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REVISION 1
Franciscan geologic history constrained by tectonic/olistostromal high-grade metamafic blocksin
theiconic California M esozoic-Tertiary accretionary complex
W. G. Ernst
Department of Geological & Environmental Sciences
Stanford University; Stanford, CA 94305-2115
ABSTRACT
Subduction generated an Andean arc along the Californian margin beginning at ~175 Ma. Coeval

high-pressure (HP) transformation of oceanic crust in an east-dipping, inboard subduction zone probably
accompanied plate convergence, but recovered eclogite and garnet blueschist blocks chiefly possess
recrystallization ages of ~165-150 Ma. These Jurassic HP metamafic rocks were then sequestered in a
low-temperature environment well into Cretaceous time. Actinolitic rinds partially surround many high-
grade blocks. Slightly younger than the HP metamorphism, the rinds reflect metasomatic exchange
between metabasalt and serpentinized harzburgite along the dynamic oceanic crust-mantle hanging wall
during storage of the mafic rocks at moderate depth. High-grade tectonic blocks later were brought toward
the surface in circulating, low-density mud-matrix mélange and/or in buoyant serpentinite bodies. Most
exotic HP metamafic blocks occur in mélanges of the Franciscan Central Belt, reflecting tectonic insertion
within the subduction zone—not near-surface additions to the clastic section. However, rare, high-grade
clastsin feebly recrystallized Franciscan conglomerates suggest erosion and sedimentary deposition for
some HP blocks. The addition of dense metabasaltic olistoliths to the mid- and Upper Cretaceous section
requires that the HP material was be carried surfaceward first as tectonic fragments perhaps in part
immersed in low-density serpentinite or mud-matrix mélange, then eroded and transported into the trench.
HP rocks are conspicuously lacking in coeval Great Valley strata. Whatever the origin of particular high-
grade rocks, widespread post-depositional shearing has largely obliterated their original natures, but all

dense metamafic blocks of Jurassic recrystallization age must have been supplied to the Cretaceous
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Franciscan accretionary complex by entrainment in alow-density, circulating muddy matrix or
serpentinite diapir. The vast mgjority of exotic HP blocks resides in Central Belt mélanges, and appears to
be tectonic rather than olistostromal in origin.

SIGNIFICANCE OF FRANCISCAN HIGH-GRADE BLOCKS

Pods and lenses of eclogite and garnet blueschist are minor, mineralogically spectacular petrologic
components of the Franciscan Complex. These high-grade blocks with Middle to Late Jurassic ages of
formation are relatively well known (Coleman and Lanphere, 1971; Wakabayashi, 1992; Anczkiewicz et
al., 2004; Wakabayashi and Dumitru, 2007; Ukar et al., 2012). Initially solidified as Farallon or pre-
Farallon oceanic crust distant from the North American margin, the HP rocks recrystallized in arelatively
young (warm) oceanic-continental convergence zone along an unrefrigerated hanging wall, as deduced
from mineral parageneses indicating counterclockwise P-T-time trajectories (Cloos, 1982, 1986;
Wakabayashi, 1990, 1999; Sahaet al., 2005; Page et al., 2007). Most HP tectonic blocks were transformed
at ~10-12 kbar, and ~400-600°C, but some evidently formed at even higher P-T ranges (e.g., Krogh et .,
1994; Tsujimori et a., 2006). These HP rocks then cooled (Carlson and Rosenfeld, 1981) attending
continuing oceanic plate underflow.

In marked contrast to their relatively well-understood petrogenesis, field occurrences of the high-
grade metamafic blocks are problematic, reflecting an obscure geologic context and uncertain origin. As
evident from the exampleillustrated in Figure 1, most of these coarse-grained, penetratively deformed
rocks rest on the Earth’s surface with little or no apparent relationship to the surrounding, distinctly lower
metamorphic grade Franciscan rocks. In many cases, the surrounding rocks consist of serpentinite or more
commonly, mud-matrix mélange, or a mixture of pelitic and serpentinitic matrix materials. How the
metamafic blocks and the spatially associated Franciscan, chiefly metasedimentary section were exhumed
isamatter yet debated (e.g., Ernst, 1971; Platt, 1986, 1993; Ring and Brandon, 2008). Regional geologic
relations are illustrated in Figure 2. Some HP metabasalts exhibit partial or nearly complete rinds of

actinolite = chlorite £ talc that are slightly younger than the high-grade blocks (Moore, 1984; Catlos and
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Sorensen, 2003; Ukar, 2012; Ukar et al., 2012). In rare cases where the Jurassic metamafic blocks are
unambiguously enveloped in surrounding fine-grained mud-matrix or serpentinite bodies, the latter are
substantially younger (i.e., Late Cretaceous). Detailed histories of the HP blocks provide constraints for
the Jurassic-Cretaceous convergent margin evolution of California and development of the accretionary
Franciscan Complex. To frame the high-grade rocks in their geologic context, this work briefly
summarizes recent studies of clastic strata of northern Californiathat formed during a period mainly
typified by oblique-to-orthogonal plate convergence (Ernst, 2011).

FRANCISCAN METAMORPHISM

Traditionally, the Franciscan Complex has been depicted as comprising three major, fault-bounded
lithotectonic units of mainly clastic strata, namely the Eastern, Central, and Coastal belts (Bailey et al.,
1964; Blake et al., 1988; McLaughlin et a., 2000). Although polylithic mélanges and broken formations
occur in each belt, they are most abundant in the mud-dominant Central Belt. Strata of all three
accretionary belts were deposited on oceanic crust as it approached the continent (Ernst, 2011). The
Eastern and Coastal belts have long been recognized as imbricate collages consisting dominantly of
sedimentary packages juxtaposed along gently east-rooting thrust faults (e.g., Blake et a., 1988; Ernst,
1993; McLaughlin et a., 2000). Generally, bedding is right-side-up with tops facing east; successive
packets were successively accreted and young seaward. Although the Central Belt consists chiefly of
muddy mélanges, it too represents an imbricate stack of largely sedimentary lithologies and is not simply
a chaotically mixed but homogeneous unit (e.g., Gucwa, 1975; Prohoroff et a., 2012; Wakabayashi, 2012;
Raymond, 2013; Bero, 2013).

Franciscan Eastern and Central belt sandstone units display pervasive effects of HP transformation,
widely documented in metagraywacke sequences of northern California (Cloos, 1982, 1986; Blake et al.,
1988; Jayko and Blake, 1989; Wakabayashi and Dumitru, 2007). In contrast, clastic units of the Coastal
Belt exhibit weak, low-T, low-P recrystallization (Bachman, 1978; Underwood et a., 1987; Blake et al.,

1988; Dumitru, 1989; Tagami and Dumitru, 1996). Figur e 3 presents generalized pressure-temperature
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conditions of recrystallization for rocks of the Franciscan Complex, including the exotic metabasalts
(Coleman and Lanphere, 1971; Tsujimori et a., 2006).

The high-grade metamafic blocks are medium- to coarse-grained and contain mineral assemblages
formed under more intense P-T conditions than the surrounding (in situ) blueschist facies and lower
metamorphic grade Franciscan metasedimentary rocks. The low-grade glaucophane schists and related
rocks in the surrounding units are typically fine-grained and exhibit relict igneous and sedimentary
textures. The high-grade metamafic blocks (~400-600°C, ~10-12 kbar or more), and metasedimentary +
meta-igneous rocks of the Franciscan Eastern and Central belts (~250°C, 5-8 kbar) lie along high-P, low-T
prograde trajectories typical of Phanerozoic subduction-zones worldwide, whereas Coastal Belt rocks
appear to show only the effects of diagenesis common in strata subjected to low-T, low-P burial (Ernst
and McLaughlin, 2012).

JURASSIC CRUSTAL GROWTH

The late Paleozoic-early Mesozoic plate-tectonic evolution of northern Californiainvolved chiefly
margin-parallel dlip, and the episodic stranding of far-traveled ophiolite complexes + superjacent chert-
argillite units (Saleeby, 1982, 1983; Dickinson, 2008). Scattered igneous rocks typified the Late Triassic
sialic margin, but a massive Andean arc began forming #a at the site of the Sierra Nevada Range and
Klamath Mountains by ~175 Ma attending transpressive eastward underflow of the oceanic lithosphere
(Dunneet a., 1998; Irwin, 2003; Dickinson, 2008). This arc shed clastic detritus into the ophiolitic realm
of the Klamath Mountains and Sierra Nevada Foothills (Miller and Saleeby, 1995). The Klamath chert-
argillite-rich North Fork and Eastern Hayfork ophiolitic terranes were sutured at ~175-165 Ma (Scherer
and Ernst, 2008), whereasthe proximal Mariposa and Galice volcanogenic stratain the Sierran Foothills
and Klamaths respectively began accumulating by ~165-160 Ma (Snow and Ernst, 2008; Ernst et a.,
2009a).

During initia construction of the volcanic-plutonic arc, recrystallization of the descending Farallon

(or earlier) oceanic crust likely produced high-pressure metamafic lithologies, but except for scraps of the
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~174 MaRed Ant blueschists (Hacker, 1994) exposed in the northern Sierran Foothills, such HP
metamorphic rocks have remained hidden. The oldest recovered eclogites and garnet blueschistsin the
Franciscan formed at ~165-150 Ma attending continuing transpressive underflow that generated the
Jurassic Klamath-Sierran arc as well as the derivative Mariposa-Galice sedimentary aprons. HP
metabasaltic blocks are absent from these Upper Jurassic proximal clastic units. The Jurassic high-grade
metamafic blocks in the Franciscan Complex have been only feebly overprinted by lower grade

assembl ages, so apparently were subsequently stored at depth under relatively low-T conditions. They
returned surfaceward mainly during Late Cretaceous time.

Some Franciscan high-grade metamafic rocks possess bulk-rock chemical affinities with mid-
ocean-ridge basalts whereas others appear to be of alkalic or island-arc geochemistry (MacPherson et al.,
1990; Sahaet a., 2005; Wakabayashi et al., 2010; Ghatak et al., 2012). However, such exotic blocks are
variably metasomatized, so petrotectonic conclusions based chiefly on bulk-rock compositions seem
problematic. What is clear isthat the Late Jurassic-Tertiary accretionary sectionsin northern California
exhibit westward vergence, and an outboard progression in terrane younging. Such structural relationships
are compatible with eastward subduction as sketched in Figures 4, 5 and 6.

CRETACEOUSTERTIARY CRUSTAL GROWTH

At the end of Jurassic time, the Klamath Mountains terrane amalgam apparently was deformed and
displaced ~100-200 km westward along the Oak Flat-Sulphur Spring sinistral fault zone (see Fig. 2)
relative to the curvilinear Sierran arc (Ernst, 2012). This process gradually separated the stack of Klamath
allochthons from the still active magmagenic zone beneath the Sierra Nevada vol canic-plutonic belt. Over
two intervals, prior to 140 Ma (pre-slip) and after 136 Ma (post-slip), Figur e 4 shows the effect of the
postulated underflow of an oceanic plate regionally divided split into slab segments on the Klamath crustal
salient. A thin, warm slab of oceanic lithosphere is thought to have passed beneath the Klamaths largely
decoupled from the overlying stack of gently east-dipping crustal allochthons. In contrast, thicker, older

oceanic plate segments on both north and south apparently were strongly coupled to the continental
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margin, resulting in contraction and rotation of the accreted collages into relatively steeply inclined post-
136 Ma sections (Fig. 4a). The original Sierra Nevada-Klamath-Blue Mountains arc is palinspastically
restored to its pre-140 Ma configuration prior to the conjectured slip (Fig. 4b), with 20° clockwise rotation
of the arc reversed; no attempt has been made to undo the accumulated strain caused by frictional drag
during the dlip that produced the westward arcuate bulge of the Klamath salient has not been removed.

In this scenario, the convergent plate junction in northern California apparently stepped seaward at
~140-136 Ma, trapping oceanic crust south of the Klamath Mountains as the Coast Range Ophiolite
(CRO). Detritus from the dismembered igneous arc then began to accumulate on the basaltic crust flooring
the Great Valley depositional basin. Clastic sediments carried past the forearc came to rest on the
descending, outboard Farallon oceanic plate as the coeval Franciscan trench fill. Relatively intact forearc
strata of the Great Valley Group (GVG) deposited on the nonsubducted North American plate to the east
were largely protected from surface and subcrustal erosion. Although clastic deposition of Franciscan and
GVG stratawas initiated at ~140 Ma, massive arc erosion, sedimentation and accretion occurred during
the ~125-80 Maflare-up of the Sierran arc (Surpless et al., 2006: Snow et a., 2010; Dumitru et al., 2010).
The youngest Sierran granites are ~80 Ma, reflecting Late Cretaceous extinction of the magmagenic zone
beneath northern California, due to subhorizontal lithospheric plate underflow (Coney and Reynolds,
1977; Bird, 1988; Jacobson et al., 2011), but the high-standing, extinct igneous arc continued to supply
quartzofeldspathic erosional debris to the forearc and trench well into Tertiary time (Dumitru et al., 2013).

Petrofacies analyses of graywacke-shale units and rare conglomerates of the Central and Eastern
belts indicate derivation chiefly from the Andean arc in northern California (Dickinson et al., 1982;
Seiders, 1983), similar to clastic strata of the inboard GV G (DeGraaff-Surpless et a., 2002). Terranes of
the Coastal Belt contain clasts from the Klamath-Sierran arc as well as debris sourced from the Pacific
Northwest (Dumitru et al., 2013). Minor occurrences of Franciscan clastic rocks include Eastern Belt
metagraywackes as old as ~140 Ma (Wakabayashi and Dumitru, 2007; Snow et al., 2010). However, most

Eastern Belt metagraywackes were deposited during the mid- and Late Cretaceous (Ernst et al., 2009b;
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Dumitru et al., 2010). Sited in progressively more seaward positions, the Central and Coastal belts, for
which detrital zircon U-Pb age data are now available, have Late Cretaceous (90-60 Ma) and Tertiary (65-
25 Ma) maximum ages of deposition respectively (Dumitru et al., 2013). Zircons providing these age
constraints were all separated from coherent Coastal Belt and broken formation Central Belt
metasandstones. Detrital zircon spectra only yield maximum ages of sandstone sedimentation; furthermore,
| assume that the analyzed rocks were deposited contemporaneously with the enclosing muddy matrix.
CONSTRAINTSFOR FRANCISCAN HIGH-GRADE METAMAFIC BLOCKS

Subduction of the oceanic lithospheric generated high-grade metabasaltic eclogites and garnet
blueschists at depths of ~40-45 km or more attending construction of the Jurassic Andean arc. Actinolitic
rinds and intimate association with serpentinized harzburgites rather than with xenoliths of deep-seated
continental crust indicate that the HP metamafic section remained along the contact between the Farallon
plate and the North American, partially hydrated mantle wedge (Shervais et a., 2011). Incompletely
altered to lower-grade assembl ages, the exotic metamafic rocks evidently rose—possibly transported in
buoyant serpentinite—and were stationed at moderate depth (~20 km) during Early Cretaceous time,
where retrogression would have been impeded by relatively low-temperature, subduction-induced
refrigeration (Carlson and Rosenfeld, 1981).

Franciscan HP metamafic blocks returned surfaceward chiefly in the Late Cretaceous, judging by
detrital zircon U-Pb ages of coherent Eastern and Central mélange belt metasandstones (Ernst et al., 2009b,
Snow et al., 2010; Dumitru et a., 2010, 2013). At depth along the plate junction, major zones of fine-
grained clastic units cir culated within what became a dynamic progressive sequence of subduction
channelstypified by pervasive shearing and chaotic mixing. Over time, traction against the more coherent
hanging-wall channel evidently spalled off high-grade metamafic fragments and entrained them as
tectonic inclusionsin the muddy matrix (e.g., Cloos, 1982, 1986; Cloos and Shreve, 1988; Blake et al.,
1988). This processinvolved traction of low-density flow mélange zones against the overlying hanging-

wall plate, inducing shearing and tectonic insertion of high-grade blocks previously stored at modest
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mantle depth. Before the onset of rapid subduction and return flow of large volumes of Central Belt mud-
matrix mélange, plate-margin shearing and frictional forces apparently were insufficient to cause the
widespread calving off and injection of dense HP metamafic blocks into the subduction zone.

Several coherent thrust sheets composed of high-grade metamafic rocks also were emplaced in the
Franciscan section (Ernst et al., 1970; Wakabayashi and Dumitru, 2007; Wakabayashi et al., 2010). Such
HP slabs are petrologically and geochemically similar to isolated blocks of eclogite and garnet blueschist,
but these thrust sheets were tectonically transported into the weakly recrystallized clastic section well after
HP metamorphism, and are not olistolithic.

Serpentinite diapirs carrying HP tectonic blocks also likely rose into the forearc, where later
erosion could have conveyed both metamafic and associated ultramafic debris as conglomerates and
olistostromal slide blocks into the Franciscan trench section (Cowan, 1978; Moore and Liou, 1980;
Erickson, 2011; Wakabayashi et al., 2010; Wakabayashi, 2011; Prohoroff, 2012). Sedimentary
serpentinites are present in both the GV G and the Franciscan Complex, supporting the operation of this
process (L ockwood, 1972; Phipps, 1984; Wakabayashi, 2012).

Eclogites and garnet blueschists are dense, so it seems likely that their ascent took place mainly as
tectonic fragments immersed in low-density, buoyant lithologies. Schematic relationships are depicted
both before (Fig. 5a, b) and well after (Fig. 6a, b) outboard displacement of the Klamath salient relative
to the Sierran volcanic-plutonic arc. Apparently some Jurassic high-grade metamafic blocks were
introduced into the Cretaceous subduction-zone metasedimentary section by prior ascent of HP block-
bearing serpentinite diapirs into the forearc at the surface, followed by erosion and transportation into the
trench depositional basin. In marked contrast, other HP blocks evidently were emplaced by tectonic
injection of oceanic crustal material stored along the mantle wedge into circulating muddy mélange at
depth within the subduction zone. In both cases, these eclogites and garnet blueschists attest to a stage of

profound underflow, now recovered. Moreover, even olistostromal introduction of high-grade
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metabasaltic rocks into the Franciscan clastic section requires an earlier stage of exhumation, probably as
tectonic blocks carried upward in low-density diapirs.

Reflecting pervasive convergent margin shearing of the Franciscan Complex, post-high-grade, but
relatively high-pressure deformation of original olistostromal and/or tectonic units has obscured contact
relationships between the weak transporting medium and the HP metamafic blocks. Clearly, the Jurassic,
dense, high-grade metabasaltic rocks present in the Cretaceous accretionary prism were carried toward the
surface by frictional forces accompanying buoyancy-driven entrainment in alow-density, incompetent
material. Only two such carrier lithologies typify the Franciscan Complex—serpentinite and mud-matrix
mélange.

DISCUSSION

Mafic eclogites and garnet blueschists formed during initial eastward subduction/construction
stages of the Klamath-Sierran arc, and are now exclusively associated with serpentinite diapirs and/or
younger Franciscan metasedimentary units. Upper Jurassic volcanogenic detritus shed from the volcanic-
plutonic arc accumulated as the Mariposa-Galice strata; these overlap units totally lack exotic high-
pressure metamafic blocks. Actinolitic rinds formed around some Franciscan HP metamafic blocks shortly
after the high-grade subduction-zone metamorphism as a reaction between metabasalt and harzburgitic
serpentinite. These HP rocks were then stored during the end of Jurassic through Early Cretaceous time
along the Farallon- (or pre-Farallon)-North American plate junction at moderate depthsin alow-
temperature serpentinized mantle environment.

Although uncommon, eclogites and garnet blueschists are widespread in Franciscan clastic units,
especially in the Upper Cretaceous Central Belt mélanges. Olistostromal supply to the trench involved
gravity feed of high-grade metamafic blocks that once resided on or near the Earth’s surface. Thisin turn
required upward transport from mantle storage sites—likely by serpentinite diapirs (Moore, 1984). Some
such blocks occur in sedimentary serpentinite mélanges (Wakabayashi et al., 2010; Wakabayashi, 2011,

Erickson, 2011). Rare eclogite and garnet blueschist pebbles in Franciscan metaclastic strata require the
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225  near-surface presence and erosion of at |east these high-grade rocks (Wakabayashi, 2012). Y et, landward
226 GVGstrataarevirtualy devoid of HP clasts. Recognizing the widespread occurrences and near

227  confinement of exotic HP metamafic blocks to mud-rich units of the Central Belt (Bailey et al., 1964;

228  Coleman and Lanphere, 1972; Cloos, 1982, 1986; Blake et al., 1988), it seemslikely that almost all

229  represent tectonic calving off within the subduction zone (somewhat similar to the thrust origin of

230  coherent high-grade metamafic slabs), rather than representing near-surface additions to the Franciscan
231  section.

232 SUMMARY

233 Along the mid-Mesozoic Californian margin, onset of igneous arc construction by ~175 Marequired
234 animportant component of subduction attending transpressive eastward consumption of the Farallon plate
235  beneath the North American lithosphere. Such Jurassic underflow also would have generated coeval high-
236  grade metamorphism in the downgoing oceanic crust, but except for afew scraps of Red Ant blueschist
237  exposed in the northern Sierran Foothills, no HP materials of this recrystallization age were brought back to
238  the surface during the Jurassic. By ~165-150 Ma, eclogites and garnet blueschists were produced and

239  preserved, but they occur mainly as exotic blocks in the Franciscan Complex of largely mid- and Late

240  Cretaceous sedimentation and accretion age. This was also the time of deposition of much of the coeval
241  Great Valey Group (DeGraaff-Surpless et a., 2002). Both GV G and Franciscan strata consist of clastic
242  debrisderived from the growing volcanic-plutonic arc.

243 These relationships support a geological history for northern Californiain which the HP metamafic
244 blocks attest to Jurassic subduction followed by a poorly understood post-165-150 Ma ascent, perhaps
245  transported asinclusionsin serpentinite (?). These high-grade metabasaltic blocks were stored at modest
246  depthsat the end of Jurassic through Early Cretaceous time. The postulated seaward step-out of the

247  oblique-to-orthogonal convergent plate junction at ~140 Ma may have signaled the arrival of a segmented
248  part of the Farallon plate passing beneath the Klamath volcanic-plutonic arc. Relatively thin, warm plate

249  underflow could have been responsible for the apparent westward extrusion of the gently east-rooting

10
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Klamath Mountains allochthons, whereas the impingence of thicker, colder plate segments on both north
and south would have caused arelative landward displacement of the Blue Mountains and Sierra Nevada
Range respectively. In California, the step-out provided a commodious ensimatic basin of deposition for
the Great Valley Group, and for the Franciscan trench assemblage seaward of the plate junction. Both
GV G and Franciscan clastic strata have depositional ages distinctly younger than the recrystallization ages
of the high-grade metamafic rocks.

These |atter are chiefly metabasaltic tectonic blocks plucked from the mantle hanging wall at depth
within the subduction zone by circulating mud-matrix zones of the Central Belt. Widespread Cretaceous
and Cenozoic plate-margin deformation occurred after delivery of HP blocks to Franciscan metaclastic
units; thus only in favorable cases can aready distinction be made between atectonic and an olistostromal
origin for individual blocks. In any case, these high-grade metamafic rocks were supplied later to the less
intensely recrystallized sedimentary units of the Franciscan Complex. At some stage, all such exotic HP
fragments were carried surfaceward by buoyancy-driven entrainment in alow-density lithology.

ACKNOWLEDGMENTS

Stanford University supports my studies of Californian geology. The National Science Foundation
provided aid through grant NSF EAR 0948676/Marty Grove. Many workers carried out detrital zircon U-
Pb age determinations on which this study in based, chiefly employing the SHRIMP-RG at the Stanford-
USGS Micro-Analysis Center and the LA-ICPMS at the University of Arizona LaserChron Center. Mark
Cloos, John Wakabayashi, and J. G. Liou provided helpful comments on an early draft paper. Loren A.
Raymond and M. Clark Blake, Jr. provided helpful journal reviews.

REFERENCESCITED
Anczkiewicz, B., Platt, J. P., Thirlwall, M. F., and Wakabayashi, J., 2004, Franciscan subduction off to a
slow start: evidence from high-precision Lu-Hf garnet ages on high grade-blocks: Earth and Planetary

Science Letters, v. 225, 147-161.

11

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4850 6/25

Bachman, S. B., 1978, Cretaceous and early Tertiary subduction complex, Mendocino Coast, northern

California: p. 419-430 in Howell, D. G., and McDougall, K. A., eds. M esozoic Paleogeography of the

Western United States: Pacific Section, Society of Economic Paleontologists and Mineralogists,
Pacific Coast Paleogeographic symposium no. 2.
Bailey, E. H., Irwin, W. P., and Jones, D. L., 1964, Franciscan and related rocks and their significance in
the geology of western California: California Division of Mines and Geology, Bulletin 183, 177p.
Bero, D., 2013, Geology of Ring Mountain and Tiburon Peninsula, Marin County, California: Geological
Society of America Abstracts with Programs, v. 45, p. 69-70.

Bird, P., 1988, Formation of the Rocky Mountains, western United States: A continuum computer model:
Science, v. 239, p. 1501-1507.

Blake, M. C., J., Jayko, A. S., and McLaughlin, R. J., 1988, Metamorphic and tectonic evolution of the

Franciscan Complex, northern California: p. 1035-1060 in Ernst, W. G., ed., Metamorphism and

Crustal Evolution of the Western United States: Prentice-Hall, Englewood Cliffs, New Jersey.

Catlos, E. J., and Sorensen, S. S. 2003. Phengite-based chronology of K- and Ba-rich fluid flow in two
pal eosubduction zones. Science, v. 299, p. 92-95.
Carlson, W. D., 1983, The polymorphs of CaCOj3 and the aragonite-calcite transformation: p. 191-225in

Reeder, R. J.,, ed., Carbonates: Mineralogy and Chemistry: Reviewsin Mineralogy, v. 11.

Carlson, W. D., and Rosenfeld, J. L., 1981, Optical determination of topotactic aragonite-calcite growth
kinetics: Metamorphic implications: Journal of Geology, v. 89, p.615-630.

Cloos, M., 1982, Flow melanges: numerical modeling and geologic constraints on their origin in the
Franciscan subduction complex, California: Geological Society of AmericaBulletin, v. 93, p. 330-344.

Cloos, M., 1986, Blueschists in the Franciscan Complex of California: Petrotectonic constraints on uplift
mechanisms. Geological Society of America Memoir 164, p. 77-93.

Cloos, M., and Shreve, R. L., 1988, Subduction-channel model of prism accretion, mélange formation,

sediment subduction, and subduction erosion at convergent plate margins. 1. Background and

12

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4850 6/25

description: pure and applied Geophysics, v. 128, p. 455-500.

Coleman, R. G., and Lanphere, M. A., 1971, Distribution and age of high-grade blueschists, eclogites, and
amphibolites from Oregon and California: Geological Society of AmericaBulletin, v. 82, p. 2397-
2412.

Coney, P. J., and Reynolds, S., 1977, Cordilleran Benioff zones. Nature, v. 270, p. 403-406.

Cowan, D. S., 1978, Origin of blueschist-bearing chaotic rocks in the Franciscan Complex, San Simeon,
Cdlifornia: Geological Society of AmericaBulletin, v. 89, p. 1415-1423.

DeGraaff-Surpless, K., Graham, S. A., Wooden, J. L., and McWilliams, M. O., 2002, Detrital zircon
provenance analysis of the Great Valley Group, California: Evolution of an arc-forearc system:
Geological Society of AmericaBulletin, v. 114, p. 1564-1580.

Dickinson, W. R., 2008, Accretionary Mesozoic-Cenozoic expansion of the Cordilleran continental
margin in California and adjacent Oregon: Geosphere, p. 329-353.

Dickinson, W. R., Ingersoll, R. V., Cowan, D. S., Helmold, K. P., and Suczek, C. A., 1982, Provenance of
Franciscan graywackes in coastal California: Geological Society of America, Bulletin, v. 93, p. 95-
107.

Dickinson, W. R., Ducea, M., Rosenberg, L. I., Greene, H. G., Graham, S. A., Clark, J. C., Weber, G. E,,
Kidder, S, Ernst, W. G., and Brabb, E. E., 2005, Net dextral slip, Neogene San Gregorio-Hosgri fault
zone, coastal California: Geologic evidence and tectonic implications: Geological Society of America
Specia Paper 391, 43p.

Dumitru, T. A., 1989, Constraints on uplift in the Franciscan subduction complex from apatite fission
track analysis: Tectonics, v. 8, p. 197-220.

Dumitru, T. A., Wright, J. E., Wakabayashi, J., and Wooden, J. L., 2010, Early Cretaceous (ca. 123 Ma)
transition from nonaccretionary behavior to strongly accretionary behavior within the Franciscan
subduction complex: Tectonics, v. 29, TC5001, doi: 10.1029/2009T C002542, 2010.

Dumitru, T. A., Ernst, W. G., Wright, J. E., Wooden, J. L., Wells, R. E., Farmer, L. P., Kent, A. J. R, and

13

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4850 6/25

Graham, S. A., 2013, Eocene extension in Idaho generated massive sediment floods into Franciscan
trench and into Tyee, Great Valley, and Green River basins: Geology, v. 41, p. 187-190.

Dunne, G. C., Garvey, T. P., Osborne, M., Schneidereit, D., Fritsche, A. E., and Walker, J. D., 1998,
Geology of the Inyo Mountains Volcanic Complex: implications for Jurassic paleogeography of the
Sierran magmatic arc in eastern California: Geological Society of America Bulletin, v. 110, p. 1376-
1397.

Erickson, R., 2011, Petrology of a Franciscan olistostrome with a massive sandstone matrix: The King
Ridge Road mélange at Cazadero, California: in Wakabayashi, J., and Dilek, Y., eds., Méanges:
Processes of Formation and Societal Significance: Geological Society of America Special Paper 480, p.
171-188.

Ernst, W. G., 1971, Tectonic contact between the Franciscan melange and the Great Valley sequence,
crustal expression of a Late Mesozoic Benioff zone: Journal of Geophysical Research, v.75, p. 886-
901.

Ernst, W.G., 1993, Metamorphism of Franciscan tectonostratigraphic assemblage, Pacheco Pass area, east-
central Diablo Range, California Coast Ranges. Geological Society of AmericaBulletin, v. 105, p. 618-
636.

Ernst, W. G, 2011, Accretion of the Franciscan Complex attending Jura-Cretaceous geotectonic
development of northern and central California; Geological Society of AmericaBulletin, v. 123, p.
1667-1678.

Ernst, W. G., 2012, Earliest Cretaceous Pacificward offset of the Klamath Mountains salient, NW
California-SW Oregon: Lithosphere, v. 5., p. 151-159.

Ernst, W. G., and McLaughlin, 2012, R. J., Mineral parageneses, regional architecture, and tectonic
evolution of Franciscan metagraywackes, Cape Mendocino-Garberville-Covelo 30' x 60" quadrangles,

northwest California: Tectonics, v. 31, TC1001, doi: 10.1029/2011TC002987, 29p.

14

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4850 6/25

348  Ernst, W. G., Seki, Y., Onuki, H., and Gilbert, M. C., 1970, Comparative Study of L ow-grade Metamorphism
349 in the California Coast Ranges and the Outer Metamorphic Belt of Japan: Geological Society of America
350 Memoir 124, 276 p.

351 Ernst, W. G., Saleeby, J. B., and Snow, C. A., 2009a, Guadal upe pluton-Mariposa Formation age

352 relationships in the southern Sierran Foothills: Onset of Mesozoic subduction in northern California?
353 Journal of Geophysical Research, v. 114, B11204, doi:10.1029/2009JB006607, 13p.

354  Ernst, W. G., Martens, U., and Vaencia, 2009b, U-Pb ages of detrital zircons in Pacheco Pass

355 metagraywackes: Sierran-Klamath source of mid- and L ate Cretaceous Franciscan deposition and

356 underplating: Tectonics, v. 28, TC6011, doi:10.1029/2008TC002352, 20p.

357  Frey, M., de Capitani, C., and Liou, J. G., 1991, A new petrogenetic grid for low-grade metabasalts. Journal
358 of Metamorphic Geology, v. 9, p. 497-500.

359  Ghatak, A., Basu, A.R., and Wakabayashi, J., 2012, Elemental “Elemental Mobility in Subduction

360 M etamorphism: Insight from metamorphic rocks of the Franciscan Complex and the Feather River

361 ultramafic belt, California: International Geology Review, v. 54, p. 654-685.

362  Gucwa, P.R., 1975, Mid to late Cretaceous sedimentary mélange, Franciscan Complex, northern

363 California: Geology, v. 3, p. 105-108.

364 Hacker, B. R., 1994, Evolution of the northern Sierra Nevada metamorphic belt: Petrological, structural,

365 and Ar/Ar constraints: Geological Society of AmericaBulletin, v. 105, p. 637-656.

366  Irwin, W. P. 2003, Correlation of the Klamath Mountains and the Sierra Nevada: Sheet 1—map showing

367 accreted terranes and plutons of the Klamath Mountains and Sierra Nevada, scale 1:1,000,000; Sheet
368 2—successive accretionary episodes of the Klamath Mountains and northern part of the Sierra
369 Nevada: U. S. Geologica Survey Open file Report 01-490, 2 sheets.

370  Jacobson, C. E., Grove, M., Pedrick, J. N., Barth, A. P., Marsaglia, K. M., Gehrels, G. E., and Nourse, J.

371 A., 2011 Late Cretaceous-early Cenozoic tectonic evolution of the southern California margin inferred

15

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4850 6/25

from provenance of trench and forearc sediments: Geological Society of AmericaBulletin, v. 123, p.
485-506.

Jayko, A. S., and Blake, M. C., Jr., 1989, Deformation of the Eastern Franciscan belt, northern California
Journal of Structural Geology, v. 11, p. 375-390.

Krogh, E. J.,, Oh, C. W., and Liou, J. G., 1994, Polyphase and anticlockwise P-T evolution for Franciscan
eclogites and blueschists from Jenner, California, USA: Journal of Metamorphic Geology, v. 12, p.
121-134.

Liou, J., 1971, P-T stabilities of laumontite, wairakite, lawsonite, and related minerals in the system
CaAl,Si;05-SI0,-H,0: Journal of Petrology, v. 12, p. 370-411.

Liou, J. G, Kim, H. S,, and Maruyama, S., 1983, Prehnite-epidote equilibria and their petrologic
applications: Journal of Petrology, v. 24, p. 321-342.

Lockwood, J. P., 1972, Sedimentary and gravity-slide emplacement of serpentinite: Geological Society of
AmericaBulletin, v. 82, p. 919-936.

MacPherson, G. J,, Phipps, S. P., and Grossman, J. N., 1990, Diverse sources for igneous blocksin
Franciscan melanges, California Coast Ranges. Journal of Geology, v. 98, p. 845-862.

McLaughlin, R. J., Ellen, S. D., Blake, M. C., J., Jayko, A. S, Irwin, W. P, Adto, K. R., Carver, G. A.,
Clarke, S. H., Jr., Barnes, J. B., Cecil, J. D., and Cyr, K. A., 2000, Geology of the Cape Mendocino,
Eureka, Garberville, and southwestern part of the Hayfork 30 x 60 minute quadrangles and adjacent
offshore area, including adigital database: U. S. Geological survey, Miscellaneous field studies Map
MF-2336, scale 1:137,000.

Miller, M. M., and Saleeby, J. B., 1995, U-Pb geochronology of detrital zircon from Upper Jurassic
synorogenic turbidites, Galice Formation, and related rocks, western Klamath Mountains: Correlation
and Klamath Mountains provenance, Journal of Geophysical Research, v. 100, p. 18,045-18,058.

Moore, D. E., 1984, Metamorphic history of a high-grade blueschist exotic block from the Franciscan

Complex, California: Journal of Petrology, v. 25, p. 126-150.

16

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4850 6/25

Moore, D. E., and Liou, J. G., 1980, Detrital glaucophane schist pebbles from Franciscan
metaconglomerates of the northeast Diablo Range, California: American Journal of Science, v. 280, p.
249-264.

Newton, R. C., and Smith, J. V., 1967, investigations concerning the breakdown of abite at depth in the
earth: Journal of Geology, v. 75, p. 268-286.

Page, F. Z., Armstrong, L. S., Essene, E. J., and Mukasa, S. B., 2007, Prograde and retrograde history of
the Junction School eclogite, California, and an evaluation of garnet-phengite-clinopyroxene
thermobarometry: Contributions to Mineralogy and Petrology, v. 153, p. 533-555.

Phipps, S. P., 1984, Ophiolitic olistostromes in the basal Great Valley sequence, Napa County, northern

California Coast Ranges. in Raymond, L. A., ed., Mélanges. Their nature, origin, and significance:

Geological Society of America Special Paper 198, p. 103-126.

Platt, J. P. 1986, Dynamics of orogenic wedges and the uplift of high-pressure metamorphic rocks:
Geological Society of AmericaBulletin, v. 97, p. 1037-1053.

Platt, J. P., 1993, Exhumation of high-pressure metamorphic rocks: A review of concepts and processes:
TerraNova, v. 5, p. 119-133.

Prohoroff, R., Wakabayashi, J., Dumitru, T. A., 2012, Sandstone matrix olistostrome deposited on intra-
subduction complex serpentinite, Franciscan Complex, western Marin County, California:
Tectonophysics, v. 568-569, p. 296-305.

Raymond, L.A., 2013, Tectonostratigraphic history of the upper Franciscan (subduction accretionary)
Complex in northern California: Issues of terrane designation and mapping: Geological Society of
America Abstracts with Programs, v. 45, p. 2.

Ring, U., and Brandon, M. T., 2008, Exhumation settings, Part |: Relatively simple cases: International

Geology Review, v. 50, p. 97-120.

17

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4850 6/25

420 Saha A., Basu, A. R., Wakabayashi, J., and Wortman, G. L., 2005, Geochemical evidence for a subducted
421 infant arc in Franciscan high-grade metamorphic tectonic blocks: Geological Society of America

422 Bulletin, v. 117, p. 1318-1335.

423  Sdeeby, J. B., 1982, Polygenetic ophiolite belt of the California Sierra Nevada: Geochronological and
424 tectonostratigraphic development: Journal of Geophysical Research, v. 87, p. 1803-1824.

425  Saleeby, J. B., 1983, Accretionary tectonics of the North American Cordillera: Annual Reviewsin Earth
426 and Planetary Science, v. 15, p. 45-73.

427  Seders, V. M., 1983, Correlation and provenance of upper Mesozoic chert-rich conglomerate of

428 Cdlifornia: Geological Society of AmericaBulletin, v. 94, p. 875-888.

429  Scherer, H. H., and Ernst, W. G., in 2008, North Fork terrane, Klamath Mountains, California: Geologic,

430 geochemical, and geochronologic evidence for an early Mesozoic forearc: p. 289-309 in J. E. Wright
431 and J. W. Shervais, eds., Arcs, Ophiolites, and Batholiths: A Tribute to Cliff Hopson: Geological
432 Society of America Specia Paper No. 438, 572p.

433  Shervais, J. W., Choi, S. H., Sharp, W. D., Ross, J., Zoglman-Schuman, M., and Mukasa, S. B., 2011,

434 Serpentinite matrix mélange: Implications of mixed provenance for mélange formation: in
435 Wakabayashi, J., and Dilek, Y ., eds., Mélanges. Processes of Formation and Societal Significance:
436 Geological Society of America Special Paper 480, p. 1-30.

437  Silberling, N. J., Jones, D. L., Blake, M. C., Jr., and Howell, D. G., 1987, Lithostratigraphic terrane map
438 of the western conterminous United States: Miscellaneous Field Studies Map MF 1874-C, scale
439 1:2,500,000.

440  Snoke, A. W., and Barnes, C. G., 2006, The development of tectonic concept for the Klamath Mountains

441 province, Californiaand Oregon: in Barnes, C. G., and Snoke, A. W., eds., Geological studiesin the
442 Klamath Mountains province, California and Oregon: : A volume in honor of William P. Irwin:
443 Geological Society of America Specia Paper, v. 410, p. 1-29.

18

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4850 6/25

Snow, C. A., and Ernst, W. G., in 2008, Detrital zircon constraints on sediment distribution and

provenance of the Mariposa Formation, central Sierra Nevada foothills, California: p. 311-330in J. E.

Wright and J. W. Shervais, eds., Arcs, Ophiolites, and Batholiths. A Tribute to Cliff Hopson:
Geological Society of America Special Paper No. 438, 572p.

Snow, C. A., Wakabayashi, J., Ernst, W. G., and Wooden, J. L., 2010, SHRIMP-based depositional ages
of Franciscan metagraywackes, west-central California: Geological Society of America Bulletin, v.
122, p. 282-291.

Surpless, K. D., Graham, S. A., Covault, J. A., and Wooden, J. L., 2006, Does the Great Valley Group
contain Jurassic strata? Reevaluation of the age and early evolution of a classic forearc basin: Geology,
V. 34, p. 21-24.

Tagami, T., and Dumitru, T. A., 1996, Provenance and thermal history of the Franciscan accretionary
complex; constraints from zircon fission track thermochronology: Journal of Geophysical Research, v.
101 (B5), p.11, 353-11,364.

Terabayashi, M., and Maruyama, S., 1998, Large pressure gap between the Coastal and Central belts,
northern and central California: Tectonophysics, v. 285, p. 87-101.

Tsujimori, T., Matsumoto, K., Wakabayashi, J., and Liou, J. G., 2006, Franciscan eclogite revisited:
Reevaluation of P-T evolution of tectonic blocks from Tiburon Peninsula, California, USA:
Mineralogy and Petrology, v. 88, p. 243-267.

Ukar, E., 2012, Tectonic significance of low-temperature blueschist blocks in the Franciscan mélange at
San Simeon, California: Tectonophysics, v. 568-569, p. 154-169.

Ukar, E., Cloos, M., and Vasconcelos, P., 2012, First “°Ar-**Ar Ages from Low-T Mafic Blueschist
Blocks in a Franciscan Mélange near San Simeon: Implications for Initiation of Subduction: Journal of

Geology, v. 120, p. 543-556.

19

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4850 6/25

Underwood, M. B., Blake, M. C., Jr., and Howell, G. D., 1987, thermal maturity of tectonostratigraphic

terranes within the Franciscan Complex, California: p. 307-321 in Leitch, E. C., and Scheibner, E.,

eds., Terrane Accretion and Orogenic Belts: Geodynamics Series, v. 19, American Geophysical Union.

U.S. Geological Survey and California Division of Mines and Geology, 1966, Geologic Map of

Cdlifornia: U. S. Geologica Survey, Miscellaneous Geologic Investigations Map 1-512, scale
1:2,500,000.
Wakabayashi, J., 1990, Counterclockwise P-T-t paths from amphibolites, Franciscan Complex, California:
relics from the early stages of subduction zone metamorphism: Journal of Geology, v. 98, p. 657-680.
Wakabayashi, J., 1992, Nappes, tectonics of oblique plate convergence, and metamorphic evolution
related to 140 million years of continuous subduction, Franciscan Complex, California: Journal of
Geology, v. 100, p. 19-40.

Wakabayashi, J., 1999, Subduction and the rock record: Concepts developed in the Franciscan Complex,

Cdlifornia: p. 123-133in Sloan, D., Moores, E. M., and Stout, D., eds, Classic Cordilleran Concepts: A

View from California: Geological Society of America, Special Paper, v. 338.

Wakabayashi, J., 2011, Mélanges of the Franciscan Complex, California: Diverse structural settings,
evidence for sedimentary mixing, and their connection to subduction processes. in Wakabayashi, J.,
and Dilek, Y., eds., Mélanges: Processes of Formation and Societal Significance: Geological Society
of America Special Paper 480, p. 117-141.

Wakabayashi, J., 2012, Subducted sedimentary serpentinite mélanges: Record of multiple burial—
exhumation cycles and subduction erosion: Tectonophysics, v. 568, p. 230-247.

Wakabayashi, J., and Dumitru, T. A., 2007, “°Ar/*Ar ages from coherent, high-pressure metamorphic
rocks of the Franciscan Complex, California: Revisiting the timing of metamorphism of the world’s

type subduction complex: International Geology Review, v. 49, p. 873-906.

20

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4850 6/25

Wakabayashi, J., Ghatak, A., and Basu, A. R., 2010, Suprasubduction-zone ophiolite generation,
emplacement, and initiation of subduction: A perspective from geochemistry, metamorphism,
geochronology, and regional geology: Geological Society of AmericaBulletin, v. 122, p. 1548-1568.

FIGURE LEGENDS

Figure 1. Photograph of an unusually large high-grade metamafic block spatially associated with
serpentinite at Ring Mountain, Tiburon Peninsula, California (courtesy of J. G Liou).

Figure 2. General geologic map of most of California, depicting the Jura-Cretaceous Klamath-Sierran
volcanic-plutonic arc, GV G forearc, and Franciscan trench belts, after the U. S. Geological Survey and
California Division of Mines and Geology (1966) map, the terrane map of Silberling et al. (1987), and
coastal maps of Dickinson et al. (2005). All three belts are accretionary stacks of coherent + chaotically
mixed units, whereas the Central Belt chiefly comprises mud matrix mélange. Fault zones: Oak Flat
and Sulphur Spring = OF-SS; Nacimiento = N and N? San Gregorio-Hosgri = SGF; Mendocino = MF;
San Andreas = SAF.

Figure 3. Phase diagram for northern California Franciscan metagraywacke bulk-rock compositions,
modified from Terabayashi and Maruyama (1998, fig. 7). Pruiq IS assumed equal to lithostatic pressure.
Stability fields for heulandite, laumontite (Laum), lawsonite and wairakite are from Liou (1971), the
calcite-aragonite (CC-Ar) transition is from Carlson (1983) and the low albite-jadeite + quartz
boundary (LAb-Jd + Qtz) isfrom Newton and Smith (1967). Also shown are the Frey et al. (1991)
computed P-T stability fields for prehnite (Preh) and pumpellyite (Pum) in rocks of metabasaltic
composition (also, Liou et a., 1983). An = anorthite. Prograde metamorphic P-T paths for the
Franciscan belts are after Ernst and McLaughlin (2012), extended schematically to include P-T
conditions of the high-grade metabasaltic blocks (even higher pressures were calculated for a Tiburon
Peninsula eclogite by Tsujimori et al. (2006, fig. 7). Retrograde paths are not shown. Deeply buried
GVG strata and weakly recrystallized volcanogenic Mariposa-Galice units exhibit neoblastic mineral

assemblages comparabl e to those of the Franciscan Coastal Belt.
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Figure 4. Underflow of a segmented Farallon plate beneath the North American margin at ~140-136 Ma

proposed by Ernst (2012; map after Snoke and Barnes, 2006, fig.1). (a) After offset of theigneous arc,
arrows show the proposed direction of relative crustal slip + possible backarc extension as a segmented
oceanic plate slid eastward beneath the continental margin. Bounding transforms of the Farallon
lithosphere are assumed to have been subparallel, with ENE trends constrained by offsets in the pre-
existing curvilinear arc. (b) Palinspastically restored Sierra Nevada-Klamath-Blue Mountains vol canic-
plutonic arc prior to differentia dslip, including 20° clockwise rotation of the Klamath salient back to its

Jurassic arc configuration.

Figure5. Depths of recrystalization (a) and later, shallower storage (b) of high-grade metabasaltic rocks

of the descending Farallon plate. Relationships exaggerated for clarity are shown before stranding of

pre-existing oceanic lithosphere as the Coast Range Ophiolite inboard from the ~140 Ma plate junction.

Figure 6. Schematic introduction of high-grade metamorphosed oceanic crustal blocks into the Franciscan

Complex outboard from (a) the Klamath Mountains and (b) the Sierra Nevada Range. Sustained
underflow of progressively younger, warmer Farallon lithosphere resulted in a gradually decreasing
plate dip. Two-way flow within the subduction zone isindicated. Note tectonic insertion of HP blocks
into the voluminous, low-density, Upper Cretaceous Franciscan circulating mud matrix and net
upward transport. Although the thickness of the circulating mélange zone in the Central Belt is
exaggerated for clarity, it probably consisted of a progressively seaward-younging series of much
thinner subduction channels, judging from the tectonic imbrication. Also sketched are olistostromal
blocks probably carried surfaceward by serpentinite diapirs (not shown), and introduced into the

Franciscan sedimentary section through erosion, transportation, and deposition.
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