles represent rhyolites and
dacites. Notice the hyperbolic mixing relation
between the basalts of the MORB field and the
rhyolites and dacites through the basaltic
andesites. The rhyolites-dacites plot near the
“local basement,” which may be defined on the
basis of available data on Franciscan gray-
wacke and metagraywacke, Great Valley sand-
stones, and the Sierra Nevadan Arc (26). The
Santa Maria basalts fall in the field of MORB,
which includes the East Pacific Rise. The Santa
Maria samples define the end-member compo-

8%
wg O
o -
i basement
Y I N B !
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sitions for mixing between MORB and local crust. The Tecuya volcanic rocks also fall in this mixing
field and were thought to have formed from MORB magmas as a result of ridge-trench collisions
before Santa Maria volcanism 21 to 24 Ma (72). MORB field compiled from various sources (22, 23).

graywackes, Mesozoic Franciscan Complex,
and small, discontinuous pods of Coast
Range ophiolite (25). The sedimentary and
metasedimentary rocks, which are also
found as blocks in the Franciscan Complex,
are petrographically similar to the Great
Valley Group sandstones and have been
interpreted as similar forearc deposits (25).
The overall isotopic composition of the
Great Valley rocks is similar to that of the
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Fig. 4. Chondrite-normalized patterns of rare-
earth elements for the Santa Maria volcanic
rocks. Basalts show a relatively flat trend but
with a slight enrichment of light rare-earth ele-
ments, compared to normal, N-type, depleted
MORB (22). Rhyolites and dacites show
marked fractionation with a negative Eu anom-
aly (27). The basaltic andesites are intermedi-
ate between the basalts and rhyolites. Rock
symbols as in Fig. 3.

Sierra Nevada arc, which shows low €(t)
and high %SrA%Sr (t) values (26). The
SMP dacites and rhyolites exhibit low
€y4(t) and high 87St/SSr (t) ratios, similar
to the values expected for local sedimentary
and metasedimentary basement rocks.
Therefore, these volcanic rocks could have
been produced by assimilation and melting
of this basement by the SMP basalts. Great-
er enrichment of the LREE in the Santa
Maria rhyolites and dacites compared to
that in the basalts and basaltic andesites
(Fig. 4) indicates that the basalts were
contaminated by enriched local basement.
Fractional crystallization, particularly of
plagioclase crystals, may have contributed
in part to the observed patterns of rare-
earth elements in the SMP volcanic rocks
(Fig. 4). The change in Eu anomaly from
slightly positive and slightly negative in the
basalts to a strong negative anomaly in the
rthyolites and dacites is consistent with this
notion (27). However, simple closed-sys-
tem fractional crystallization of the basalts
to form the basaltic andesites and rhyolites-
dacites can be ruled out. This process is
impossible because of the systematic de-
crease in €yy(t) corresponding to the in-
creases in the 87Sr/2%Sr (t) and Ce/YD ratios
(Figs. 3 and 5). These observed systematic
relations among the Nd- and Sr-isotopic
compositions and the trace-elemental pat-
terns of the bimodal suite strongly indicate
that assimilation fractional crystallization
processes were important in the evolution
of these rocks.

The isotopic and trace-element geo-
chemical data for the SMP volcanic rocks
provide strong evidence that a MORB
source of magma was located beneath the
early Miocene western margin of California
when segments of the East Pacific Rise in-
tersected the continental margin. These re-
sults substantiate earlier studies of other
volcanic suites in western California (12-14;
Fig. 3). They also support studies along
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Fig. 5. Plot of e 4(f) and chondrite-normalized
Ce/Yb ratios for Santa Maria volcanic rocks. The
linear relation among the data points suggests
mixing between a MORB source and the local
continental crust by assimilation-fractional crys-
tallization processes. Rock symbols as in Fig. 3.

other ancient continental subduction zones
(4, 5, 8, 10, 11) that suggest that near-
trench volcanism was related to ridge-trench
interactions. The isotopic data indicate that
subcontinental lithosphere was not an im-
portant magmatic source for the SMP ba-
salts. Magmas produced from the subconti-
nental lithosphere would have lower ey,(t)
and higher 87Sr/2%Sr (t) values than the
Santa Maria basalts. No geochemical evi-
dence for the presence of subcontinental
lithospheric mantle beneath western Cali-
fornia during the early Miocene has been
found. This absence suggests that subconti-
nental lithosphere either was never present
beneath the SMP or was stripped away by
buoyant oceanic crust as the East Pacific Rise
approached the North American trench (I,
19). Subsequent juxtaposition of suboceanic
(depleted) mantle beneath the continental
margin provided a source of MORB for
volcanism in the near-trench zone. Magmas
probably rose along steep-dipping trans-ten-
sional faults that were active when the SMP
experienced early Miocene clockwise rota-
tion and crustal extension (28). The data
presented in this report confirm that mid-
ocean ridge and trench interactions provided
a unique tectonomagmatic setting for plate-
margin volcanism in California.
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Contribution of Oceanic Gabbros to Sea-Floor
Spreading Magnetic Anomalies

Eiichi Kikawa* and Kazuhito Ozawa

The contribution of oceanic gabbros, representative rocks for layer 3 of the oceanic crust,
to sea-floor spreading magnetic anomalies has been controversial because of the large
variation in magnetic properties. Ocean Drilling Program (ODP) Leg 118 contains a con-
tinuous 500.7-meter section of oceanic gabbro that allows the relations between magne-
tization and petrologic characteristics, such as the degree of metamorphism and the
magmatic evolution, to be clarified. The data suggest that oceanic gabbros, together with
the effects of metamorphism and of magmatic evolution, account for a significant part of

the marine magnetic anomalies.

The location of the magnetized rocks of
the oceanic crust that are responsible for
sea-floor spreading magnetic anomalies has
been a long-standing problem in geophysics
(1-3). The recognition of these anomalies
was a keystone in the development of the
theory of plate tectonics. Our present con-
cept of oceanic crustal magnetization is
much more complex than the original,
uniformly magnetized model of Vine-Mat-
thews-Morley (1-12). Magnetic inversion
studies indicated that the upper oceanic
extrusive layer (layer 2A, 0.5 km thick) was
the only magnetic layer and that it was not
necessary to postulate any contribution
from the sheeted dike complex (layer 2B,
1.0 km) or from the intrusive layer (layer 3,
4.5 km) (13-15). Direct measurements of
the magnetic properties of the oceanic
rocks from the sea floor, however, have
shown that (i) the magnetization of layer
2A is insufficient to give the required size of
observed magnetic anomalies and (ii) some
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contribution from lower intrusive rocks is
necessary (I-3, 16). The magnetic data of
oceanic intrusive rocks have been equivo-
cal, in part because studies were conducted
on unoriented dredged and ophiolite sam-
ples and on intermittent Deep Sea Drilling
Project (DSDP)/ODP cores (1-3, 6-12). In
this study, we describe the magnetic prop-
erties of lower intrusive rocks, using the
oceanic gabbros recovered during ODP Leg
118 (hole 735B at the Southwest Indian
Ridge). With an extremely high recovery
rate of 87%, Leg 118 gabbros may represent
an excellent type section for layer 3 at this
site (17-19). )

Analysis of the rocks showed that their
measured blocking temperatures were near
580°C; this value implies that the rema-
nence is primarily carried by a low-titanium
magnetite. Many of the natural remanent
magnetizations (NRMs) were, however, al-
tered: NRM inclinations were about equally
divided between normal and reversed polar-
ity, whereas all samples showed a reversed
stable inclination with an average of 66° =
5°, slightly deeper than that expected from
the location of hole 735B (33°S). The
unstable component of normal polarity is
probably drilling-induced remanence, and
the in situ magnetization may be close to
the stable reversed magnetization. The sta-
ble remanence of reversed polarity (estimat-
ed average of 1.6 A/m), probably acquired
during the crystallization of gabbros and




