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ABSTRACT

We present a general model for the structural and stratigraphic evolution of extensional
oceanic arcs, combining published data from modern oceanic arcs with our outcrop data from
a Cretaceous oceanic arc in Baja California. Thirty lithofacies building blocks are assembled
into architectural models for two phases of evolution. Phase | is characterized by intermediate
to silicic explosive and effusive volcanism, culminating in caldera-forming silicic ignimbrite
eruptions. This represents an extensional island arc, with the onset of arc rifting being recorded
in the climactic caldera-forming eruptions. Phase Il is characterized by mafic effusive and
hydroclastic rocks and widespread dike swarms, and it records rifting of the arc. The cycle of
arc extension followed by arc rifting reflects the episodicity of rifting in arc-backarc systems,
which appears to recur on 10-15 m.y. time scales.

INTRODUCTION basin, in contrast, is a fault-bounded or hybri@éffusive and hydroclastic volcanism and injec-
The strain regime in the upper plate of arcbasin (fault-bounded basin hereafter), whiclion of dike swarms. We interpret phase | to rep-

trench systems may be extensional, neutral, aras downthrown into deep water relative to theesent an extensional island arc; the onset of arc

compressional (Dewey, 1980). A strong positivetratovolcano along a fault zone. This fault zongfting being recorded in the climactic caldera-

correlation exists between the duration of subnay have controlled the siting of the stratoforming eruption. Phase Il records rifting of the

duction and the strain regime in the overridingolcano, and the boundary of an 8-km-wide calarc. The phase |-phase Il cycle reflects the

plate (Jarrard, 1989). Modern Earth is stronglgera that formed at its summit (Fig. 2A). 10-15 m.y. episodicity of rifting in arc-backarc

biased toward compressional arcs, because mosiTwo distinct evolutionary phases of the Alisitossystems resulting from progressive migration of

modern subduction zones have been extant foraic terrane are recognized (Figs. 1 and 2). Whe back-arc spreading center away from the

least 65 m.y. (Jarrard, 1986). Therefore, studigsedict that these phases will be recognized tnench (Taylor and Karner, 1983).

of ancient convergent margins are critical taonost modern and ancient oceanic arc terranes.The purpose of this paper is to define a model

understanding of extensional arcs. Phase | is characterized by intermediate to silicior extensional (phase 1) and rift (phase II)
Recent years have seen major advances amnplosive and effusive volcanism, culminatingphases in the structural and stratigraphic evolu-

understanding of the tectonic, volcanic, anih caldera-forming silicic ignimbrite eruptionstion of extensional oceanic arcs (Fig. 2). This

sedimentary character of modern oceanic ar¢gig. 2A). Phase Il is characterized by mafianodel combines our field data with recently

through the use of submersible studies, dredao-

ing, coring, and sonar, magnetic, and seisn

surveys (e.g., Bloomer et al., 1989; Taylor et a

1990, 1991; Nishimura et al., 1992; Taylo

1992; Klaus et al. 1992; Clift et al., 1995). Thes KILOMETERS

studies give a largely two-dimensional view ¢ ¢ 5 10 X USA
oceanic arcs. This paper reports on a detail aan) Mexico
three-dimensional outcrop study of the unus 4%%%7

ally well preserved and well-exposed Cret: EXPLANATION '?ng%w e

ceous Alisitos arc (Fig. 1). The Alisitos arc lies i syke & Dip ~ Folds (wiPlunge) AL 7"

the western wall of the Peninsular Ranges batt  —~ A B _S, - N )

lith (for more on the geologic setting, see refe
ences in Busby et al., 1998). The segme rayis, bal on Paleo-Shoreline
described here contains only very small-dj:downthrownside ., = ____
placement postdepositional faults, and subgrer % - :
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. & Sedimentary Rocks
mary microtextures.
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50 x 30 km segment of the Alisitos arc (Fig. 1 § "~ subaerial | Effusive & Hydro- [ ] Granite
has documented an emergent (subaerial) stre - Granodiorite,
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bounded basin (sensu Smith and Landis, 19¢
where strata accumulated in shallow- to dee.

water environments between constructive Vorigure 1. Generalized geologic map of a 50 x 30 km segment of Cretaceous Alisitos arc, Baja
canic centers (Fig. 2A). The northern marincCalifornia, Mexico.
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published oceanographic data, and uses 30 lithiiens. (4) Welded ignimbrite shows vitroplasticrents of Lowe (1982), respectively. The lami-

facies as its fundamental building blocks. flattening of shards indicative of very highnated tuff turbidites form a continuum with tuffa-
emplacement temperatures, and are presentdeous siltstone and mudstone composed of vitric
OCEANIC ARC LITHOFACIES both marine and subaerial environments. clasts, crystals, volcanic rock fragments, and

The segment of the Alisitos arc described here Remobilized (mass wasting) deposits are conlime mud. These record dilute turbidity current
forms a section ~3000 m thick, with contempomonly polylithic, largely massive, and most comand suspension sedimentation of fine-grained
raneous intrusive rocks (Figs 1 and 2). Becauseonly emplaced cold. Lithofacies include:bioclastic and volcaniclastic detritus.
facies changes in arc terranes are typically tqd) debris-flow deposits (or lahars), which are Subrounded, relatively well-sorted, clast-
rapid to allow establishment of formations ananatrix-supported beds as much as a few tens siipported accumulations of cobbles and pebbles
members, lithofacies mapping and analysis areeters thick, and (2) debris-avalanche depositate interpreted as beach conglomerate deposits.
employed. More detailed petrographic andvhich are tens to hundreds of meters thick arithis lithofacies is limited in extent, due to steep
textural characteristics of these lithofacies areontain blocks up to hundreds of meters in size&olcano flanks, and is texturally immature rela-
available in Fackler-Adams (1997). Lithofacies There are intrusions throughout both the suliive to beach deposits in other tectonic settings,
descriptions proceed from least to most explaerial and marine parts of the arc that ranggue to high sediment supply and rapid burial.
sive volcanism, and from mafic to felsic compofrom microcrystalline to coarsely porphyritic  Biogenic sedimentary rocks in the Alisitos arc
sitions within those categories, followed byand holocrystalline textures. will not necessarily resemble those of other arcs,
lithofacies formed by remobilized eruptive prod- because reef-forming organisms vary with geo-
ucts and by non-volcanic sediments. These 3Gthofacies only in Subaerial Environments logic age and paleolatitude. In the Alisitos arc,
lithofacies were mapped individually on a scale Of the primary volcanic rock types, only pyro-rudists built bioherms in the photic zone, and bio-
of 1:10000 (Fackler-Adams, 1997); here we preslastic surge appears to be restricted to the sublastic turbidites extended into deep water.
sent generalized map units that show the grouperial environment. It produces a moderately to
ing of these lithofacies during the two phases afell-sorted, well-stratified and cross-stratifiedPHASE I: EXTENSIONAL OCEANIC ARC

arc evolution (Fig. 2). deposit. Unlike pyroclastic flows, pyroclastic Figure 2Ais a reconstructed cross section of
surges are too dilute and turbulent to flow beneathart of the Alisitos arc as it was beginning to

Lithofacies in both Subaerial and Marine water and remain gas-fluidized. “unzip,” by analogy with the Izu-Bonin arc-

Environments All the other lithofacies restricted to subaeriabackarc system (e.g., Taylor et al., 1990; Clift

Effusive volcanic lithofacies include coherentenvironments reflect the work of running wateret al., 1995; Arculus et al., 1995). Rift propaga-
lava flows, as well as flow breccias formed byHyperconcentrated flood flows are common irtion in modern arcs takes more than 5 m.y.
autobrecciation; these are basaltic to andesitic iolcanic settings, where sediment supply i§Tamaki et al., 1992; Taylor, 1992). In the Izu-
composition. Fire-fountain agglomerate consistspisodically very high; these are distinguishe@onin arc, rifting and the resultant change in
of accumulations of fluidal basaltic or andesitidrom more dilute fluvial flow deposits by a lack stress regime produce silicic calderas (Gill et al.,
clasts (spatter). Highly viscous silicic lava flowsof cross-stratification and a more massive chaf-992); these provide voluminous dacitic pyro-
are mainly thick, coarse-grained dome brecciaacter (Smith, 1991). Both fluvial and hypercon<¢lastic debris that dominates the stratigraphic

Hydroclastic breccias are massive, clastentrated flood flow lithofacies can be subfecord (Nishimura et al., 1992). Stratigraphic
supported accumulations of glassy cuspativided into gravelly and sandy types. evidence of a caldera-forming eruption on the
blocks produced by quench fragmentation of Paleosol horizons are rarer and less-weditratovolcano occurs across the 50-km-long
lava flows. Hydroclastic tuffs and lapilli tuffs developed than they are in most other tectonimapped segment of the Alisitos arc.
are massive or stratified accumulations thagettings, because subsidence rates in extensionaCaldera collapse on the stratovolcano ponded
have blocky and cuspate shards, and form krcs are high, leading to rapid burial of depositsvelded dacite ignimbrite to a thickness of at least
phreatomagmatic eruptions and quench frag- 3 km (tuff of Aguajito, Fig. 2A). The subaerial
mentation of lava flows. Polymict accumula-Lithofacies only in Marine Environments outflow facies is as thick as 300 m, and densely
tions of altered volcanic rock fragments can Primary volcanic lithofacies include mafic welded even where only a few meters thick. Out-
result from phreatic explosions. pillow lava and pillow breccia, as well as silicicflow ignimbrite traversed a dacite dome complex

Pyroclastic rocks all show evidence of explofire-fountain agglomerate. The latter are enigto the south, and entered the volcano-bounded
sive fragmentation by expansion of magmatimatic because silicic lavas are commonly too visnarine basin (subaqueous tuff of Aguajito,
volatiles. Pyroclastic fallout forms by widespreadtous to produce spatter accumulations. Thdyig. 2A), where it is not welded, but shows evi-
settling of pyroclasts through air or water, an@ppear to be restricted to deep-water sectionsdence of heat retention in some flow units
most commonly consists of well-sorted, wellthe Alisitos arc. The fluidal nature of the lavagFackler-Adams, 1997). In the northern fault-
stratified tuff and lapilli-tuff beds that mantle may result from hydrostatic pressure suppressifmpunded basin, the tuff of Aguajito occurs as
topography. Pyroclastic flows are hot, gasvolatile exsolution (Cas, 1978), or alternativelyplocks, as much as 150 m across, emplaced as
fluidized flows that are more concentrated thamight result from high-temperature fissure eruppart of a debris-avalanche deposit shed into deep
pyroclastic surges (discussed in the followingions (McCurray et al., 1997). water from the faulted basin margin (Fig. 2A).
section). Pyroclastic flows form four types of Pyroclastic deposits showing features typicalhese blocks were hot enough to deform plasti-
poorly sorted, generally massive deposits withf low-and high-density turbidity current depositscally, and to form peperite with the substrate and
ashy matrix. (1) Block-and-ash flows are mafi@re referred to as the tuff turbidite lithofaciesdebris-avalanche matrix. The debris avalanche
to silicic in composition, and have poorly vesicuThese may be eruption fed or may represent reas probably triggered by injection of feeder
lated blocks generated by lava flow-front omobilized pyroclastic detritus, but liquid water,dikes along the fault zone during the caldera-
dome collapse. (2) Scoria-and-ash flows areot gas, forms the interstitial fluid. We subdivideforming eruption (Fig. 2A). Dike injections are
mafic to intermediate in composition, have modthe tuff turbidite lithofacies into coarse-grainecknown to produce the largest sector collapses on
erately vesiculated lapilli, and result from explotuff turbidites, massive tuff turbidites, and lami-Earth (Moore et al., 1994). This might explain
sive eruptions. (3) Ignimbrites are intermediate tnated tuff turbidites. These are analogous to thvehy the debris-avalanche deposit is thicker and
felsic in composition, have highly vesiculatedgravelly high-density turbidites, sandy high-arger than many generated by sector collapse of
clasts (pumice), and result from explosive erupdensity turbidites, and low-density turbidity cur-stratovolcanoes, although it is substantially
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Phase |: Extensional Oceanic Arc Subaerial and Marine Map Units

NW Basaltic lava flows

f—;ggg#eoggg%d . coherent lava flows
flow breccias

Basalt-andesite . Debris Avalanche illow lav:
. NS Aval pillow lava
composite cone Dacite dome Tuff of Aguaijito w/ hot ignimbrite blocks illow b :
‘ reef . Subaqueous complex Subaqueous priowbreced
Tuff of Aguajito fire-fountaining Basaltic volcaniclastic rocks
\ B NN hydroclastic breccias
hydroclastic tuffs & lapilli tuffs
block & ash flow
scoria & ash flow
debris flow deposits
Andesitic lava & associated breccias

coherent lava flows
flow breccias

debris flow deposits
|:| Dacitic lava dome

. Dacitic dome breccia

< Volcano-bounded_, o central Emergent Edifice ——» |«—
marine Basin

Phase Il - Rifted Oceanic Arc

S NW
« Volcano-bounded __, Fault-bounded _, Dacitic - andesitic ignimbrite

«—  Central emergent edifice —————|=+

marine basin . f ; marine basin block & ash flow
.. |Basaltic Basaltic lava flows & Basaltic )
Emergent basalt-dacite| " e alluvial sediments cone Subaqueous scoria & ash flow
Sea composite cone E)O en?ergent ignimbrite
Level a/sa tic ver\lts welded ignimbrite

P —— EI Debris avalanche with hot ignimbrite blocks

Subaerial Map Units

Subaerial volcaniclastic rocks
fire-fountain agglomerate

g block & ash flow

scoria & ash flow

pyroclastic fallout

pyroclastic surge

La Burra granite

San Fernando Los Martirez

quartz diorite granodiorite hyperconcentrated flood flow deposits
_ . fluvial flow deposits
1km Los Martirez debris flow deposits
10 km quartz gabbro paleosols
Marine Map Units
Figure 2. Schematic cross sections of portion of Alisitos arc mapped in Figure 1, depicting Marine volcaniclastic rocks
evolutionary phases of extensional oceanic arcs. A: Phase | during extension of the oceanic fire-fountain agglomerate
arc. B: Phase Il after onset of arc rifting. pyroclastic fallout

tuff turbidites

tuffaceous siltstone & mudstone
beach cobble conglomerate

- . . debris flow deposits

smaller than deposits generated by collapse basalts and emplacement of associated dil bioclastic tu,bi%ites

giant hot spot volcanoes (Siebert et al., 19873warms. The generally sharp contact betwee Dacitic subaqueous fire fountaining deposits
The southern volcano- and northern faultphase | and phase Il strata, and the predominar
bounded marine basins flanking the stratovolbf lavas over fluvial or marine volcaniclastic
cano have contrasting characteristics. (1) Tufbcks indicates that the onset of rift basalt vol Intrusions
turbidites are more common than pyroclasticanism was abrupt and voluminous. As a resu Gabbroic and tonalitic plutonic rocks
flow deposits in the fault-bounded basin than thihe central edifice was transformed from a stratc
volcano-bounded basin. This is because pyreolcano with a summit caldera into a basalt lav
clastic flows mixed more completely with waterplateau fringed by small basaltic cones (Fig. 2B

. Rudist biohermal limestone

Granodioritic to tonalitic plutonic rocks

Diabasic hypabyssal rocks

when they traversed the rugged, fault-controlled The southern volcano-bounded and northel Andesitic hypabyssal rocks
margin of the northern basin. (2) Volcanisnfault-bounded basins differed in two importan Dacitic-rhyolitic hypabyssal rocks &
within the volcano-bounded basin was limited tavays during arc rifting. (1) Volcanism in the granitic plutonic rocks

small-volume nonexplosive eruptions at a centrafolcano-bounded basin was centered at one ve
vent. In contrast, the fault zone at the margin affhich evolved andesitic and dacitic magmas ,
the basin plumbed larger volumes of magma twhereas volcanism in the fault-bounded basiaccur along the margins of the volcano-bounded
the surface, producing silicic pyroclastic calderagias noncentralized, and entirely mafic. This sugsasin throughout most of the 3-km-thick section,
and dacite fire fountain agglomerate. (3) Slumpgests that faulting of the northern basin provideihdicating that sediment-accumulation rates
ing and other mass-wasting events were rare amlltiple unhindered conduits for the ascent ofipproximated subsidence rates. It is not clear if
small-scale in the volcano-bounded basin relativ@afic magma. (2) The first construction of arthe entire Aptian—Albian (~20 m.y.) is repre-
to the fault-bounded basin, where topographgmergent cone within the volcano-bounded bassented. If so, a minimum subsidence rate of
was steeper and seismicity more commoraccurred during phase 2, while vents remainetb0 m/m.y. occurred. If the Alisitos arc had a life
(4) Rudist bioherms and associated bioclastic tusubmerged in the fault-bounded basin. This indspan more typical of modern extensional oceanic
bidites are well developed in the volcano<¢ates that subsidence in the fault-bounded basincs (10-15 m.y.), a subsidence rate of 200—
bounded basin, and absent in the fault-boundeditpaced rapid aggradation of basaltic lavas al80 m/m.y. or greater is required. Our zircon
basin because the steeper, unstable slopes of Wiadcaniclastic rocks during arc rifting. geochronology in progress supports this higher
fault-bounded basin were unfavorable for the rate. In either case, the subsidence rate is typical
development of bioherms. DISCUSSION of rift settings, and is too rapid for nontectonic
Subsidence rates inferred for the Alisitos arcauses of subsidence (e.g., thermal subsidence,
PHASE II: RIFTED OCEANIC ARC agree with those reported for rifts in other tecsediment loading).
Figure 2B is a reconstructed cross section abnic settings (Busby and Ingersoll, 1995). Our regional studies in Baja California indi-
the Alisitos arc segment during eruption of riftPhotic-zone rudist reefs of Aptian—Albian agecate that the Alisitos arc formed under an exten-
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sional strain regime; however, while normaClift, P. D., and ODP Leg 135 Scientific Party, 1995,
faults were pervasive in the forearc region \olcanism e_ind sedimentation in a rifting island-
(Busby et al., 1998), they appear to be restricted gg:cggér?r?g.rﬁ;"ixa}mf Ie;éonb(;ggg%;cgg&??t
to a single fault zone in the 50 x 30 km arc seg-  ated with extension at éonsijming plate margins:
ment we have mapped (Figs. 1 and 2). This is

not surprising, because Taylor (1992) showed 81,p.29-51.

that normal faults in the modern Izu-Bonin ard®€Wey: J- F. 19?0’ IEF'SObd'C'% S‘?q.uens‘ie' and style at
are best developed between major volcanic %?wfrgg ?Trf’eacﬁnm?;ﬁa?gﬁ?t angaﬂgv%?r{éral
centers at which extension is largely accommo-  deposits: Geological Association of Canada Spe-
dated by intrusions, and our study is of a major cial Paper 20, p. 553-573.

center in the Alisitos arc. By analogy with themackler-Adams, B. N., 1997, Volcanic and sedimen-
Izu-Bonin arc, we predict that segments of the tary facies, processes, and tectonics of intra-arc
Alisitos arc that lie between major volcanic
centers will show more pervasive faulting. In
more dismembered ancient arcs, it may be diffi-

Cretaceous oceanic arc of Baja California,
[Ph.D. thesis]: Santa Barbara, University of Cali-
fornia, 248 p.
cult to recognize extension. This is becaus
more pervasively faulted intervolcano segments
cannot be easily distinguished from forearc or
backarc basins, because they lack the hypa-
byssal intrusions and vent-proximal features
that are “Se‘_’ to recognize ancient arcs. Volume 126: College Station, Texas, Ocean
In conclusion, we propose that the two phases  prilling Program, p. 383-404.
of evolution recorded by the Alisitos arc are repdarrard, R. D., 1986, Relations among subduction
resentative of the structural and stratigraphic evo- ~ parameters: Reviews of Geophysics, v. 24,

. : . p. 217-284.
lution of extensional oceanic arcs. Klaus, A., Taylor. B., Moore, G., MacKay, M., Brown,

G. R., Okamura, Y., and Murakami, F., 1992,

Dunlap, C., 1992, Petrology and geochemistry of
Pliocene-Pleistocene volcanic rocks from the Izu
Arc, Leg 126jn Taylor, B, Fujioka, K., Janecek,
T., and Langmuir, C., eds., Proceedings of the
Ocean Dirilling Program, Scientific results, Bonin
Arc-Trench System, Leg 126, Sites 787—793,
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