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associated with the late Cenozoic, post-subduction San
Andreas transform plate boundary (e.g. Wakabayashi
2015). Figure 2 presents a simplified map of the Cape
Mendocino, part of the Garberville, and part of the

Covelo quadrangles within this representative tract of the
Franciscan Complex. Working in this area, Ernst and
McLaughlin (2012) reported detailed petrographic and
analytical investigations of 88 Franciscan metasandstone

Figure 1. Generalized geology of most of California, showing Jurassic Klamath and Jurassic–Cretaceous Sierra Nevada calcalkaline arc
rocks, Great Valley forearc basin, and Franciscan trench lithotectonic belts (after US Geological Survey and California Division of Mines
and Geology 1966; McLaughlin and Ohlin 1984; Silberling et al. 1987). The Cape Mendocino–Garberville–Covelo area is indicated.
Five samples analysed for zircon U-Pb ages that lie outside the area of Figure 2 are plotted here; see Figure 2 for key to symbols.
Abbreviations: SFB, San Francisco Bay region; MF, Mendocino transform fault; SAF, San Andreas fault.
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“Franciscan lithologies are predominantly (a bit less than 90%) siliciclastic sedimentary rocks primarily consisting of sandstones (called ‘greywackes’ in most literature), 
shales (also referred to as mudstones), conglomerates, and sedimentary breccia, with subordinate serpentinite, basaltic volcanic rocks, chert, and rare limestone.” 
[Wakabayashi, 2015]



Typical outcrop of blueschists…



Here can see the serpentinite framework with a high-grade (blueschist?) boulder above



<Looking at blueschist up close



and closer.



Pillow basalts





Figure 21. Outcrop photographs of serpentinite mélange matrix. Sledgehammer head is 13.5 cm long. (a) Skaggs Road quarry locality (location shown in Figure 15). The least-
deformed matrix is in the strain shadow of the large blueschist block that makes up most of the headwall of the quarry, only part of which is shown in the upper left corner of (a) and
(b) (see Figure 15 for extent of this block). This least-deformed matrix is serpentinite conglomerate/sedimentary breccia shown in photographs (b) and (c). (d) Amphibolite block in
serpentinite breccia matrix. Note the late brittle cleavage found only along the upper left margin of the block, as well as the re-entrant block boundary at the location of the
‘serpentinite breccia’ label. The late cleavage cross cuts the metamorphic foliation in the block and is truncated by the angular block boundary. (e) Serpentinite conglomerate and
sandstone, Ring Mountain (location shown in Figure 12). The clasts are mainly antigorite and tremolite/actinolite schist. Extension cracks appear to record a number of contrasting
orientations in some of the rounded cobbles, and this difference does not appear to be a product of rotation by folding or along shears, given the position of some of these clasts
relative to one another and the comparative lack of deformation in this part of the outcrop. Areas where the conglomerate texture is best visible are noted. (f) Serpentinite breccia,
Panoche Road (location shown in Figure 13). This serpentinite breccia in this outcrop lacks foliation and typifies the texture of the rocks in this unit.
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divisions, such as the name ‘Dothan Formation’ applied to
the Franciscan in southwestern Oregon (e.g. Blake et al.
1985; see Aalto 2014).

The classification of subduction complex rocks known
as the Nacimiento belt, Nacimiento block, or Sur-
Nacimiento belt (coastal exposures in the southern part
of Figure 1), which crop out west of the continental
Salinian block, is not consistent. Some papers refer to
such rocks as Franciscan, whereas others distinguish
them as a separate subduction complex (Gilbert 1973;
Ernst 1980; Korsch 1982; McWilliams and Howell 1982;
Vedder et al. 1983; Hall 1991). The correlation of these
rocks to the Franciscan is evaluated in Section 6.5.

This article generally refers to Franciscan units by
names used in past literature tied to specific references
and also proposes new correlations between various units
along and across strike. For purposes of comparisons or
correlations between different parts of the Franciscan, I
use accretionary age, relative structural position, lithology,
and metamorphic grade. To gain insight into subduction
process, I suggest that the age of accretion (arrival and
partial subduction at trench) of a unit is the best way to
correlate and compare Franciscan units. Geochronologic
data on accretion age of Franciscan units has increased
rapidly in recent years, and this facilitates analysis of unit
correlations and comparisons at a greater level of detail
than in the past.

4. Architecture at hundreds to tens of kilometre
scales

4.1. General nappe structure and along-strike
variations

Regional Franciscan structure comprises a stack of
refolded thrust nappes made up of both coherent and
mélange units (Blake et al. 1984; Seiders 1991;
Wakabayashi 1992, 1999a) (Figures 2 and 3). Primary
sources of data for this assessment of regional-scale archi-
tecture are given on the nappe column diagram (Figure 3),
supplemented by my own detailed geologic mapping in
parts of the San Francisco Bay region, Sonoma County,
northwest and southern Diablo Ranges, and field checking
throughout the Franciscan. The map pattern of elongate
exposure belts of similar Franciscan units (e.g. Jennings
1977), which trend NW–SE for distances of up to tens of
kilometres, is a consequence of the folding of the nappe
stack about subhorizontal fold axes, followed by erosion
(Figures 4 and 5). The Coastal Belt, which has few easily
mapped lithologic contrasts, was recently shown to have a
regional-scale architecture of folded nappes by analysis of
magnetic data (Langenheim et al. 2013). Although post-
subduction folding, dip-slip faulting, and strike-slip fault-
ing associated with the transform plate boundary (San
Andreas fault system) have affected the California Coast

Ranges (e.g. Page 1981; Aydin and Page 1984), the regio-
nal nappe structure apparently reflects accretionary com-
plex processes (Wakabayashi 1992) as is evaluated in
Sections 4.2–4.6.

The regional cross sections of Figure 2 depict the
Franciscan Complex at two different latitudes, with post-
subduction, San Andreas fault system dextral slip restored.
These cross sections show that the along-strike variation in
the various Franciscan regions, illustrated in the contrasting
nappe stacks in Figure 3, was significant prior to post-sub-
duction dextral faulting (Wakabayashi 1999a). This variation
is also reflected in comparison with the map and cross sec-
tions of the Sonoma County and the San Francisco Bay
region (Figures 4 and 5) and in the Panoche Pass region of
the southern Diablo Range (Figure 6). At the scales of
Figures 3–6, the volume of mélange material varies, ranging
from significant in the Central Belt of the northern Coast
Ranges (Figure 3, Column A), Sonoma County (Figure 3,
Column E; Figure 4), and Marin County (northwestern
Figure 5), to minor in the Eastern Belt of the northern
Coast Ranges, Figure 3, Column A) and the Panoche Pass
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Figure 2. Generalized cross sections of the Franciscan Complex
along the lines shown in Figure 1 with San Andreas fault system
slip according to the slip distribution estimates of Wakabayashi
(1999b). Note that use of other slip distribution estimates for the
San Andreas fault system, such as those of McLaughlin et al.
(1996), does not significantly change these cross-sectional views
because: (1) the amount of dextral slip that crosses line A is small
for all San Andreas fault system slip distribution models, and (2)
whereas Wakabayashi (1999b) places greater amounts of dextral
slip east of the San Andreas fault than does McLaughlin et al.
(1996), the Diablo Range geology is similar enough along strike
so that cross section B would be very similar. The Franciscan
colour scheme, by metamorphic grade, is the same as Figure 1.
Fz, zeolite facies; Fp, prehnite–pumpellyite facies; Fb, non-
schistose blueschist facies; Fp/b, either prehnite–pumpelyite or
non-schistose blueschist facies; fsch, fine schistose blueschist
facies; csch, coarse schistose blueschist facies. Other abbrevia-
tions: O, Coast Range ophiolite; G, Great Valley Group; SN,
Sierra Nevada metamorphic and plutonic rocks; SN/O/M, undif-
ferentiated Sierra Nevada basement, ophiolitic rocks, and subo-
phiolitic mantle.
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petrographic observations presented in this article with
evaluation of data presented in previous work, and pro-
pose connections between this architecture and geologic
processes. I do not attempt to cover all of the many aspects
of Franciscan Complex geology, but focus on presenting a
field-based perspective for assessing general subduction-
related processes, as well as highlighting specific

Franciscan issues that require future study. I also discuss
the practical uncertainties and challenges faced in examin-
ing these sorts of rocks, aspects that seldom receive atten-
tion in formal literature. In doing so, I hope to help readers
better understand the nature of the field foundation behind
Franciscan literature as well as providing guidance for
those conducting future field studies on such rocks.
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Fz, zeolite facies; Fp, prehnite–pumpellyite facies; 
Fb, non- schistose blueschist facies; Fp/b, either 
prehnite–pumpelyite or non-schistose blueschist 
facies; fsch, fine schistose blueschist facies; csch, 
coarse schistose blueschist facies. Other abbrevia- 
tions: O, Coast Range ophiolite; G, Great Valley 
Group; SN, Sierra Nevada metamorphic and 
plutonic rocks; SN/O/M, undif- ferentiated Sierra 
Nevada basement, ophiolitic rocks, and subo- 
phiolitic mantle. 
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has allowed testing, refining, and revising the boundaries
of various nappes. A working definition of an accretionary
nappe is a package of rock that accreted at approximately
the same time.

Thicknesses of individual nappes range from several
hundred metres to as much as 7 km. The along-strike extent
of the largest nappes exceeds 250 km. The nappes include
those composed mostly of coherent rocks, such as the
Eastern Belt of Column A of Figure 3, and those composed
mostly of mélange (Central Belt of Column A), but are most
commonly composed of interleaved or interlayered coher-
ent materials and mélange (Section 5).

In addition to the thrust nappe architecture of the
Franciscan, a first-order regional structure is the E-vergent

thrust fault that locally places Franciscan over GVG and
CRO along the Coast Range–Central Valley boundary
(Figure 2), a feature called ‘tectonic wedging’, following
Wentworth et al. (1984). Whereas this structure is asso-
ciated with seismogenic active faulting and deformation
today, its existence prior to the late Cenozoic has been
advocated (Wentworth et al. 1984; Unruh et al. 1991,
1995, 2004; Wakabayashi and Unruh 1995) and disputed
(e.g. Constenius et al. 2000; Dickinson 2002). It is beyond
the scope of this article to debate this issue in detail. The
age of tectonic wedging has minimal impact on most of
the interpretations of the origins of the structures and
features discussed herein. The regional tectonic models
presented herein (Section 6.6), however, and the model

Non-Franciscan Units

S = Salinian Block, granitic and
metamorphic rocks and cover
strata

uncolored (white) = Quaternary
cover, undifferentiated

T = Miocene and Pliocene 
sedimentary  and volcanic 
rocks, undifferentiated

gv = Great Valley Group sandstone and shales

Coast Range ophiolite;
o = undifferentiated; ofv = felsic volcanics; omv = mafic volcanics
ogb = gabbrp

Coast Range ophiolite; osp = serpentinized peridotite

gvm = Great Valley Group serpentinite and 
shale matrix mélange

Franciscan Units (in tectonic stacking order)
tm = Tiburon mélange: serpentinitite and shale matrix mélange; abundant high-grade
blocks.
ai = Angel Island nappe: blueschist facies metagraywacke, metavolcanic, metachert.

a = Alcatraz nappe: prehnite-pumpellyite facies graywacke, broken formation

m1,m2 = sandstone and shale matrix mélanges (on G-H cross section); equivalent structural
level to Hunters Point shear zone, Nicasio Reservoir and Marin Headlands nappe (below)

sp = intra-Franciscan serpentinite

nr = Nicasio Reservoir nappe: prehnite–pumpellyite facies pillow basalt and gabbro

mh = Marin Headlands nappe: prehnite–pumpellyite facies basalt, chert, graywacke

nq = Novato quarry nappe; prehnite–pumpellyite facies graywacke and shale; nqm (gray) =
internal mélange horizons; nqmu (grey) = mélange at upper levels of nappe (G-H) 

p = Permanente nappe; prehnite–pumpellyite facies basalt, limestone, chert, graywacke;
includes internal mélange zones (grey) and serpentinite bodies (not shown)

sb = prehnite–pumpellyite facies sandstone and shale; accretionary equivalent to the Coastal
Belt (cb?) but more deeply exhumed than latter

u = undifferentiated Franciscan
mu = undifferentiated Franciscan mélange

83dz: maximum depositional age from detrital zircon; 85f: depositional age from fossils

Ring Mtn.
Figure 11

Rodeo
Cove, Figure 23a,b

Figure 5. Geology of Franciscan and related rocks in part of the San Francisco Bay area. Adapted and revised from Bonilla (1971),
Schlocker (1974), Blake et al. (2000a), Prohoroff et al. (2012), and Wakabayashi (2012). Geochronologic data from Sliter (1984), Elder
and Miller (1993), Wakabayashi and Dumitru (2007), Snow et al. (2010), Prohoroff et al. (2012), Dumitru (personal communication
2013), Mulcahy et al. (2014b), Section 4.5 of this study.
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Why it is a “complex”: coherent chunks are lost in melange (grays here)
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mélange, it is difficult to determine whether some or
all the selvages of prehnite–pumpellyite facies shale/
sandstone matrix are blocks in the serpentinite
mélange or whether they are axial regions of anticlines
exposing windows of the unit below.

Another issue with coherent versus mélange distinc-
tions relates to the scale of observation. A block remains a
block when examining increasingly small areas, but matrix
viewed at one scale becomes block-and-matrix at each

smaller length scale of observation (e.g. Medley 1994;
see review in Medley and Zekkos 2011; note truncation
at large length scales in Section 5.6). This scale indepen-
dence of block–matrix relationships will be clear in the
detailed descriptions of mélanges presented in Section 5.3.

5.2. What is an exotic block?

Some mélange definitions require the presence of ‘exotic’
blocks-in-matrix (e.g. Hsü 1968; Raymond 1984), but work
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(transform regime) separation of these Franciscan units
postdates regional-scale folding of these nappes.
Accordingly, much of the folding of the Franciscan nappes
apparently took place during the subduction history, rather
than during subsequent transform tectonics.

That the folding of nappes and out-of-sequence fault-
ing of the nappe stacks mostly predates the transform
regime is confirmed on a local basis where late Cenozoic
deposits, dating from the earliest local stages of trans-
form plate margin deposition, unconformably overlie
Franciscan rocks. For example, in the Sunol Regional
Wilderness (Sunol RW) area in the northwestern Diablo
Range (location shown in Figure 1) the basal unconfor-
mity of Miocene marine deposits truncates all of the major

Franciscan folds (best seen in the southwestern part of the
detailed map of Figure 11), except for a last stage of
folding that resulted in tightening of some Franciscan
folds during folding of these Miocene deposits. A major
Franciscan fold (axis not marked) that has been tightened
by post-subduction folding is in-line with the large WNW-
ESE-trending syncline in the upper centre of the Miocene
deposits (Figure 11). At all places where the basal
Miocene contact is exposed, it is an unfaulted (and there-
fore not detached) depositional contact.

On a larger scale, folds (including overturned folds) of
the nappe stack and out-of-sequence faults (Prohoroff et al.
2012; Figure 5) are truncated by the base of late Cenozoic
deposits in northernMarin County (Blake et al. 1974, 2000b;
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Figure 11. Geologic map of the southern part of Sunol Regional Wilderness, northwestern Diablo Range, showing an area with a
moderately high proportion of mélange that comprises both siliciclastic and serpentinite matrix types. Location shown in Figure 1. Map
updated and revised from Wakabayashi (2012).
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petrographic observations presented in this article with
evaluation of data presented in previous work, and pro-
pose connections between this architecture and geologic
processes. I do not attempt to cover all of the many aspects
of Franciscan Complex geology, but focus on presenting a
field-based perspective for assessing general subduction-
related processes, as well as highlighting specific

Franciscan issues that require future study. I also discuss
the practical uncertainties and challenges faced in examin-
ing these sorts of rocks, aspects that seldom receive atten-
tion in formal literature. In doing so, I hope to help readers
better understand the nature of the field foundation behind
Franciscan literature as well as providing guidance for
those conducting future field studies on such rocks.
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(transform regime) separation of these Franciscan units
postdates regional-scale folding of these nappes.
Accordingly, much of the folding of the Franciscan nappes
apparently took place during the subduction history, rather
than during subsequent transform tectonics.

That the folding of nappes and out-of-sequence fault-
ing of the nappe stacks mostly predates the transform
regime is confirmed on a local basis where late Cenozoic
deposits, dating from the earliest local stages of trans-
form plate margin deposition, unconformably overlie
Franciscan rocks. For example, in the Sunol Regional
Wilderness (Sunol RW) area in the northwestern Diablo
Range (location shown in Figure 1) the basal unconfor-
mity of Miocene marine deposits truncates all of the major

Franciscan folds (best seen in the southwestern part of the
detailed map of Figure 11), except for a last stage of
folding that resulted in tightening of some Franciscan
folds during folding of these Miocene deposits. A major
Franciscan fold (axis not marked) that has been tightened
by post-subduction folding is in-line with the large WNW-
ESE-trending syncline in the upper centre of the Miocene
deposits (Figure 11). At all places where the basal
Miocene contact is exposed, it is an unfaulted (and there-
fore not detached) depositional contact.

On a larger scale, folds (including overturned folds) of
the nappe stack and out-of-sequence faults (Prohoroff et al.
2012; Figure 5) are truncated by the base of late Cenozoic
deposits in northernMarin County (Blake et al. 1974, 2000b;
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Figure 11. Geologic map of the southern part of Sunol Regional Wilderness, northwestern Diablo Range, showing an area with a
moderately high proportion of mélange that comprises both siliciclastic and serpentinite matrix types. Location shown in Figure 1. Map
updated and revised from Wakabayashi (2012).
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(transform regime) separation of these Franciscan units
postdates regional-scale folding of these nappes.
Accordingly, much of the folding of the Franciscan nappes
apparently took place during the subduction history, rather
than during subsequent transform tectonics.

That the folding of nappes and out-of-sequence fault-
ing of the nappe stacks mostly predates the transform
regime is confirmed on a local basis where late Cenozoic
deposits, dating from the earliest local stages of trans-
form plate margin deposition, unconformably overlie
Franciscan rocks. For example, in the Sunol Regional
Wilderness (Sunol RW) area in the northwestern Diablo
Range (location shown in Figure 1) the basal unconfor-
mity of Miocene marine deposits truncates all of the major

Franciscan folds (best seen in the southwestern part of the
detailed map of Figure 11), except for a last stage of
folding that resulted in tightening of some Franciscan
folds during folding of these Miocene deposits. A major
Franciscan fold (axis not marked) that has been tightened
by post-subduction folding is in-line with the large WNW-
ESE-trending syncline in the upper centre of the Miocene
deposits (Figure 11). At all places where the basal
Miocene contact is exposed, it is an unfaulted (and there-
fore not detached) depositional contact.

On a larger scale, folds (including overturned folds) of
the nappe stack and out-of-sequence faults (Prohoroff et al.
2012; Figure 5) are truncated by the base of late Cenozoic
deposits in northernMarin County (Blake et al. 1974, 2000b;
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Figure 11. Geologic map of the southern part of Sunol Regional Wilderness, northwestern Diablo Range, showing an area with a
moderately high proportion of mélange that comprises both siliciclastic and serpentinite matrix types. Location shown in Figure 1. Map
updated and revised from Wakabayashi (2012).
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position, noted earlier, of prehnite–pumpellyite facies
mélange and coherent sandstone units in Sonoma County
and the San Francisco Bay region that have a depositional
age between ca. 72 and 83 Ma. The lithological similarity
of sandstone matrix at Blind Beach (locality shown in

Figure 16(c)) and coherent sandstone of the NQT
(sampled from ‘83 dz’ detrital zircon locality shown in
Figure 5) is shown in photomicrographs in Figure 19(a)
and 19(b). The two samples show very similar clastic
texture and composition. The sandstone of the Blind

Figure 20. Photographs showing block–matrix relationships of some large blocks. (a) shows a large block of pillow lava in Sunol RW
(location shown in Figure 11) surrounded by sedimentary shale–matrix breccia that is rich in volcanic clasts (b). Photograph (c) shows a
sedimentary contact of sedimentary breccia (muddy to sandy) that overlies chert that overlies basalt in Sunol RW (location shown in
Figure 11). The chert is internally imbricated and the structures within the chert are truncated by the basal contact of the breccia. Because
the ocean floor on the trench floor is not expected to be imbricated (in contrast with its condition downdip in the subduction zone), the
large chert and basalt exposure is more likely to be a large (>50 m) block in the sedimentary breccia matrix, similar to that shown in
photograph (a), but larger. Photograph (d) shows the contact of a large (>50 m) amphibolite block with muddy matrix at Shell Beach
(location shown in Figure 14). Most of the matrix is covered in slopewash but some is exposed directly along the block contact. Whereas
most of the block contact is faulted, a small area of undeformed conglomerate/sedimentary breccia is found. Clipboard long dimension is
35 cm.
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associated with the late Cenozoic, post-subduction San
Andreas transform plate boundary (e.g. Wakabayashi
2015). Figure 2 presents a simplified map of the Cape
Mendocino, part of the Garberville, and part of the

Covelo quadrangles within this representative tract of the
Franciscan Complex. Working in this area, Ernst and
McLaughlin (2012) reported detailed petrographic and
analytical investigations of 88 Franciscan metasandstone

Figure 1. Generalized geology of most of California, showing Jurassic Klamath and Jurassic–Cretaceous Sierra Nevada calcalkaline arc
rocks, Great Valley forearc basin, and Franciscan trench lithotectonic belts (after US Geological Survey and California Division of Mines
and Geology 1966; McLaughlin and Ohlin 1984; Silberling et al. 1987). The Cape Mendocino–Garberville–Covelo area is indicated.
Five samples analysed for zircon U-Pb ages that lie outside the area of Figure 2 are plotted here; see Figure 2 for key to symbols.
Abbreviations: SFB, San Francisco Bay region; MF, Mendocino transform fault; SAF, San Andreas fault.
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samples and Dumitru et al. (2013) used detrital zircon
U-Pb age data from 6 of these samples to reconstruct
Eocene sediment source areas and transport pathways. In
this new article, we present zircon data from 20 additional
samples (Figure 2), with interpreted depositional ages
between ca. 118 and 15 Ma, and employ these data to
constrain the depositional ages and sediment provenance
of Franciscan clastic rocks in the area.

Franciscan geology of northwestern California

Franciscan rocks are chiefly strongly deformed mudstones
and sandstones sourced from the continent, with lesser
amounts of oceanic basalt and pelagic sedimentary rocks,
all subjected to very low to moderate grades of meta-
morphism (Figure 3). In most Franciscan sedimentary
rocks, megafossils are very rare or absent and microfossils
have been underutilized, so knowledge of depositional

Figure 2. Generalized geology of the Cape Mendocino, part of the Garberville, and part of the Covelo 1:100,000 quadrangles,
simplified after Jayko et al. (1989) and McLaughlin et al. (2000) (see also Blake et al. 1988). Major terrane boundaries are chiefly
interpreted as gently E-dipping thrust faults. Locations of 21 detrital zircon samples are indicated; symbols distinguish the 5 zircon age
distribution patterns (‘Types’) exhibited by different samples, as discussed later (e.g. Figure 6J–N). Also shown are locations of six
previous detrital zircon fission track samples in the Westport–Laytonville area (Tagami and Dumitru 1996). Fission track data are much
less precise, so, for these samples, it is not possible to distinguish type A1 from A2 or type C from D zircon age distributions.
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Zircon age 98-118

megafossil age 151-137 Ma

microfossil age 145-65

Zircon age 98-118

Dating is hard to do.  Red numbers are ages youngest zircons. Note that zircon ages tend to be quite a bit younger, suggesting fossils are recycled…



review, see Raymond 2015). The current study includes
three Yolla Bolly samples from two areas. Two samples
from a western outlier of the Yolla Bolly near Zenia have
YZP of ca. 108 and 110 Ma. McLaughlin et al. (2000)
tentatively identified the Zenia outlier as a fragment of the
Taliaferro metamorphic complex, a subunit of the Yolla
Bolly notable for a slightly higher metamorphic grade than
the remainder of the terrane (Suppe 1973; see also Ernst
and McLaughlin 2012). We recently determined a preli-
minary YZP of ca. 112 Ma from one sample from the
main Taliaferro outcrop area (Buck Rock Creek), so this
relationship is reasonable. One sample (‘Clear Lake’ in
Figure 1) is from the Yolla Bolly terrane (Table DR2) near
Clear Lake and has a YZP of 118 Ma. McLaughlin and
Ohlin (1984) reported pelagic radiolarian chert ages of five
samples 4 to 17 km away as Tithonian (n = 1), Tithonian–

Valanginian (n = 3), and Aptian–Albian(?) (n = 1). The
YZP confirms that Aptian or younger sandstones are pre-
sent. We are currently working on additional samples from
the Yolla Bolly terrane for a future paper.

In summary, the depositional age of the bulk of Yolla
Bolly clastic rocks is apparently much younger than tradi-
tionally thought. There are several constraints on its age
range (Figure 9): (1) near North Yolla Bolly peak, some
rocks yield ca. 111 Ma YZP, whereas rocks several
kilometres away yield ca. 110 Ma average whole-rock
total-gas argon ages, which have been interpreted as dating
post-depositional metamorphic recrystallization (Lanphere
et al. 1978; Dumitru et al. 2010). This suggests that some
Yolla Bolly rocks were deposited ca. 111 Ma in the trench,
then immediately subducted and metamorphosed, a
sequence of events that should be common in a subduction

Figure 9. Age data for Franciscan tectonostratigraphic units in the Cape Mendocino–Garberville Covelo–Red Bluff–Willows area of
northern California, plus selected data from other parts of California. Solid red lines are our preferred interpreted depositional ages for the
bulk of clastic rocks in a given unit; dashed red lines are possible but not preferred. The preferred age range for the Central Belt is not
well constrained and should be considered a tentative working hypothesis. See the text for detailed discussion.
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Eocene sediment source areas and transport pathways. In
this new article, we present zircon data from 20 additional
samples (Figure 2), with interpreted depositional ages
between ca. 118 and 15 Ma, and employ these data to
constrain the depositional ages and sediment provenance
of Franciscan clastic rocks in the area.
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and sandstones sourced from the continent, with lesser
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morphism (Figure 3). In most Franciscan sedimentary
rocks, megafossils are very rare or absent and microfossils
have been underutilized, so knowledge of depositional
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Figure 26. Cross-sectional cartoons showing the progressive evolution of the Franciscan. The Tohoku subduction zone insets are adapted from Tsuji et al. (2011). The
colour scheme for Franciscan units follows the metamorphic grade scheme of Figures 1–3. Note that for simplicity the frames combine events that took place at slightly
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Cross-sectional cartoons showing the progressive evolution of the Franciscan. The Tohoku subduction zone insets are adapted from Tsuji et al. (2011). The colour scheme for Franciscan units follows the metamorphic grade scheme of 
Figures 1–3. Note that for simplicity the frames combine events that took place at slightly different times during the given period, and this simplification may distort the geometry of some of the features. In addition, all frames show net 
addition (accretion) of material to the subduction complex, although the net gain in frames (a) and (b) is very small. It is likely that all frames had shorter periods of accretion with intervening periods of subduction erosion that removed 
previously accreted material, with the final result of a net accretion (Sections 6.1.3.1, 6.1.3.2, and 6.2.1.2). (a) Initiation of E-dipping Franciscan subduction at ca. 165– 170 Ma in young island arc crust, following termination of west-
dipping subduction to the east (Section 6.6.1). In the model shown here, the CRO, as well as the protoliths of the high-grade rocks of the Franciscan, formed over the earlier W-dipping subduction zone. In a more complex scenario, 
the CRO formed over the newly initiated Franciscan subduction zone that itself initiated in young arc crust as above. The ocean basin was starved of clastic sediments at the time of subduction initiation. The initially high geothermal 
gradient associated with subduction resulted in high-temperature metamorphism in the high-grade rocks of the Franciscan. (b) At the beginning of this 150–135 Ma period, there was little clastic delivery to the trench and nascent 
forearc basin. Serpentinite diapirs delivered serpentinite and included blocks, including high-grade blocks to serpentinite mud volcanoes in the forearc basin, forming the first deposits of the GVG (Sections 5.3.2.2 and 5.5). The level of 
exposure of the Franciscan for this time frame is very deep (corresponds to the dark blue colour), and there was little accretion taking place at this level, although the accretionary prism at higher levels was much thicker (see Section 
6.5). See also parts of Section 6.6.3. (c) This shows the early stage of large-scale accretion in the Franciscan from 120 to 100 Ma. Current exposure corresponds to levels in the medium blue material. In addition to siliciclastic clastic 
sediments sourced from the magmatic arc to the east, serpentinite and high-grade blocks were shed into the trench as submarine landslides, having been sourced the basal olistostrome horizons of the GVG (Section 6.1.3.3). Some 
Franciscan material was far-travelled, derived from the downgoing plate (Sections 4.1 and 4.3), whereas some Franciscan material in mélanges and clastic rocks was derived as submarine landslides from Franciscan rocks exhumed 
and exposed on the sea floor (Section 5.8). The early exhumation of the Franciscan rocks took place by a combination of cross-sectional extrusion (megathrust below, landward-dipping normal fault above) and hanging wall extension, 
although the most significant extension of the hanging wall took place after 100 Ma. An inset of fault geometry associated with the 2011 Tohoku- oki earthquake (adapted from Tsuji et al. 2011) is shown for comparison and illustration 
of cross-sectional extrusion fault geometry. East and west are reversed on the Tohoku inset to make the fault dip directions similar to Franciscan geometry. (d) shows the major accretion that took place from 100 to 70 Ma (Section 
6.6.4). Large-scale hanging wall extension along with cross-sectional extrusion contributed to critical path exhumation of Franciscan HP rocks (Sections 6.2.1.4 and 6.2.1.5). Mélange deposition as submarine landslides continued, and 
this may have been more voluminous towards the end of this period (Section 6.1.3.2). Sources of high-grade blocks and detrital serpentinite may have been from GVG basal horizons and/or exhumed Franciscan serpentinite mélanges 
(Sections 5.8.2 and 6.1.3.3). (e) Large-scale frontal accretion, including accretion of the Coastal Belt that began at about 53 Ma (Section 6.6.5). The early part of this period was associated with low-angle subduction. Arc (east)-vergent 
thrusting of the Franciscan over the forearc basin (‘tectonic wedging’) may have initiated early in this period, along with folding and out-of-sequence thrusting previously accreted nappes. (f) Current geometry, reflecting the post-
subduction, dextral transform regime (Section 6.6.6). In addition to the dextral faults, the frame shows the emplacement magmatic arc basement, the Salinian Block, into the Coast Ranges along dextral faults. Also shown are some of 
the thermo-magmatic impacts of the slab window magmatism that resulted from subduction–transform transition. These include intrusion of plutons, mafic underplating, and thermal overprinting of the middle-to-lower levels of the 
Coast Range crust (none of which is exposed on the surface), shown by the transparent colours that show increasing metamorphic grade of post-subduction overprint with depth.
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Figure 26. Cross-sectional cartoons showing the progressive evolution of the Franciscan. The Tohoku subduction zone insets are adapted from Tsuji et al. (2011). The
colour scheme for Franciscan units follows the metamorphic grade scheme of Figures 1–3. Note that for simplicity the frames combine events that took place at slightly
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Figure 26. Cross-sectional cartoons showing the progressive evolution of the Franciscan. The Tohoku subduction zone insets are adapted from Tsuji et al. (2011). The
colour scheme for Franciscan units follows the metamorphic grade scheme of Figures 1–3. Note that for simplicity the frames combine events that took place at slightly
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Figure 26. Cross-sectional cartoons showing the progressive evolution of the Franciscan. The Tohoku subduction zone insets are adapted from Tsuji et al. (2011). The
colour scheme for Franciscan units follows the metamorphic grade scheme of Figures 1–3. Note that for simplicity the frames combine events that took place at slightly
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Figure 26. Cross-sectional cartoons showing the progressive evolution of the Franciscan. The Tohoku subduction zone insets are adapted from Tsuji et al. (2011). The
colour scheme for Franciscan units follows the metamorphic grade scheme of Figures 1–3. Note that for simplicity the frames combine events that took place at slightly
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(Wakabayashi and Dumitru 2007), and ultimately to zeo-
lite and prehnite–pumpellyite temperatures of <250°C
(Blake et al. 1988; Ernst and McLaughlin 2012) from ca.
15 Ma to 100 Ma, with age overlap between the latter two
metamorphic grade classes owing to differential exhuma-
tion of coeval units.

Because of the lack of thermal overprint on
Franciscan metamorphic rocks and evidence for exhu-
mation while at LTs (e.g. Ernst 1988; Dumitru 1989;
Tagami and Dumitru 1996; Unruh et al. 2007), meta-
morphic ages closely approximate the subduction–accre-
tion age. The high-grade rocks are exceptions to the
correspondence between subduction–accretion age and
metamorphic age. Some ages reflect the cooling/retro-
grade ages of the high-grade rocks (Anczkiewicz et al.

2004; Wakabayashi and Dumitru 2007; Mulcahy et al.
2009, 2014b; Dumitru et al. 2010). In addition, the
metamorphic ages of high-grade blocks greatly exceed
the apparent accretion ages of their host mélanges, sug-
gesting tectonic (e.g. Cloos 1982, 1984) or sedimentary
recycling (e.g. Cowan and Page 1975; Moore 1984;
Wakabayashi 2012; this study). This is discussed further
in Sections 5.2, 5.3, 5.5, and 5.8.

Estimates of metamorphic pressures of high-grade
metamorphic rocks range from less than 0.4 GPa for
some of the garnet-free amphibolites (Wakabayashi
1990) to 1.8–2.5 GPa for eclogites (Tsujimori et al.
2006; Page et al. 2007). Lower-grade blueschist facies
rocks record pressures of about 0.6–>1 GPa (Brown and
Ghent 1983; Maruyama et al. 1985; Ernst 1993; Ernst and
McLaughlin 2012). Sub-blueschist grade rocks were meta-
morphosed at pressures 0.4 GPa or less (Blake et al. 1988;
Ernst and McLaughlin 2012). For the purposes of group-
ing different types of Franciscan metamorphic rocks, law-
sonite–albite facies rocks, with lawsonite and aragonite,
but no jadeite, will be considered among the ‘blueschist
facies’ rocks of the Franciscan.

Wakabayashi (1990) may have underestimated the
pressure of garnet-free amphibolites; rutile is present in
most of these metabasites, commonly as cores in titanite.
This suggests pressures of ~1 GPa or higher based on a
summary of experimental results on metabasites of MORB
composition (Ernst and Liu 1998). Similarly, the Al and Ti
content in the calcic amphiboles also suggest 1 GPa or
higher pressures for these rocks, based on experimental
results summarized in Ernst and Liu (1998). For example,
calcic amphiboles from the two samples assigned low
pressures (≤0.4 GPa) (Wakabayashi 1990; MP-1 and
SMC-1) have TiO2 contents of ~1% and 0.8% and
Al2O3 contents ~13% and 12% (data from Wakabayashi
1989, 1990). This suggests pressures of about 1.3 GPa at
720°C and 670°C for MP-1 and SMC-1, respectively,
applying the Ernst and Liu (1998) thermobarometer.
Both samples have small rutile cores in titanite. This
reanalysis suggests that all of the high-grade rocks of the
Franciscan reflect HP metamorphic conditions.
Accordingly, ‘HP metamorphic rocks’ will refer collec-
tively to all high-grade, blueschist facies and lawsonite–
albite facies rocks.

Another issue in Franciscan metamorphic studies is
that recent pressure estimates for high-grade rocks, espe-
cially eclogites (Massonne 1995; Tsujimori et al. 2006;
Page et al. 2007), are much higher than earlier ones (e.g.
Moore 1984; Oh and Liou 1990; Wakabayashi 1990;
Krogh et al. 1994; Shibakusa and Maekawa 1997), pri-
marily as a result of application of garnet–clinopyroxene–
phengite thermobarometry in the recent studies, as pointed
out by Cooper et al. (2011). It is beyond the scope of this
article to discuss the relative merits of geobarometric
methods, but it is important to note that the new, higher
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Figure 7. Summary of Franciscan PT paths of metamorphism
associated with different ages of subduction/metamorphism and
different studies. Acronyms labelling the PT paths are: BG1983,
Brown and Ghent (1983); E1993, Ernst (1993); EM2012, Ernst
and McLaughlin (2012); HPSZ 2014, garnet amphibolite (revised
in this study from Wakabayashi 1990); P2007 = Page et al.
(2007), SMC-1 2014 amphibolite (revised in this study from
Wakabayashi (1990); T2006, Tsujimori et al. (2006); T2007Ecl,
Tsujimori et al. (2007) eclogite sample; T2007grt-amph,
Tsujimori et al. (2007) garnet amphibolite; W1990 TEC2,
Wakabayashi (1990, sample TEC2). The PT paths are general-
ized and narrower than that reflected by the uncertainties in many
of the original studies in order for individual PT paths to be
distinguishable on this diagram. PT paths of high-grade rocks are
depicted in green, whereas other PT path colours mimic the
metamorphic colour scheme in Figures 1–3. See also Figure 25
for hypothetical PT paths of rocks that were buried and exposed
more than once.
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(Wakabayashi and Dumitru 2007), and ultimately to zeo-
lite and prehnite–pumpellyite temperatures of <250°C
(Blake et al. 1988; Ernst and McLaughlin 2012) from ca.
15 Ma to 100 Ma, with age overlap between the latter two
metamorphic grade classes owing to differential exhuma-
tion of coeval units.

Because of the lack of thermal overprint on
Franciscan metamorphic rocks and evidence for exhu-
mation while at LTs (e.g. Ernst 1988; Dumitru 1989;
Tagami and Dumitru 1996; Unruh et al. 2007), meta-
morphic ages closely approximate the subduction–accre-
tion age. The high-grade rocks are exceptions to the
correspondence between subduction–accretion age and
metamorphic age. Some ages reflect the cooling/retro-
grade ages of the high-grade rocks (Anczkiewicz et al.

2004; Wakabayashi and Dumitru 2007; Mulcahy et al.
2009, 2014b; Dumitru et al. 2010). In addition, the
metamorphic ages of high-grade blocks greatly exceed
the apparent accretion ages of their host mélanges, sug-
gesting tectonic (e.g. Cloos 1982, 1984) or sedimentary
recycling (e.g. Cowan and Page 1975; Moore 1984;
Wakabayashi 2012; this study). This is discussed further
in Sections 5.2, 5.3, 5.5, and 5.8.

Estimates of metamorphic pressures of high-grade
metamorphic rocks range from less than 0.4 GPa for
some of the garnet-free amphibolites (Wakabayashi
1990) to 1.8–2.5 GPa for eclogites (Tsujimori et al.
2006; Page et al. 2007). Lower-grade blueschist facies
rocks record pressures of about 0.6–>1 GPa (Brown and
Ghent 1983; Maruyama et al. 1985; Ernst 1993; Ernst and
McLaughlin 2012). Sub-blueschist grade rocks were meta-
morphosed at pressures 0.4 GPa or less (Blake et al. 1988;
Ernst and McLaughlin 2012). For the purposes of group-
ing different types of Franciscan metamorphic rocks, law-
sonite–albite facies rocks, with lawsonite and aragonite,
but no jadeite, will be considered among the ‘blueschist
facies’ rocks of the Franciscan.

Wakabayashi (1990) may have underestimated the
pressure of garnet-free amphibolites; rutile is present in
most of these metabasites, commonly as cores in titanite.
This suggests pressures of ~1 GPa or higher based on a
summary of experimental results on metabasites of MORB
composition (Ernst and Liu 1998). Similarly, the Al and Ti
content in the calcic amphiboles also suggest 1 GPa or
higher pressures for these rocks, based on experimental
results summarized in Ernst and Liu (1998). For example,
calcic amphiboles from the two samples assigned low
pressures (≤0.4 GPa) (Wakabayashi 1990; MP-1 and
SMC-1) have TiO2 contents of ~1% and 0.8% and
Al2O3 contents ~13% and 12% (data from Wakabayashi
1989, 1990). This suggests pressures of about 1.3 GPa at
720°C and 670°C for MP-1 and SMC-1, respectively,
applying the Ernst and Liu (1998) thermobarometer.
Both samples have small rutile cores in titanite. This
reanalysis suggests that all of the high-grade rocks of the
Franciscan reflect HP metamorphic conditions.
Accordingly, ‘HP metamorphic rocks’ will refer collec-
tively to all high-grade, blueschist facies and lawsonite–
albite facies rocks.

Another issue in Franciscan metamorphic studies is
that recent pressure estimates for high-grade rocks, espe-
cially eclogites (Massonne 1995; Tsujimori et al. 2006;
Page et al. 2007), are much higher than earlier ones (e.g.
Moore 1984; Oh and Liou 1990; Wakabayashi 1990;
Krogh et al. 1994; Shibakusa and Maekawa 1997), pri-
marily as a result of application of garnet–clinopyroxene–
phengite thermobarometry in the recent studies, as pointed
out by Cooper et al. (2011). It is beyond the scope of this
article to discuss the relative merits of geobarometric
methods, but it is important to note that the new, higher
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Figure 7. Summary of Franciscan PT paths of metamorphism
associated with different ages of subduction/metamorphism and
different studies. Acronyms labelling the PT paths are: BG1983,
Brown and Ghent (1983); E1993, Ernst (1993); EM2012, Ernst
and McLaughlin (2012); HPSZ 2014, garnet amphibolite (revised
in this study from Wakabayashi 1990); P2007 = Page et al.
(2007), SMC-1 2014 amphibolite (revised in this study from
Wakabayashi (1990); T2006, Tsujimori et al. (2006); T2007Ecl,
Tsujimori et al. (2007) eclogite sample; T2007grt-amph,
Tsujimori et al. (2007) garnet amphibolite; W1990 TEC2,
Wakabayashi (1990, sample TEC2). The PT paths are general-
ized and narrower than that reflected by the uncertainties in many
of the original studies in order for individual PT paths to be
distinguishable on this diagram. PT paths of high-grade rocks are
depicted in green, whereas other PT path colours mimic the
metamorphic colour scheme in Figures 1–3. See also Figure 25
for hypothetical PT paths of rocks that were buried and exposed
more than once.
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from which, taking �2 = (�1 + �3)/2 = P , � = 30� and C = 0
(see Methods), without pore fluid pressure, the total pressure in
compression is:

Pc =2Plitho (2)

and the total pressure in extension:

Pe =
2
3
Plitho (3)

Consequently, a switch from compression to extension leads to a
pressure drop 1P , such that:

1P=Pc �Pe =
4
3
Plitho (4)

Equations (2) and (3) show that, during subduction, rocks can
successively undergo an overpressure Pc two times higher than Plitho
(refs 9,10) and an underpressure Pe < Plitho (ref. 10). The switch
between �1 and �3 leads to a catastrophic pressure drop1P (Fig. 2c)
whose value is higher than Plitho and that, geologically, can be almost
instantaneous (that is, as fast as the state of stress switch).

Mechanical and tectonic implications
The relation between peak pressure Pc and the pressure drop 1P
recorded by the rocks (Fig. 1b) fits with our analysis (Fig. 3a,
equation (2)–(4) and Methods) and the fit quality increases when
the frictional parameters used correspond to the Byerlee law. This
result puts in question the classical interpretation ofP–T–t paths and
has important implications for understanding the processes acting
in subduction zones:

(1) A stress switch between burial related compression (Fig. 2a)
and extension at the onset of exhumation (Fig. 2b) can provide
a simple physical explanation for the sudden, large and nearly
isothermal pressure drop observed in P–T–t paths of (U)HP
metamorphic rocks. This first stage of the retrograde path (Fig. 1a),
commonly interpreted as a very fast exhumation stage20, does not

correspond to any significant rock ascent and occurs, for a large
part, close to the metamorphic peak (Fig. 4). Moreover, such a
sudden pressure drop could also explain why the peak parageneses
are preserved after retrogression.

(2) The conversion of a P–T path into a Plitho–T path (Fig. 4)
shows that burial stops at depths much shallower than expected
from the classical interpretation and that exhumation starts at
deeper levels than the recorded pressure Pe (if assumed lithostatic,
Fig. 4). Kinematic reconstructions of the structure prior to
exhumation from the geometry and size of metamorphic units21–24
can provide crucial independent tests for this. Further work is thus
required to refine the role of extension as an explanation for the
linear trend between Pc and 1P .

(3) In mountain belts, such as the Alps or Himalayas, the
structures and kinematic markers related to an extensional
exhumation of (U)HP rocks can be obscured or even erased by later
tectonic events. However, other field examples clearly show that
exhumation occurred in extension (regardless of P–T estimates),
driven either by slab rollback (for example, Mediterranean15) or
by extension of the overriding plate (for example, Norwegian
Caledonides14,18 or Papua New Guinea25). It is remarkable that,
whatever the tectonic setting, P–T data respect the same linear
relation between peak pressure and pressure drop (Figs 1b and 3a),
indicating that even where extensional exhumation is not obvious a
transition from compression to extension probably occurred.

(4) The condition of steady-state frictional behaviour is not
essential and our analysis remains valid for ductile rocks (see
Methods) but with a state of stress very close to the frictional yield
stress, as shown by the location of natural cases in the Pc–1P
diagram (Fig. 3a).

Moreover, growing field evidence demonstrates frictional
behaviour (for example, pseudotachylytes in the eclogites facies26,27
or eclogites breccias28,29) with potential links to subduction zone
seismicity (that is, both intermediate and deep earthquakes). At
the rock sample scale, it is also common that (U)HP eclogites
do not show evidence of ductile shear30. This means that (U)HP
mineralogical transformations could occur almost statically31
and that exhumation-related deformation is localized at the
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(Wakabayashi and Dumitru 2007), and ultimately to zeo-
lite and prehnite–pumpellyite temperatures of <250°C
(Blake et al. 1988; Ernst and McLaughlin 2012) from ca.
15 Ma to 100 Ma, with age overlap between the latter two
metamorphic grade classes owing to differential exhuma-
tion of coeval units.

Because of the lack of thermal overprint on
Franciscan metamorphic rocks and evidence for exhu-
mation while at LTs (e.g. Ernst 1988; Dumitru 1989;
Tagami and Dumitru 1996; Unruh et al. 2007), meta-
morphic ages closely approximate the subduction–accre-
tion age. The high-grade rocks are exceptions to the
correspondence between subduction–accretion age and
metamorphic age. Some ages reflect the cooling/retro-
grade ages of the high-grade rocks (Anczkiewicz et al.

2004; Wakabayashi and Dumitru 2007; Mulcahy et al.
2009, 2014b; Dumitru et al. 2010). In addition, the
metamorphic ages of high-grade blocks greatly exceed
the apparent accretion ages of their host mélanges, sug-
gesting tectonic (e.g. Cloos 1982, 1984) or sedimentary
recycling (e.g. Cowan and Page 1975; Moore 1984;
Wakabayashi 2012; this study). This is discussed further
in Sections 5.2, 5.3, 5.5, and 5.8.

Estimates of metamorphic pressures of high-grade
metamorphic rocks range from less than 0.4 GPa for
some of the garnet-free amphibolites (Wakabayashi
1990) to 1.8–2.5 GPa for eclogites (Tsujimori et al.
2006; Page et al. 2007). Lower-grade blueschist facies
rocks record pressures of about 0.6–>1 GPa (Brown and
Ghent 1983; Maruyama et al. 1985; Ernst 1993; Ernst and
McLaughlin 2012). Sub-blueschist grade rocks were meta-
morphosed at pressures 0.4 GPa or less (Blake et al. 1988;
Ernst and McLaughlin 2012). For the purposes of group-
ing different types of Franciscan metamorphic rocks, law-
sonite–albite facies rocks, with lawsonite and aragonite,
but no jadeite, will be considered among the ‘blueschist
facies’ rocks of the Franciscan.

Wakabayashi (1990) may have underestimated the
pressure of garnet-free amphibolites; rutile is present in
most of these metabasites, commonly as cores in titanite.
This suggests pressures of ~1 GPa or higher based on a
summary of experimental results on metabasites of MORB
composition (Ernst and Liu 1998). Similarly, the Al and Ti
content in the calcic amphiboles also suggest 1 GPa or
higher pressures for these rocks, based on experimental
results summarized in Ernst and Liu (1998). For example,
calcic amphiboles from the two samples assigned low
pressures (≤0.4 GPa) (Wakabayashi 1990; MP-1 and
SMC-1) have TiO2 contents of ~1% and 0.8% and
Al2O3 contents ~13% and 12% (data from Wakabayashi
1989, 1990). This suggests pressures of about 1.3 GPa at
720°C and 670°C for MP-1 and SMC-1, respectively,
applying the Ernst and Liu (1998) thermobarometer.
Both samples have small rutile cores in titanite. This
reanalysis suggests that all of the high-grade rocks of the
Franciscan reflect HP metamorphic conditions.
Accordingly, ‘HP metamorphic rocks’ will refer collec-
tively to all high-grade, blueschist facies and lawsonite–
albite facies rocks.

Another issue in Franciscan metamorphic studies is
that recent pressure estimates for high-grade rocks, espe-
cially eclogites (Massonne 1995; Tsujimori et al. 2006;
Page et al. 2007), are much higher than earlier ones (e.g.
Moore 1984; Oh and Liou 1990; Wakabayashi 1990;
Krogh et al. 1994; Shibakusa and Maekawa 1997), pri-
marily as a result of application of garnet–clinopyroxene–
phengite thermobarometry in the recent studies, as pointed
out by Cooper et al. (2011). It is beyond the scope of this
article to discuss the relative merits of geobarometric
methods, but it is important to note that the new, higher
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Figure 7. Summary of Franciscan PT paths of metamorphism
associated with different ages of subduction/metamorphism and
different studies. Acronyms labelling the PT paths are: BG1983,
Brown and Ghent (1983); E1993, Ernst (1993); EM2012, Ernst
and McLaughlin (2012); HPSZ 2014, garnet amphibolite (revised
in this study from Wakabayashi 1990); P2007 = Page et al.
(2007), SMC-1 2014 amphibolite (revised in this study from
Wakabayashi (1990); T2006, Tsujimori et al. (2006); T2007Ecl,
Tsujimori et al. (2007) eclogite sample; T2007grt-amph,
Tsujimori et al. (2007) garnet amphibolite; W1990 TEC2,
Wakabayashi (1990, sample TEC2). The PT paths are general-
ized and narrower than that reflected by the uncertainties in many
of the original studies in order for individual PT paths to be
distinguishable on this diagram. PT paths of high-grade rocks are
depicted in green, whereas other PT path colours mimic the
metamorphic colour scheme in Figures 1–3. See also Figure 25
for hypothetical PT paths of rocks that were buried and exposed
more than once.

International Geology Review 679

NATURE GEOSCIENCE DOI: 10.1038/NGEO2852 ARTICLES

Granulite

Extremely rare 
in nature

Blueschists

Quartz
Coesite

Eclogite

Amphibolite

Pr
es

su
re

 (G
Pa

)

Temperature (°C)
200 400 600 800

1

2

3

a b

Greenschist Granulite

Blueschists

Eclogite

Amphibolite
Greenschist

Retrograde
(stage 1)

Prograde

t1

t2

t3t0

Peak
pressure

Retrograde
(stage 2)

0 1 2 3 4
0

1

2

3

4

5

Pe
ak

 p
re

ss
ur

e 
(G

Pa
)

Pressure drop ∆P (GPa)

Alps
Kokchetav
Dabie−Sulu
Kaghan

Tso Morari
Caledonides
Others

Pressure
drop

∆P

Figure 1 | P–T–t path, peak pressure and pressure drop. a, P–T–t paths related to rocks within subduction zones (white star) generally show a prograde
part (blue line), a pressure peak (red star) and a retrograde part (green line). Geochronological data provide time constraints along the P–T path (t1, t2, t3)
and usually show that the retrograde path occurs in two stages: stage 1 (between t1 and t2) being much faster than stage 2 (between t2 and t3). b, Pressure
drop as a function of pressure peak from natural data. Error bars are a function of the error in P estimates. A circle is used instead of a square when a
precise pressure estimate at t= t2 exists to compute 1P (see Supplementary Table 1).

from which, taking �2 = (�1 + �3)/2 = P , � = 30� and C = 0
(see Methods), without pore fluid pressure, the total pressure in
compression is:

Pc =2Plitho (2)

and the total pressure in extension:

Pe =
2
3
Plitho (3)

Consequently, a switch from compression to extension leads to a
pressure drop 1P , such that:

1P=Pc �Pe =
4
3
Plitho (4)

Equations (2) and (3) show that, during subduction, rocks can
successively undergo an overpressure Pc two times higher than Plitho
(refs 9,10) and an underpressure Pe < Plitho (ref. 10). The switch
between �1 and �3 leads to a catastrophic pressure drop1P (Fig. 2c)
whose value is higher than Plitho and that, geologically, can be almost
instantaneous (that is, as fast as the state of stress switch).

Mechanical and tectonic implications
The relation between peak pressure Pc and the pressure drop 1P
recorded by the rocks (Fig. 1b) fits with our analysis (Fig. 3a,
equation (2)–(4) and Methods) and the fit quality increases when
the frictional parameters used correspond to the Byerlee law. This
result puts in question the classical interpretation ofP–T–t paths and
has important implications for understanding the processes acting
in subduction zones:

(1) A stress switch between burial related compression (Fig. 2a)
and extension at the onset of exhumation (Fig. 2b) can provide
a simple physical explanation for the sudden, large and nearly
isothermal pressure drop observed in P–T–t paths of (U)HP
metamorphic rocks. This first stage of the retrograde path (Fig. 1a),
commonly interpreted as a very fast exhumation stage20, does not

correspond to any significant rock ascent and occurs, for a large
part, close to the metamorphic peak (Fig. 4). Moreover, such a
sudden pressure drop could also explain why the peak parageneses
are preserved after retrogression.

(2) The conversion of a P–T path into a Plitho–T path (Fig. 4)
shows that burial stops at depths much shallower than expected
from the classical interpretation and that exhumation starts at
deeper levels than the recorded pressure Pe (if assumed lithostatic,
Fig. 4). Kinematic reconstructions of the structure prior to
exhumation from the geometry and size of metamorphic units21–24
can provide crucial independent tests for this. Further work is thus
required to refine the role of extension as an explanation for the
linear trend between Pc and 1P .

(3) In mountain belts, such as the Alps or Himalayas, the
structures and kinematic markers related to an extensional
exhumation of (U)HP rocks can be obscured or even erased by later
tectonic events. However, other field examples clearly show that
exhumation occurred in extension (regardless of P–T estimates),
driven either by slab rollback (for example, Mediterranean15) or
by extension of the overriding plate (for example, Norwegian
Caledonides14,18 or Papua New Guinea25). It is remarkable that,
whatever the tectonic setting, P–T data respect the same linear
relation between peak pressure and pressure drop (Figs 1b and 3a),
indicating that even where extensional exhumation is not obvious a
transition from compression to extension probably occurred.

(4) The condition of steady-state frictional behaviour is not
essential and our analysis remains valid for ductile rocks (see
Methods) but with a state of stress very close to the frictional yield
stress, as shown by the location of natural cases in the Pc–1P
diagram (Fig. 3a).

Moreover, growing field evidence demonstrates frictional
behaviour (for example, pseudotachylytes in the eclogites facies26,27
or eclogites breccias28,29) with potential links to subduction zone
seismicity (that is, both intermediate and deep earthquakes). At
the rock sample scale, it is also common that (U)HP eclogites
do not show evidence of ductile shear30. This means that (U)HP
mineralogical transformations could occur almost statically31
and that exhumation-related deformation is localized at the
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from which, taking �2 = (�1 + �3)/2 = P , � = 30� and C = 0
(see Methods), without pore fluid pressure, the total pressure in
compression is:

Pc =2Plitho (2)

and the total pressure in extension:

Pe =
2
3
Plitho (3)

Consequently, a switch from compression to extension leads to a
pressure drop 1P , such that:

1P=Pc �Pe =
4
3
Plitho (4)

Equations (2) and (3) show that, during subduction, rocks can
successively undergo an overpressure Pc two times higher than Plitho
(refs 9,10) and an underpressure Pe < Plitho (ref. 10). The switch
between �1 and �3 leads to a catastrophic pressure drop1P (Fig. 2c)
whose value is higher than Plitho and that, geologically, can be almost
instantaneous (that is, as fast as the state of stress switch).

Mechanical and tectonic implications
The relation between peak pressure Pc and the pressure drop 1P
recorded by the rocks (Fig. 1b) fits with our analysis (Fig. 3a,
equation (2)–(4) and Methods) and the fit quality increases when
the frictional parameters used correspond to the Byerlee law. This
result puts in question the classical interpretation ofP–T–t paths and
has important implications for understanding the processes acting
in subduction zones:

(1) A stress switch between burial related compression (Fig. 2a)
and extension at the onset of exhumation (Fig. 2b) can provide
a simple physical explanation for the sudden, large and nearly
isothermal pressure drop observed in P–T–t paths of (U)HP
metamorphic rocks. This first stage of the retrograde path (Fig. 1a),
commonly interpreted as a very fast exhumation stage20, does not

correspond to any significant rock ascent and occurs, for a large
part, close to the metamorphic peak (Fig. 4). Moreover, such a
sudden pressure drop could also explain why the peak parageneses
are preserved after retrogression.

(2) The conversion of a P–T path into a Plitho–T path (Fig. 4)
shows that burial stops at depths much shallower than expected
from the classical interpretation and that exhumation starts at
deeper levels than the recorded pressure Pe (if assumed lithostatic,
Fig. 4). Kinematic reconstructions of the structure prior to
exhumation from the geometry and size of metamorphic units21–24
can provide crucial independent tests for this. Further work is thus
required to refine the role of extension as an explanation for the
linear trend between Pc and 1P .

(3) In mountain belts, such as the Alps or Himalayas, the
structures and kinematic markers related to an extensional
exhumation of (U)HP rocks can be obscured or even erased by later
tectonic events. However, other field examples clearly show that
exhumation occurred in extension (regardless of P–T estimates),
driven either by slab rollback (for example, Mediterranean15) or
by extension of the overriding plate (for example, Norwegian
Caledonides14,18 or Papua New Guinea25). It is remarkable that,
whatever the tectonic setting, P–T data respect the same linear
relation between peak pressure and pressure drop (Figs 1b and 3a),
indicating that even where extensional exhumation is not obvious a
transition from compression to extension probably occurred.

(4) The condition of steady-state frictional behaviour is not
essential and our analysis remains valid for ductile rocks (see
Methods) but with a state of stress very close to the frictional yield
stress, as shown by the location of natural cases in the Pc–1P
diagram (Fig. 3a).

Moreover, growing field evidence demonstrates frictional
behaviour (for example, pseudotachylytes in the eclogites facies26,27
or eclogites breccias28,29) with potential links to subduction zone
seismicity (that is, both intermediate and deep earthquakes). At
the rock sample scale, it is also common that (U)HP eclogites
do not show evidence of ductile shear30. This means that (U)HP
mineralogical transformations could occur almost statically31
and that exhumation-related deformation is localized at the
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from which, taking �2 = (�1 + �3)/2 = P , � = 30� and C = 0
(see Methods), without pore fluid pressure, the total pressure in
compression is:

Pc =2Plitho (2)

and the total pressure in extension:

Pe =
2
3
Plitho (3)

Consequently, a switch from compression to extension leads to a
pressure drop 1P , such that:

1P=Pc �Pe =
4
3
Plitho (4)

Equations (2) and (3) show that, during subduction, rocks can
successively undergo an overpressure Pc two times higher than Plitho
(refs 9,10) and an underpressure Pe < Plitho (ref. 10). The switch
between �1 and �3 leads to a catastrophic pressure drop1P (Fig. 2c)
whose value is higher than Plitho and that, geologically, can be almost
instantaneous (that is, as fast as the state of stress switch).

Mechanical and tectonic implications
The relation between peak pressure Pc and the pressure drop 1P
recorded by the rocks (Fig. 1b) fits with our analysis (Fig. 3a,
equation (2)–(4) and Methods) and the fit quality increases when
the frictional parameters used correspond to the Byerlee law. This
result puts in question the classical interpretation ofP–T–t paths and
has important implications for understanding the processes acting
in subduction zones:

(1) A stress switch between burial related compression (Fig. 2a)
and extension at the onset of exhumation (Fig. 2b) can provide
a simple physical explanation for the sudden, large and nearly
isothermal pressure drop observed in P–T–t paths of (U)HP
metamorphic rocks. This first stage of the retrograde path (Fig. 1a),
commonly interpreted as a very fast exhumation stage20, does not

correspond to any significant rock ascent and occurs, for a large
part, close to the metamorphic peak (Fig. 4). Moreover, such a
sudden pressure drop could also explain why the peak parageneses
are preserved after retrogression.

(2) The conversion of a P–T path into a Plitho–T path (Fig. 4)
shows that burial stops at depths much shallower than expected
from the classical interpretation and that exhumation starts at
deeper levels than the recorded pressure Pe (if assumed lithostatic,
Fig. 4). Kinematic reconstructions of the structure prior to
exhumation from the geometry and size of metamorphic units21–24
can provide crucial independent tests for this. Further work is thus
required to refine the role of extension as an explanation for the
linear trend between Pc and 1P .

(3) In mountain belts, such as the Alps or Himalayas, the
structures and kinematic markers related to an extensional
exhumation of (U)HP rocks can be obscured or even erased by later
tectonic events. However, other field examples clearly show that
exhumation occurred in extension (regardless of P–T estimates),
driven either by slab rollback (for example, Mediterranean15) or
by extension of the overriding plate (for example, Norwegian
Caledonides14,18 or Papua New Guinea25). It is remarkable that,
whatever the tectonic setting, P–T data respect the same linear
relation between peak pressure and pressure drop (Figs 1b and 3a),
indicating that even where extensional exhumation is not obvious a
transition from compression to extension probably occurred.

(4) The condition of steady-state frictional behaviour is not
essential and our analysis remains valid for ductile rocks (see
Methods) but with a state of stress very close to the frictional yield
stress, as shown by the location of natural cases in the Pc–1P
diagram (Fig. 3a).

Moreover, growing field evidence demonstrates frictional
behaviour (for example, pseudotachylytes in the eclogites facies26,27
or eclogites breccias28,29) with potential links to subduction zone
seismicity (that is, both intermediate and deep earthquakes). At
the rock sample scale, it is also common that (U)HP eclogites
do not show evidence of ductile shear30. This means that (U)HP
mineralogical transformations could occur almost statically31
and that exhumation-related deformation is localized at the
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Note that none of these points are from Franciscan…
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conditions recorded in metamorphic rocks and on deformation
within the subduction zones. The magnitude of the resulting
pressure drop, which occurred prior to exhumation, is too large to be
ignored. This mechanism provides a new and consistent alternative
to interpret P–T–t paths and appears large enough to generate
seismicity. Our results do not question the subduction processes
of the oceanic and/or continental lithosphere, which explains
the asymmetric structure of mountain belts and the coherent
stacking of (U)HP metamorphic units. Nevertheless, they point
out the necessity to rethink our understanding of rock rheology,
particularly at the subduction interface. They also require another
method for estimating the e�ective volume of material subducted
at convergent plate boundaries that is likely to be much less than
currently accepted.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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(Wakabayashi and Dumitru 2007), and ultimately to zeo-
lite and prehnite–pumpellyite temperatures of <250°C
(Blake et al. 1988; Ernst and McLaughlin 2012) from ca.
15 Ma to 100 Ma, with age overlap between the latter two
metamorphic grade classes owing to differential exhuma-
tion of coeval units.

Because of the lack of thermal overprint on
Franciscan metamorphic rocks and evidence for exhu-
mation while at LTs (e.g. Ernst 1988; Dumitru 1989;
Tagami and Dumitru 1996; Unruh et al. 2007), meta-
morphic ages closely approximate the subduction–accre-
tion age. The high-grade rocks are exceptions to the
correspondence between subduction–accretion age and
metamorphic age. Some ages reflect the cooling/retro-
grade ages of the high-grade rocks (Anczkiewicz et al.

2004; Wakabayashi and Dumitru 2007; Mulcahy et al.
2009, 2014b; Dumitru et al. 2010). In addition, the
metamorphic ages of high-grade blocks greatly exceed
the apparent accretion ages of their host mélanges, sug-
gesting tectonic (e.g. Cloos 1982, 1984) or sedimentary
recycling (e.g. Cowan and Page 1975; Moore 1984;
Wakabayashi 2012; this study). This is discussed further
in Sections 5.2, 5.3, 5.5, and 5.8.

Estimates of metamorphic pressures of high-grade
metamorphic rocks range from less than 0.4 GPa for
some of the garnet-free amphibolites (Wakabayashi
1990) to 1.8–2.5 GPa for eclogites (Tsujimori et al.
2006; Page et al. 2007). Lower-grade blueschist facies
rocks record pressures of about 0.6–>1 GPa (Brown and
Ghent 1983; Maruyama et al. 1985; Ernst 1993; Ernst and
McLaughlin 2012). Sub-blueschist grade rocks were meta-
morphosed at pressures 0.4 GPa or less (Blake et al. 1988;
Ernst and McLaughlin 2012). For the purposes of group-
ing different types of Franciscan metamorphic rocks, law-
sonite–albite facies rocks, with lawsonite and aragonite,
but no jadeite, will be considered among the ‘blueschist
facies’ rocks of the Franciscan.

Wakabayashi (1990) may have underestimated the
pressure of garnet-free amphibolites; rutile is present in
most of these metabasites, commonly as cores in titanite.
This suggests pressures of ~1 GPa or higher based on a
summary of experimental results on metabasites of MORB
composition (Ernst and Liu 1998). Similarly, the Al and Ti
content in the calcic amphiboles also suggest 1 GPa or
higher pressures for these rocks, based on experimental
results summarized in Ernst and Liu (1998). For example,
calcic amphiboles from the two samples assigned low
pressures (≤0.4 GPa) (Wakabayashi 1990; MP-1 and
SMC-1) have TiO2 contents of ~1% and 0.8% and
Al2O3 contents ~13% and 12% (data from Wakabayashi
1989, 1990). This suggests pressures of about 1.3 GPa at
720°C and 670°C for MP-1 and SMC-1, respectively,
applying the Ernst and Liu (1998) thermobarometer.
Both samples have small rutile cores in titanite. This
reanalysis suggests that all of the high-grade rocks of the
Franciscan reflect HP metamorphic conditions.
Accordingly, ‘HP metamorphic rocks’ will refer collec-
tively to all high-grade, blueschist facies and lawsonite–
albite facies rocks.

Another issue in Franciscan metamorphic studies is
that recent pressure estimates for high-grade rocks, espe-
cially eclogites (Massonne 1995; Tsujimori et al. 2006;
Page et al. 2007), are much higher than earlier ones (e.g.
Moore 1984; Oh and Liou 1990; Wakabayashi 1990;
Krogh et al. 1994; Shibakusa and Maekawa 1997), pri-
marily as a result of application of garnet–clinopyroxene–
phengite thermobarometry in the recent studies, as pointed
out by Cooper et al. (2011). It is beyond the scope of this
article to discuss the relative merits of geobarometric
methods, but it is important to note that the new, higher
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from which, taking �2 = (�1 + �3)/2 = P , � = 30� and C = 0
(see Methods), without pore fluid pressure, the total pressure in
compression is:

Pc =2Plitho (2)

and the total pressure in extension:

Pe =
2
3
Plitho (3)

Consequently, a switch from compression to extension leads to a
pressure drop 1P , such that:

1P=Pc �Pe =
4
3
Plitho (4)

Equations (2) and (3) show that, during subduction, rocks can
successively undergo an overpressure Pc two times higher than Plitho
(refs 9,10) and an underpressure Pe < Plitho (ref. 10). The switch
between �1 and �3 leads to a catastrophic pressure drop1P (Fig. 2c)
whose value is higher than Plitho and that, geologically, can be almost
instantaneous (that is, as fast as the state of stress switch).

Mechanical and tectonic implications
The relation between peak pressure Pc and the pressure drop 1P
recorded by the rocks (Fig. 1b) fits with our analysis (Fig. 3a,
equation (2)–(4) and Methods) and the fit quality increases when
the frictional parameters used correspond to the Byerlee law. This
result puts in question the classical interpretation ofP–T–t paths and
has important implications for understanding the processes acting
in subduction zones:

(1) A stress switch between burial related compression (Fig. 2a)
and extension at the onset of exhumation (Fig. 2b) can provide
a simple physical explanation for the sudden, large and nearly
isothermal pressure drop observed in P–T–t paths of (U)HP
metamorphic rocks. This first stage of the retrograde path (Fig. 1a),
commonly interpreted as a very fast exhumation stage20, does not

correspond to any significant rock ascent and occurs, for a large
part, close to the metamorphic peak (Fig. 4). Moreover, such a
sudden pressure drop could also explain why the peak parageneses
are preserved after retrogression.

(2) The conversion of a P–T path into a Plitho–T path (Fig. 4)
shows that burial stops at depths much shallower than expected
from the classical interpretation and that exhumation starts at
deeper levels than the recorded pressure Pe (if assumed lithostatic,
Fig. 4). Kinematic reconstructions of the structure prior to
exhumation from the geometry and size of metamorphic units21–24
can provide crucial independent tests for this. Further work is thus
required to refine the role of extension as an explanation for the
linear trend between Pc and 1P .

(3) In mountain belts, such as the Alps or Himalayas, the
structures and kinematic markers related to an extensional
exhumation of (U)HP rocks can be obscured or even erased by later
tectonic events. However, other field examples clearly show that
exhumation occurred in extension (regardless of P–T estimates),
driven either by slab rollback (for example, Mediterranean15) or
by extension of the overriding plate (for example, Norwegian
Caledonides14,18 or Papua New Guinea25). It is remarkable that,
whatever the tectonic setting, P–T data respect the same linear
relation between peak pressure and pressure drop (Figs 1b and 3a),
indicating that even where extensional exhumation is not obvious a
transition from compression to extension probably occurred.

(4) The condition of steady-state frictional behaviour is not
essential and our analysis remains valid for ductile rocks (see
Methods) but with a state of stress very close to the frictional yield
stress, as shown by the location of natural cases in the Pc–1P
diagram (Fig. 3a).

Moreover, growing field evidence demonstrates frictional
behaviour (for example, pseudotachylytes in the eclogites facies26,27
or eclogites breccias28,29) with potential links to subduction zone
seismicity (that is, both intermediate and deep earthquakes). At
the rock sample scale, it is also common that (U)HP eclogites
do not show evidence of ductile shear30. This means that (U)HP
mineralogical transformations could occur almost statically31
and that exhumation-related deformation is localized at the
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from which, taking �2 = (�1 + �3)/2 = P , � = 30� and C = 0
(see Methods), without pore fluid pressure, the total pressure in
compression is:

Pc =2Plitho (2)

and the total pressure in extension:

Pe =
2
3
Plitho (3)

Consequently, a switch from compression to extension leads to a
pressure drop 1P , such that:

1P=Pc �Pe =
4
3
Plitho (4)

Equations (2) and (3) show that, during subduction, rocks can
successively undergo an overpressure Pc two times higher than Plitho
(refs 9,10) and an underpressure Pe < Plitho (ref. 10). The switch
between �1 and �3 leads to a catastrophic pressure drop1P (Fig. 2c)
whose value is higher than Plitho and that, geologically, can be almost
instantaneous (that is, as fast as the state of stress switch).

Mechanical and tectonic implications
The relation between peak pressure Pc and the pressure drop 1P
recorded by the rocks (Fig. 1b) fits with our analysis (Fig. 3a,
equation (2)–(4) and Methods) and the fit quality increases when
the frictional parameters used correspond to the Byerlee law. This
result puts in question the classical interpretation ofP–T–t paths and
has important implications for understanding the processes acting
in subduction zones:

(1) A stress switch between burial related compression (Fig. 2a)
and extension at the onset of exhumation (Fig. 2b) can provide
a simple physical explanation for the sudden, large and nearly
isothermal pressure drop observed in P–T–t paths of (U)HP
metamorphic rocks. This first stage of the retrograde path (Fig. 1a),
commonly interpreted as a very fast exhumation stage20, does not

correspond to any significant rock ascent and occurs, for a large
part, close to the metamorphic peak (Fig. 4). Moreover, such a
sudden pressure drop could also explain why the peak parageneses
are preserved after retrogression.

(2) The conversion of a P–T path into a Plitho–T path (Fig. 4)
shows that burial stops at depths much shallower than expected
from the classical interpretation and that exhumation starts at
deeper levels than the recorded pressure Pe (if assumed lithostatic,
Fig. 4). Kinematic reconstructions of the structure prior to
exhumation from the geometry and size of metamorphic units21–24
can provide crucial independent tests for this. Further work is thus
required to refine the role of extension as an explanation for the
linear trend between Pc and 1P .

(3) In mountain belts, such as the Alps or Himalayas, the
structures and kinematic markers related to an extensional
exhumation of (U)HP rocks can be obscured or even erased by later
tectonic events. However, other field examples clearly show that
exhumation occurred in extension (regardless of P–T estimates),
driven either by slab rollback (for example, Mediterranean15) or
by extension of the overriding plate (for example, Norwegian
Caledonides14,18 or Papua New Guinea25). It is remarkable that,
whatever the tectonic setting, P–T data respect the same linear
relation between peak pressure and pressure drop (Figs 1b and 3a),
indicating that even where extensional exhumation is not obvious a
transition from compression to extension probably occurred.

(4) The condition of steady-state frictional behaviour is not
essential and our analysis remains valid for ductile rocks (see
Methods) but with a state of stress very close to the frictional yield
stress, as shown by the location of natural cases in the Pc–1P
diagram (Fig. 3a).

Moreover, growing field evidence demonstrates frictional
behaviour (for example, pseudotachylytes in the eclogites facies26,27
or eclogites breccias28,29) with potential links to subduction zone
seismicity (that is, both intermediate and deep earthquakes). At
the rock sample scale, it is also common that (U)HP eclogites
do not show evidence of ductile shear30. This means that (U)HP
mineralogical transformations could occur almost statically31
and that exhumation-related deformation is localized at the
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edges of the metamorphic units. This does not necessarily
imply that the long-term behaviour of (U)HP rocks is frictional
but that the initial localizing process is frictional. This would
correspond to brittle fractures where strain weakening enhanced
by incoming fluids accommodates their evolution into ductile
shear zones32.

In addition, at a larger scale, the thrust-related delamination of
large and thick (U)HP crustal units (up to 100 km and 15 km3,
respectively) from the subducting slab and their stacking in
the subduction zone also requires high strength and therefore
probably frictional behaviour. Subducting continental crust must be

mechanically coupled to the downgoing mantle slab to be pulled
down to (U)HP conditions. This would be the case for thinned
continental crust with Moho temperatures lower than 550 �C (for
example, passive margins).

(5) The sudden pressure drop associated with the stress switch
described in this paper could be linked to subduction earthquakes.
This should therefore be considered in combination with other
mechanisms for failure and co-seismic faulting, such as dehydration
embrittlement33,34 or self-localizing thermal runaway35,36.

In conclusion, the tectonic switch, fromcompression to extension
at the maximum burial depth, has a dramatic e�ect on the P–T–t
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cal studies and even fewer field and drill core studies, all of which 
are restricted to the top few kilometres of the accreted wedge. The 
extrapolation of these observations to greater depths is difficult 
because of the poor understanding of the changes in the material 
properties of sediments with burial. In particular, the Franciscan 
melange belt has defied subdivision into a series of imbricate 
thrusts. Instead, the field descriptions suggest that the Franciscan 
melanges underwent ductile flow of unknown but possibly large 
magnitude. This indicates that major changes occur in the mechani-
cal behavior of sediment as it is subducted. Even though it is diffi-
cult to correctly scale models of subduction zones, the clay cake 
experiments of Seeley (1977) and Cowan and Silling (1978) are 
instructive. At the beginning of both experiments, imbricate thrust 
faults developed. However, Cowan and Silling noted that flow 
rather than faulting occurred in clays that became "deeply" buried 
in their growing accretionary wedge. This led them to propose that 
flow can occur deep within a subduction complex while thrusting 
occurs near the trench axis. In addition, they observed that material 
rose upward along the vertical wall that formed a right angle corner 
with the underthrust slab. They proposed that such flow could 
uplift blueschists. 

There is reason to believe that significant viscous flow is to be 
expected in a subduction complex, particularly if abundant shale is 
being accreted. This is because shale can flow viscously. Examples 
of this behavior include the development of growth faults due to the 
diapiric rise of low density shales in the Gulf Coast region of Texas 
(Bruce, 1973; Harding and Lowell, 1979). Diapirs or shale-cored 
anticlines of oceanic pelagics have also been recorded in the deep 
ocean in areas where shales have been loaded by the deposition of 
terrigenous sediment (Tiffen and others, 1972; Lancelot and Emb-
ley, 1977; Hamilton, 1977). Similar shale diapirs crop out along the 
coast of Washington (Rau and Grocok, 1974) and offshore of Cali-
fornia (Field and Gardner, 1980). Mudlump islands in the deltas at 
the mouth of the Mississippi (Morgan and others, 1968) and Mag-
dalena Rivers-.(Shepard and others, 1968) are further evidence of 
the flow of shale or clay masses after only moderate loading. Yet 
another example of flow in mudstone is the common engineering 
problem of "Squeezes" in coal mines, tunnels, or excavations 
(White, 1956; Harper and others, 1979). A squeeze occurs when the 
loaded underclays or shales flow up f rom the floors or in from the 
walls to fill the mined-out room or excavation. It is important to 
note that all of these examples of flow in shale are f rom relatively 
shallow depths of burial. 

In a subduction complex, near-surface fracturing may facilitate 
dewatering (Arthur and others, 1980). However, at depth, abnor-
mally high fluid pressures should be produced by the combined 
effects of gravitational and tectonic compaction (Bredehoeft and 
Hanshaw, 1968; Berry, 1973) because the low permeability of shale 
prevents the rapid dissipation of high fluid pressures (Hubbert and 
Rubey, 1959). Temperature- and pressure-induced dehydration 
reactions in clays and mixed-layer micas would also keep the fluid 
pressures high, possibly near lithostatic values (Burst, 1969; Barker, 
1972). Overpressured and undercompacted shales deform like a vis-
cous fluid once cohesion is overcome (Hedberg, 1974; Seeley, 1977). 
Ductile flow is enhanced because the high fluid pressures support 
part of the load and allow grains to rotate (Handin and others, 
1963; Borradaile, 1981). 

Many examples demonstrate that shale can flow at relatively 
low confining pressures. In a subduction zone, overpressuring of 
shale should enhance flow. Hence, the idea that Franciscan 

melanges were zones of tectonically driven flow deep within the 
accreted sediment pile is reasonable. In fact, it seems probable that 
flow should be expected whenever abundant shale is subducted. 

THE MODEL 

The Franciscan Complex appears to have accumulated at the 
junction of convergent plates, and the melange belt is a large part of 
this accumulation. Metamorphism of both the matrix and included 
blocks indicates that the belt was buried to depths considerably 
greater than the thickness of the sediment pile at the fore-arc high of 
presently active subduction complexes (about 10 km = 3 kb; Hamil-
ton, 1979). Many of the blocks included in the melanges must have 
been buried at mantle depths beneath the hanging wall of the over-
riding plate. The simplest geometry for these offscraped and 
metamorphosed sediments is that they were accreted into a low-
angle wedge formed between the overriding and descending plates 
(compare with Ernst, 1970). It is proposed that the Franciscan 
melanges that contain exotic blocks in a pelitic matrix are zones in 
which a forced convection or reversed flow occurred in sediment 
accreted into the wedge. Blocks carried down in the melange or 
detached from the hanging wall were transported to near the sur-
face in the upwelling melange (Cloos, 1980). The circulation of clay 
modeled in the laboratory experiment of Cowan and Silling (1978) 
has many similarities to the analysis in this paper. 

Figure 1 illustrates an idealized subduction zone and shows the 
circulation pattern envisioned within the melange zone. This 
geometry is identical to the fluid mechanics problem involving flow 
of a viscous fluid in a corner with a moving boundary. A similar 
corner-flow problem has been treated by geophysicists in modeling 
induced convection of the mantle above the subducting slab 
(McKenzie, 1969; Tovish and others, 1979). One purpose of this 
analysis is to show how the proposed circulation could produce not 
only the required uplift of blueschists but also the mixing of blocks 
in melanges. 

For modeling purposes, simplifying assumptions must be 
made. These assumptions are discussed in the following section. 
The melange is assumed to be incompressible and to have uniform 
newtonian viscosity; the walls of the wedge are rigid; the wedge 
angle, 0° is 10°; the plate dip, a , is 25°; and the wedge length, L, is 
100 km. The subduction rate, U, was varied in different calculations 
f rom 2.5 to 10 cm/yr . The idealized problem (Fig. 2) is two-
dimensional because.the geometry of the melange wedge is assumed 
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Figure 1. Schematic cross section illustrating the circulation 
pattern of the Franciscan flow melange during late Mesozoic con-
vergence. (Compare with Fig. 7 of Cowan and Silling, 1978.) 
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cal studies and even fewer field and drill core studies, all of which 
are restricted to the top few kilometres of the accreted wedge. The 
extrapolation of these observations to greater depths is difficult 
because of the poor understanding of the changes in the material 
properties of sediments with burial. In particular, the Franciscan 
melange belt has defied subdivision into a series of imbricate 
thrusts. Instead, the field descriptions suggest that the Franciscan 
melanges underwent ductile flow of unknown but possibly large 
magnitude. This indicates that major changes occur in the mechani-
cal behavior of sediment as it is subducted. Even though it is diffi-
cult to correctly scale models of subduction zones, the clay cake 
experiments of Seeley (1977) and Cowan and Silling (1978) are 
instructive. At the beginning of both experiments, imbricate thrust 
faults developed. However, Cowan and Silling noted that flow 
rather than faulting occurred in clays that became "deeply" buried 
in their growing accretionary wedge. This led them to propose that 
flow can occur deep within a subduction complex while thrusting 
occurs near the trench axis. In addition, they observed that material 
rose upward along the vertical wall that formed a right angle corner 
with the underthrust slab. They proposed that such flow could 
uplift blueschists. 

There is reason to believe that significant viscous flow is to be 
expected in a subduction complex, particularly if abundant shale is 
being accreted. This is because shale can flow viscously. Examples 
of this behavior include the development of growth faults due to the 
diapiric rise of low density shales in the Gulf Coast region of Texas 
(Bruce, 1973; Harding and Lowell, 1979). Diapirs or shale-cored 
anticlines of oceanic pelagics have also been recorded in the deep 
ocean in areas where shales have been loaded by the deposition of 
terrigenous sediment (Tiffen and others, 1972; Lancelot and Emb-
ley, 1977; Hamilton, 1977). Similar shale diapirs crop out along the 
coast of Washington (Rau and Grocok, 1974) and offshore of Cali-
fornia (Field and Gardner, 1980). Mudlump islands in the deltas at 
the mouth of the Mississippi (Morgan and others, 1968) and Mag-
dalena Rivers-.(Shepard and others, 1968) are further evidence of 
the flow of shale or clay masses after only moderate loading. Yet 
another example of flow in mudstone is the common engineering 
problem of "Squeezes" in coal mines, tunnels, or excavations 
(White, 1956; Harper and others, 1979). A squeeze occurs when the 
loaded underclays or shales flow up f rom the floors or in from the 
walls to fill the mined-out room or excavation. It is important to 
note that all of these examples of flow in shale are f rom relatively 
shallow depths of burial. 

In a subduction complex, near-surface fracturing may facilitate 
dewatering (Arthur and others, 1980). However, at depth, abnor-
mally high fluid pressures should be produced by the combined 
effects of gravitational and tectonic compaction (Bredehoeft and 
Hanshaw, 1968; Berry, 1973) because the low permeability of shale 
prevents the rapid dissipation of high fluid pressures (Hubbert and 
Rubey, 1959). Temperature- and pressure-induced dehydration 
reactions in clays and mixed-layer micas would also keep the fluid 
pressures high, possibly near lithostatic values (Burst, 1969; Barker, 
1972). Overpressured and undercompacted shales deform like a vis-
cous fluid once cohesion is overcome (Hedberg, 1974; Seeley, 1977). 
Ductile flow is enhanced because the high fluid pressures support 
part of the load and allow grains to rotate (Handin and others, 
1963; Borradaile, 1981). 

Many examples demonstrate that shale can flow at relatively 
low confining pressures. In a subduction zone, overpressuring of 
shale should enhance flow. Hence, the idea that Franciscan 

melanges were zones of tectonically driven flow deep within the 
accreted sediment pile is reasonable. In fact, it seems probable that 
flow should be expected whenever abundant shale is subducted. 

THE MODEL 

The Franciscan Complex appears to have accumulated at the 
junction of convergent plates, and the melange belt is a large part of 
this accumulation. Metamorphism of both the matrix and included 
blocks indicates that the belt was buried to depths considerably 
greater than the thickness of the sediment pile at the fore-arc high of 
presently active subduction complexes (about 10 km = 3 kb; Hamil-
ton, 1979). Many of the blocks included in the melanges must have 
been buried at mantle depths beneath the hanging wall of the over-
riding plate. The simplest geometry for these offscraped and 
metamorphosed sediments is that they were accreted into a low-
angle wedge formed between the overriding and descending plates 
(compare with Ernst, 1970). It is proposed that the Franciscan 
melanges that contain exotic blocks in a pelitic matrix are zones in 
which a forced convection or reversed flow occurred in sediment 
accreted into the wedge. Blocks carried down in the melange or 
detached from the hanging wall were transported to near the sur-
face in the upwelling melange (Cloos, 1980). The circulation of clay 
modeled in the laboratory experiment of Cowan and Silling (1978) 
has many similarities to the analysis in this paper. 

Figure 1 illustrates an idealized subduction zone and shows the 
circulation pattern envisioned within the melange zone. This 
geometry is identical to the fluid mechanics problem involving flow 
of a viscous fluid in a corner with a moving boundary. A similar 
corner-flow problem has been treated by geophysicists in modeling 
induced convection of the mantle above the subducting slab 
(McKenzie, 1969; Tovish and others, 1979). One purpose of this 
analysis is to show how the proposed circulation could produce not 
only the required uplift of blueschists but also the mixing of blocks 
in melanges. 

For modeling purposes, simplifying assumptions must be 
made. These assumptions are discussed in the following section. 
The melange is assumed to be incompressible and to have uniform 
newtonian viscosity; the walls of the wedge are rigid; the wedge 
angle, 0° is 10°; the plate dip, a , is 25°; and the wedge length, L, is 
100 km. The subduction rate, U, was varied in different calculations 
f rom 2.5 to 10 cm/yr . The idealized problem (Fig. 2) is two-
dimensional because.the geometry of the melange wedge is assumed 
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not to vary along strike of the complex. Because the problem is 
two-dimensional and mass is conserved, use of the stream function, 
ip, simplifies the problem. In polar coordinates the derivatives of i¡i 
(Batchelor, 1967, p. 77) give the velocity, v, in the r and 0 directions: 
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The boundary conditions for this geometry are: 

Figure 2. Diagram showing parameters that were varied in the 
modeling. Particle location in polar coordinates, r, 6 : wedge angle, 
do; plate dip, a; wedge length, L; and subduction rate, U. 
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The general solution of the equations of motion for the given boun-
dary conditions is (Batchelor, 1967, p. 225): 

Figure 3. Velocity field calculated in the flow melange. Vectors 
are proportional to the subduction rate U. The wedge angle 
00 = 10°. Note the narrow zone going downward fast with large 
velocity gradients and the broad zone going upward more slowly. 
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Figure 4. The dispersal of particles due to nonuniform laminar 
flow. Particles initially separated by 0.5 km become separated by 15 
km after 500,000 yr at a 10 cm/yr subduction rate. During upward 
flow, the particles tend to come together but have a separation of 10 
km upon reaching the original depth of burial. 
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Standard Runge-Kutta methods (Boyce and DiPrima, 1970) were 
used to calculate the position and velocity of particles with time as 
they circulated within the wedge. 

Uplift and Dispersal Duie to Laminar Flow 

Material is uplifted in a flow melange because of the reversal of 
flow within the wedge. The streamlines in Figure 1 show the paths 
that particles would take within the flow melange if they did not 
sink or rise. Figure 3 shows the wedge with enough calculated veloc-
ity vectors to illustrate the nature of the velocity field within the 
wedge. Note that a relatively narrow zone in the lower part of the 
wedge moves downward and a much broader zone in the upper part 
of the wedge moves more slowly upward. The velocity gradients in 
the downward-moving part of the wedge are greater than in the 
upward-moving part so material in the lower part of the wedge is 
being sheared more during any given amount of displacement than 
material in the upper part. Figure 4 illustrates the separation that 
could occur for particles immersed in a flow melange wedge with a 
10 cm/yr subduction rate. In this case, particles at 0.5, 1.0, 1.5, and 
2.0 km above the lower plate become separated f rom each other by 
15 km after flowing for 500,000 yr, at which time they begin their 
return to the surface. Because of the nature of the velocity field in 
the upper pari of the wedge (Fig. 3), the separation decreases 
during upward flow, but when the melange has reached the original 
depth of burial the blocks still have a separation of 10 km (a dis-
tance between blocks that is 20 times the original separation!). This 
dispersal of particles occurs simply by laminar flow. Melange that 
flows to near the surface may become recoupled to the descending 
plate. When this happens, the cycle starts over again and contrib-
utes to further dispersal. For the given conditions (length of 
wedge = 100 km, a 10° wedge angle, plate dip = 25°, and a 10 
cm/yr subduction rate), the "turnaround time" would be about 2 
m.y. Slower subduction rates would cause proportionally longer 
transit times. 
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cal studies and even fewer field and drill core studies, all of which 
are restricted to the top few kilometres of the accreted wedge. The 
extrapolation of these observations to greater depths is difficult 
because of the poor understanding of the changes in the material 
properties of sediments with burial. In particular, the Franciscan 
melange belt has defied subdivision into a series of imbricate 
thrusts. Instead, the field descriptions suggest that the Franciscan 
melanges underwent ductile flow of unknown but possibly large 
magnitude. This indicates that major changes occur in the mechani-
cal behavior of sediment as it is subducted. Even though it is diffi-
cult to correctly scale models of subduction zones, the clay cake 
experiments of Seeley (1977) and Cowan and Silling (1978) are 
instructive. At the beginning of both experiments, imbricate thrust 
faults developed. However, Cowan and Silling noted that flow 
rather than faulting occurred in clays that became "deeply" buried 
in their growing accretionary wedge. This led them to propose that 
flow can occur deep within a subduction complex while thrusting 
occurs near the trench axis. In addition, they observed that material 
rose upward along the vertical wall that formed a right angle corner 
with the underthrust slab. They proposed that such flow could 
uplift blueschists. 

There is reason to believe that significant viscous flow is to be 
expected in a subduction complex, particularly if abundant shale is 
being accreted. This is because shale can flow viscously. Examples 
of this behavior include the development of growth faults due to the 
diapiric rise of low density shales in the Gulf Coast region of Texas 
(Bruce, 1973; Harding and Lowell, 1979). Diapirs or shale-cored 
anticlines of oceanic pelagics have also been recorded in the deep 
ocean in areas where shales have been loaded by the deposition of 
terrigenous sediment (Tiffen and others, 1972; Lancelot and Emb-
ley, 1977; Hamilton, 1977). Similar shale diapirs crop out along the 
coast of Washington (Rau and Grocok, 1974) and offshore of Cali-
fornia (Field and Gardner, 1980). Mudlump islands in the deltas at 
the mouth of the Mississippi (Morgan and others, 1968) and Mag-
dalena Rivers-.(Shepard and others, 1968) are further evidence of 
the flow of shale or clay masses after only moderate loading. Yet 
another example of flow in mudstone is the common engineering 
problem of "Squeezes" in coal mines, tunnels, or excavations 
(White, 1956; Harper and others, 1979). A squeeze occurs when the 
loaded underclays or shales flow up f rom the floors or in from the 
walls to fill the mined-out room or excavation. It is important to 
note that all of these examples of flow in shale are f rom relatively 
shallow depths of burial. 

In a subduction complex, near-surface fracturing may facilitate 
dewatering (Arthur and others, 1980). However, at depth, abnor-
mally high fluid pressures should be produced by the combined 
effects of gravitational and tectonic compaction (Bredehoeft and 
Hanshaw, 1968; Berry, 1973) because the low permeability of shale 
prevents the rapid dissipation of high fluid pressures (Hubbert and 
Rubey, 1959). Temperature- and pressure-induced dehydration 
reactions in clays and mixed-layer micas would also keep the fluid 
pressures high, possibly near lithostatic values (Burst, 1969; Barker, 
1972). Overpressured and undercompacted shales deform like a vis-
cous fluid once cohesion is overcome (Hedberg, 1974; Seeley, 1977). 
Ductile flow is enhanced because the high fluid pressures support 
part of the load and allow grains to rotate (Handin and others, 
1963; Borradaile, 1981). 

Many examples demonstrate that shale can flow at relatively 
low confining pressures. In a subduction zone, overpressuring of 
shale should enhance flow. Hence, the idea that Franciscan 

melanges were zones of tectonically driven flow deep within the 
accreted sediment pile is reasonable. In fact, it seems probable that 
flow should be expected whenever abundant shale is subducted. 

THE MODEL 

The Franciscan Complex appears to have accumulated at the 
junction of convergent plates, and the melange belt is a large part of 
this accumulation. Metamorphism of both the matrix and included 
blocks indicates that the belt was buried to depths considerably 
greater than the thickness of the sediment pile at the fore-arc high of 
presently active subduction complexes (about 10 km = 3 kb; Hamil-
ton, 1979). Many of the blocks included in the melanges must have 
been buried at mantle depths beneath the hanging wall of the over-
riding plate. The simplest geometry for these offscraped and 
metamorphosed sediments is that they were accreted into a low-
angle wedge formed between the overriding and descending plates 
(compare with Ernst, 1970). It is proposed that the Franciscan 
melanges that contain exotic blocks in a pelitic matrix are zones in 
which a forced convection or reversed flow occurred in sediment 
accreted into the wedge. Blocks carried down in the melange or 
detached from the hanging wall were transported to near the sur-
face in the upwelling melange (Cloos, 1980). The circulation of clay 
modeled in the laboratory experiment of Cowan and Silling (1978) 
has many similarities to the analysis in this paper. 

Figure 1 illustrates an idealized subduction zone and shows the 
circulation pattern envisioned within the melange zone. This 
geometry is identical to the fluid mechanics problem involving flow 
of a viscous fluid in a corner with a moving boundary. A similar 
corner-flow problem has been treated by geophysicists in modeling 
induced convection of the mantle above the subducting slab 
(McKenzie, 1969; Tovish and others, 1979). One purpose of this 
analysis is to show how the proposed circulation could produce not 
only the required uplift of blueschists but also the mixing of blocks 
in melanges. 

For modeling purposes, simplifying assumptions must be 
made. These assumptions are discussed in the following section. 
The melange is assumed to be incompressible and to have uniform 
newtonian viscosity; the walls of the wedge are rigid; the wedge 
angle, 0° is 10°; the plate dip, a , is 25°; and the wedge length, L, is 
100 km. The subduction rate, U, was varied in different calculations 
f rom 2.5 to 10 cm/yr . The idealized problem (Fig. 2) is two-
dimensional because.the geometry of the melange wedge is assumed 
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Figure 1. Schematic cross section illustrating the circulation 
pattern of the Franciscan flow melange during late Mesozoic con-
vergence. (Compare with Fig. 7 of Cowan and Silling, 1978.) 
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not to vary along strike of the complex. Because the problem is 
two-dimensional and mass is conserved, use of the stream function, 
ip, simplifies the problem. In polar coordinates the derivatives of i¡i 
(Batchelor, 1967, p. 77) give the velocity, v, in the r and 0 directions: 

y - ! ^ È -
r de 

V - ^ L 

The boundary conditions for this geometry are: 

Figure 2. Diagram showing parameters that were varied in the 
modeling. Particle location in polar coordinates, r, 6 : wedge angle, 
do; plate dip, a; wedge length, L; and subduction rate, U. 

dr r c0 
= - U at 0 = 0 

dip 
dr 

diA 
30 

0, = Oat e = e0 

Overriding Plate and 
Accreted Moterial 

The general solution of the equations of motion for the given boun-
dary conditions is (Batchelor, 1967, p. 225): 

Figure 3. Velocity field calculated in the flow melange. Vectors 
are proportional to the subduction rate U. The wedge angle 
00 = 10°. Note the narrow zone going downward fast with large 
velocity gradients and the broad zone going upward more slowly. 
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Figure 4. The dispersal of particles due to nonuniform laminar 
flow. Particles initially separated by 0.5 km become separated by 15 
km after 500,000 yr at a 10 cm/yr subduction rate. During upward 
flow, the particles tend to come together but have a separation of 10 
km upon reaching the original depth of burial. 

rU 
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-[00 sin0 + (0o-sin0ocos0o)(0sin0) + sin20o(0cos0)] 

Standard Runge-Kutta methods (Boyce and DiPrima, 1970) were 
used to calculate the position and velocity of particles with time as 
they circulated within the wedge. 

Uplift and Dispersal Duie to Laminar Flow 

Material is uplifted in a flow melange because of the reversal of 
flow within the wedge. The streamlines in Figure 1 show the paths 
that particles would take within the flow melange if they did not 
sink or rise. Figure 3 shows the wedge with enough calculated veloc-
ity vectors to illustrate the nature of the velocity field within the 
wedge. Note that a relatively narrow zone in the lower part of the 
wedge moves downward and a much broader zone in the upper part 
of the wedge moves more slowly upward. The velocity gradients in 
the downward-moving part of the wedge are greater than in the 
upward-moving part so material in the lower part of the wedge is 
being sheared more during any given amount of displacement than 
material in the upper part. Figure 4 illustrates the separation that 
could occur for particles immersed in a flow melange wedge with a 
10 cm/yr subduction rate. In this case, particles at 0.5, 1.0, 1.5, and 
2.0 km above the lower plate become separated f rom each other by 
15 km after flowing for 500,000 yr, at which time they begin their 
return to the surface. Because of the nature of the velocity field in 
the upper pari of the wedge (Fig. 3), the separation decreases 
during upward flow, but when the melange has reached the original 
depth of burial the blocks still have a separation of 10 km (a dis-
tance between blocks that is 20 times the original separation!). This 
dispersal of particles occurs simply by laminar flow. Melange that 
flows to near the surface may become recoupled to the descending 
plate. When this happens, the cycle starts over again and contrib-
utes to further dispersal. For the given conditions (length of 
wedge = 100 km, a 10° wedge angle, plate dip = 25°, and a 10 
cm/yr subduction rate), the "turnaround time" would be about 2 
m.y. Slower subduction rates would cause proportionally longer 
transit times. 
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The general solution of the equations of motion for the given boun-
dary conditions is (Batchelor, 1967, p. 225): 

Figure 3. Velocity field calculated in the flow melange. Vectors 
are proportional to the subduction rate U. The wedge angle 
00 = 10°. Note the narrow zone going downward fast with large 
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Figure 4. The dispersal of particles due to nonuniform laminar 
flow. Particles initially separated by 0.5 km become separated by 15 
km after 500,000 yr at a 10 cm/yr subduction rate. During upward 
flow, the particles tend to come together but have a separation of 10 
km upon reaching the original depth of burial. 
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Standard Runge-Kutta methods (Boyce and DiPrima, 1970) were 
used to calculate the position and velocity of particles with time as 
they circulated within the wedge. 

Uplift and Dispersal Duie to Laminar Flow 

Material is uplifted in a flow melange because of the reversal of 
flow within the wedge. The streamlines in Figure 1 show the paths 
that particles would take within the flow melange if they did not 
sink or rise. Figure 3 shows the wedge with enough calculated veloc-
ity vectors to illustrate the nature of the velocity field within the 
wedge. Note that a relatively narrow zone in the lower part of the 
wedge moves downward and a much broader zone in the upper part 
of the wedge moves more slowly upward. The velocity gradients in 
the downward-moving part of the wedge are greater than in the 
upward-moving part so material in the lower part of the wedge is 
being sheared more during any given amount of displacement than 
material in the upper part. Figure 4 illustrates the separation that 
could occur for particles immersed in a flow melange wedge with a 
10 cm/yr subduction rate. In this case, particles at 0.5, 1.0, 1.5, and 
2.0 km above the lower plate become separated f rom each other by 
15 km after flowing for 500,000 yr, at which time they begin their 
return to the surface. Because of the nature of the velocity field in 
the upper pari of the wedge (Fig. 3), the separation decreases 
during upward flow, but when the melange has reached the original 
depth of burial the blocks still have a separation of 10 km (a dis-
tance between blocks that is 20 times the original separation!). This 
dispersal of particles occurs simply by laminar flow. Melange that 
flows to near the surface may become recoupled to the descending 
plate. When this happens, the cycle starts over again and contrib-
utes to further dispersal. For the given conditions (length of 
wedge = 100 km, a 10° wedge angle, plate dip = 25°, and a 10 
cm/yr subduction rate), the "turnaround time" would be about 2 
m.y. Slower subduction rates would cause proportionally longer 
transit times. 
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cal studies and even fewer field and drill core studies, all of which 
are restricted to the top few kilometres of the accreted wedge. The 
extrapolation of these observations to greater depths is difficult 
because of the poor understanding of the changes in the material 
properties of sediments with burial. In particular, the Franciscan 
melange belt has defied subdivision into a series of imbricate 
thrusts. Instead, the field descriptions suggest that the Franciscan 
melanges underwent ductile flow of unknown but possibly large 
magnitude. This indicates that major changes occur in the mechani-
cal behavior of sediment as it is subducted. Even though it is diffi-
cult to correctly scale models of subduction zones, the clay cake 
experiments of Seeley (1977) and Cowan and Silling (1978) are 
instructive. At the beginning of both experiments, imbricate thrust 
faults developed. However, Cowan and Silling noted that flow 
rather than faulting occurred in clays that became "deeply" buried 
in their growing accretionary wedge. This led them to propose that 
flow can occur deep within a subduction complex while thrusting 
occurs near the trench axis. In addition, they observed that material 
rose upward along the vertical wall that formed a right angle corner 
with the underthrust slab. They proposed that such flow could 
uplift blueschists. 

There is reason to believe that significant viscous flow is to be 
expected in a subduction complex, particularly if abundant shale is 
being accreted. This is because shale can flow viscously. Examples 
of this behavior include the development of growth faults due to the 
diapiric rise of low density shales in the Gulf Coast region of Texas 
(Bruce, 1973; Harding and Lowell, 1979). Diapirs or shale-cored 
anticlines of oceanic pelagics have also been recorded in the deep 
ocean in areas where shales have been loaded by the deposition of 
terrigenous sediment (Tiffen and others, 1972; Lancelot and Emb-
ley, 1977; Hamilton, 1977). Similar shale diapirs crop out along the 
coast of Washington (Rau and Grocok, 1974) and offshore of Cali-
fornia (Field and Gardner, 1980). Mudlump islands in the deltas at 
the mouth of the Mississippi (Morgan and others, 1968) and Mag-
dalena Rivers-.(Shepard and others, 1968) are further evidence of 
the flow of shale or clay masses after only moderate loading. Yet 
another example of flow in mudstone is the common engineering 
problem of "Squeezes" in coal mines, tunnels, or excavations 
(White, 1956; Harper and others, 1979). A squeeze occurs when the 
loaded underclays or shales flow up f rom the floors or in from the 
walls to fill the mined-out room or excavation. It is important to 
note that all of these examples of flow in shale are f rom relatively 
shallow depths of burial. 

In a subduction complex, near-surface fracturing may facilitate 
dewatering (Arthur and others, 1980). However, at depth, abnor-
mally high fluid pressures should be produced by the combined 
effects of gravitational and tectonic compaction (Bredehoeft and 
Hanshaw, 1968; Berry, 1973) because the low permeability of shale 
prevents the rapid dissipation of high fluid pressures (Hubbert and 
Rubey, 1959). Temperature- and pressure-induced dehydration 
reactions in clays and mixed-layer micas would also keep the fluid 
pressures high, possibly near lithostatic values (Burst, 1969; Barker, 
1972). Overpressured and undercompacted shales deform like a vis-
cous fluid once cohesion is overcome (Hedberg, 1974; Seeley, 1977). 
Ductile flow is enhanced because the high fluid pressures support 
part of the load and allow grains to rotate (Handin and others, 
1963; Borradaile, 1981). 

Many examples demonstrate that shale can flow at relatively 
low confining pressures. In a subduction zone, overpressuring of 
shale should enhance flow. Hence, the idea that Franciscan 

melanges were zones of tectonically driven flow deep within the 
accreted sediment pile is reasonable. In fact, it seems probable that 
flow should be expected whenever abundant shale is subducted. 

THE MODEL 

The Franciscan Complex appears to have accumulated at the 
junction of convergent plates, and the melange belt is a large part of 
this accumulation. Metamorphism of both the matrix and included 
blocks indicates that the belt was buried to depths considerably 
greater than the thickness of the sediment pile at the fore-arc high of 
presently active subduction complexes (about 10 km = 3 kb; Hamil-
ton, 1979). Many of the blocks included in the melanges must have 
been buried at mantle depths beneath the hanging wall of the over-
riding plate. The simplest geometry for these offscraped and 
metamorphosed sediments is that they were accreted into a low-
angle wedge formed between the overriding and descending plates 
(compare with Ernst, 1970). It is proposed that the Franciscan 
melanges that contain exotic blocks in a pelitic matrix are zones in 
which a forced convection or reversed flow occurred in sediment 
accreted into the wedge. Blocks carried down in the melange or 
detached from the hanging wall were transported to near the sur-
face in the upwelling melange (Cloos, 1980). The circulation of clay 
modeled in the laboratory experiment of Cowan and Silling (1978) 
has many similarities to the analysis in this paper. 

Figure 1 illustrates an idealized subduction zone and shows the 
circulation pattern envisioned within the melange zone. This 
geometry is identical to the fluid mechanics problem involving flow 
of a viscous fluid in a corner with a moving boundary. A similar 
corner-flow problem has been treated by geophysicists in modeling 
induced convection of the mantle above the subducting slab 
(McKenzie, 1969; Tovish and others, 1979). One purpose of this 
analysis is to show how the proposed circulation could produce not 
only the required uplift of blueschists but also the mixing of blocks 
in melanges. 

For modeling purposes, simplifying assumptions must be 
made. These assumptions are discussed in the following section. 
The melange is assumed to be incompressible and to have uniform 
newtonian viscosity; the walls of the wedge are rigid; the wedge 
angle, 0° is 10°; the plate dip, a , is 25°; and the wedge length, L, is 
100 km. The subduction rate, U, was varied in different calculations 
f rom 2.5 to 10 cm/yr . The idealized problem (Fig. 2) is two-
dimensional because.the geometry of the melange wedge is assumed 
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Figure 1. Schematic cross section illustrating the circulation 
pattern of the Franciscan flow melange during late Mesozoic con-
vergence. (Compare with Fig. 7 of Cowan and Silling, 1978.) 
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not to vary along strike of the complex. Because the problem is 
two-dimensional and mass is conserved, use of the stream function, 
ip, simplifies the problem. In polar coordinates the derivatives of i¡i 
(Batchelor, 1967, p. 77) give the velocity, v, in the r and 0 directions: 
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The boundary conditions for this geometry are: 

Figure 2. Diagram showing parameters that were varied in the 
modeling. Particle location in polar coordinates, r, 6 : wedge angle, 
do; plate dip, a; wedge length, L; and subduction rate, U. 
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The general solution of the equations of motion for the given boun-
dary conditions is (Batchelor, 1967, p. 225): 

Figure 3. Velocity field calculated in the flow melange. Vectors 
are proportional to the subduction rate U. The wedge angle 
00 = 10°. Note the narrow zone going downward fast with large 
velocity gradients and the broad zone going upward more slowly. 
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Figure 4. The dispersal of particles due to nonuniform laminar 
flow. Particles initially separated by 0.5 km become separated by 15 
km after 500,000 yr at a 10 cm/yr subduction rate. During upward 
flow, the particles tend to come together but have a separation of 10 
km upon reaching the original depth of burial. 
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Standard Runge-Kutta methods (Boyce and DiPrima, 1970) were 
used to calculate the position and velocity of particles with time as 
they circulated within the wedge. 

Uplift and Dispersal Duie to Laminar Flow 

Material is uplifted in a flow melange because of the reversal of 
flow within the wedge. The streamlines in Figure 1 show the paths 
that particles would take within the flow melange if they did not 
sink or rise. Figure 3 shows the wedge with enough calculated veloc-
ity vectors to illustrate the nature of the velocity field within the 
wedge. Note that a relatively narrow zone in the lower part of the 
wedge moves downward and a much broader zone in the upper part 
of the wedge moves more slowly upward. The velocity gradients in 
the downward-moving part of the wedge are greater than in the 
upward-moving part so material in the lower part of the wedge is 
being sheared more during any given amount of displacement than 
material in the upper part. Figure 4 illustrates the separation that 
could occur for particles immersed in a flow melange wedge with a 
10 cm/yr subduction rate. In this case, particles at 0.5, 1.0, 1.5, and 
2.0 km above the lower plate become separated f rom each other by 
15 km after flowing for 500,000 yr, at which time they begin their 
return to the surface. Because of the nature of the velocity field in 
the upper pari of the wedge (Fig. 3), the separation decreases 
during upward flow, but when the melange has reached the original 
depth of burial the blocks still have a separation of 10 km (a dis-
tance between blocks that is 20 times the original separation!). This 
dispersal of particles occurs simply by laminar flow. Melange that 
flows to near the surface may become recoupled to the descending 
plate. When this happens, the cycle starts over again and contrib-
utes to further dispersal. For the given conditions (length of 
wedge = 100 km, a 10° wedge angle, plate dip = 25°, and a 10 
cm/yr subduction rate), the "turnaround time" would be about 2 
m.y. Slower subduction rates would cause proportionally longer 
transit times. 
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prism, but this paper will use the term “accretion” to refer to 
the transfer of material from the subducted to upper plate at any 
depth. Examination of exhumed subduction complex rocks pro-
vides insight into the nature of deformation along the subduction 
zone in the depth range associated with great subduction zone 
earthquakes (to a depth of ~40 km) (e.g., Oleskevich et al., 1999; 
Subarya et al., 2006; Tong et al., 2011; Huang and Zhao, 2013) 
and deeper for the highest-pressure metamorphic rocks. Whereas 
subduction complex rocks have been intensively investigated in 
orogenic belts worldwide, the structurally complex nature of the 

rocks and temporal-spatial reference frame problems associated 
with the subduction interface have made assessment of subduc-
tion slip accommodation difficult and the subject of widely diver-
gent views.

The results of numerical models suggest that subduction slip, 
and exhumation of some subducted material, is accommodated 
across a mélange zone that is broad (kilometers thick) (Cloos, 
1984, 1985; Shreve and Cloos, 1986; Cloos and Shreve, 1988a, 
1988b) (referred to herein as Type A models, Fig. 1) or very broad 
(tens of kilometers thick) (Gerya et al., 2002) (referred to as Type 

0
0

50

50km

Approximate 
scale

B Return flow mélange “Type B” schematic after Gerya et al. (2002)

Approximate divide between
normal fault (above) and 
thrust fault (below) shear sense
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A Return flow mélange “Type A”schematic after Cloos (1984;1985); 
                    Shreve and Cloos (1986); Cloos and Shreve (1988a,b)

Distributed deformation accommodates subduction and exhumation slip
generating mélange several km thick; wide range of P-T paths in blocks and matrix, 
block-matrix P-T contrasts possible from incorporation of 
previously-accreted material; metaigneous blocks
MORB or OIB from downgoing plate
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(above) and thrust fault (below) 
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Matrix primarily serpentinite
derived from hydrated mantle wedge;
incorporation ages of material lack
systematic patterns owing to continued
mixing 
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Matrix primarily subducted siliciclastic sediment (subducted trench fill);
mixed ages of material within each mélange unit, but accretionary ages 
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coherent units

Accreted rocks mostly subducted siliciclastic sediment (subducted trench fill);
 accretionary ages young structurally downward.

non-accreting part of subduction fault, tens of m thick.
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Figure 1. Schematic depiction shows 
subduction channel mélange models 
compared to coherent accretion and ex-
humation models. These were drawn to 
emphasize predictions of these models 
and as a result differ from the original il-
lustrations in the models cited. The scale 
shown is highly approximate.
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prism, but this paper will use the term “accretion” to refer to 
the transfer of material from the subducted to upper plate at any 
depth. Examination of exhumed subduction complex rocks pro-
vides insight into the nature of deformation along the subduction 
zone in the depth range associated with great subduction zone 
earthquakes (to a depth of ~40 km) (e.g., Oleskevich et al., 1999; 
Subarya et al., 2006; Tong et al., 2011; Huang and Zhao, 2013) 
and deeper for the highest-pressure metamorphic rocks. Whereas 
subduction complex rocks have been intensively investigated in 
orogenic belts worldwide, the structurally complex nature of the 

rocks and temporal-spatial reference frame problems associated 
with the subduction interface have made assessment of subduc-
tion slip accommodation difficult and the subject of widely diver-
gent views.

The results of numerical models suggest that subduction slip, 
and exhumation of some subducted material, is accommodated 
across a mélange zone that is broad (kilometers thick) (Cloos, 
1984, 1985; Shreve and Cloos, 1986; Cloos and Shreve, 1988a, 
1988b) (referred to herein as Type A models, Fig. 1) or very broad 
(tens of kilometers thick) (Gerya et al., 2002) (referred to as Type 

0
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Figure 1. Schematic depiction shows 
subduction channel mélange models 
compared to coherent accretion and ex-
humation models. These were drawn to 
emphasize predictions of these models 
and as a result differ from the original il-
lustrations in the models cited. The scale 
shown is highly approximate.
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Figure 5. Geologic map shows the imbricate fault structure of Franciscan Complex rocks at Mt. Diablo. Most of these rocks are lawsonite- albite facies with high proportions of basalt and chert and 
comparatively low proportions of clastic sedimentary rocks and siliciclastic matrix mélange. Simplified from Wakabayashi (2021). The simplifications that diverge from the original geologic map include 
deletion of all mélange blocks (those too small to outline) except for high-grade blocks (and these are not distinguished by type as they on the original map) and serpentinite as well as a significant reduction 
in the amount of orientation data and an increase in serpentinite block and high-grade block symbol size.
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the sedimentary mélange horizons (Fig. 14 cartoon; map exam-
ple is Mt. Diablo in Fig. 5). Tectonic deformation may deform or 
split an inherited exotic block to create a new block as shown in 
the example in Figure 11F. Such overprinting relationships may 
make it difficult to evaluate the mode of original mixing of blocks 
into matrix where deformation severely overprints the sedimen-
tary textures such as in Figures 11C, 11G, and 11H, where it is 

difficult to tell whether some clasts/blocks were emplaced by tec-
tonic or sedimentary processes. In rare, well-exposed outcrops 
such as those shown in Figures 11 and 12, the overprinting by 
deformation of earlier sedimentary block-in-matrix textures is 
clear, but with poorer or more limited exposures, or the typical 
situation where matrix is not exposed at all, the field relation-
ships will not provide enough information to distinguish between 

Figure 14. Schematic diagram shows the nature of accommodation of subduction and exhumation slip in a subduction complex during accre-
tion. In addition to showing the accommodation of subduction slip during accretion, this diagram also shows how block-in-matrix (mélange 
units) are generated by sedimentary processes in trench fill and upper plate environments prior to subduction-accretion and tectonic processes 
during subduction-accretion. Diagram B depicts an accreting unit and shows the imbricate faulting of ocean plate stratigraphy. This faulting 
disrupts all parts of the ocean plate stratigraphy stack including overprinting of the olistostromal (sedimentary mélange) horizons. This fault-
ing creates blocks (tectonic mélange) but not exotic ones, although exotic blocks can be inherited where such faulting overprints sedimentary 
mélange horizons. This process is scale-independent from the kilometer scale to the outcrop scale shown in Figures 10 and 11. The general 
schematic geologic relationships shown resemble the geologic map pattern of Figure 5 (Mt. Diablo).
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Figure 14. Schematic diagram shows the nature of accommodation of subduction and exhumation slip in a subduction complex during accre- tion. In addition to showing the accommodation of subduction slip during accretion, this diagram also 
shows how block-in-matrix (mélange units) are generated by sedimentary processes in trench fill and upper plate environments prior to subduction-accretion and tectonic processes during subduction-accretion. Diagram B depicts an accreting unit 
and shows the imbricate faulting of ocean plate stratigraphy. This faulting disrupts all parts of the ocean plate stratigraphy stack including overprinting of the olistostromal (sedimentary mélange) horizons. This fault- ing creates blocks (tectonic 
mélange) but not exotic ones, although exotic blocks can be inherited where such faulting overprints sedimentary mélange horizons. This process is scale-independent from the kilometer scale to the outcrop scale shown in Figures 10 and 11. The 
general schematic geologic relationships shown resemble the geologic map pattern of Figure 5 (Mt. Diablo).
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along strike with structural thicknesses of ≤5 km (Wakabayashi, 
2015a, 2017a). For the small fraction of the Franciscan in which 
metamorphism generated datable metamorphic minerals, the 
subduction-accretion age of various accretionary units has been 
determined by metamorphic ages. For most Franciscan units, 
which lack growth of datable metamorphic minerals, subduction-
accretion ages have been estimated by the depositional ages of 
clastic sedimentary rocks under the premise that deposition in 
the trench took place shortly (<5 Ma) before subduction and sub-
sequent accretion (e.g., Wakabayashi, 1992, 2015a; Dumitru et 
al., 2010, 2015, 2018) (Fig. 4). This premise is consistent with 
metamorphic ages for sufficiently metamorphosed metaclastic 
rocks that retain evidence of their depositional age (e.g., Dumitru 
et al., 2010, 2015, 2018).

About a fourth of the on-land accreted rocks underwent 
high-pressure/low-temperature (HP-LT) lawsonite-albite, blue-
schist, or higher-grade metamorphism, whereas the remainder 
are prehnite-pumpellyite or zeolite grade (Blake et al., 1984, 
1988; Ernst, 1993; Terabayashi and Maruyama, 1998; Ernst and 
McLaughlin, 2012) (Fig. 2). A tiny fraction (<<1%) of Francis-
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can rocks are coarse-grained (commonly ≥0.5 mm), completely 
recrystallized blueschist, amphibolite, garnet-amphibolite, and 
eclogite (Coleman and Lanphere, 1971). These rocks contrast 
starkly with lower grade rocks that commonly preserve protolith 
textures and rarely have visible metamorphic minerals. Most of 
these higher-grade rocks crop out as blocks-in-mélange referred 
to as “high-grade blocks” that are widely distributed (Coleman 
and Lanphere, 1971). These blocks are higher in  metamorphic 

Figure 5. Geologic map shows the imbricate fault structure of Francis-
can Complex rocks at Mt. Diablo. Most of these rocks are lawsonite-
albite facies with high proportions of basalt and chert and compara-
tively low proportions of clastic sedimentary rocks and siliciclastic 
matrix mélange. Simplified from Wakabayashi (2021). The simplifica-
tions that diverge from the original geologic map include deletion of 
all mélange blocks (those too small to outline) except for high-grade 
blocks (and these are not distinguished by type as they on the original 
map) and serpentinite as well as a significant reduction in the amount 
of orientation data and an increase in serpentinite block and high-grade 
block symbol size.
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Main thing is red lines are interpreted to bound major accretion events. Fundamentally the argument here is that the melanges created by some models do not reflect the 
more coherent packages of rocks actually seen.
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Figure 2. Schematic cartoons illustrate cross-sectional reference frames for subduction without accretion (non-accretionary subduction slip), 
subduction with accretion (accretionary subduction slip), and subduction erosion, which is a variant of non-accretionary subduction. In these 
diagrams, the thickness of the accreted unit is exaggerated to make it more visible. For simplicity, minimal exhumation of accreted material (that 
associated with hanging wall of out-of-sequence thrusts) is shown, but the actual progression of subduction accretion should include exhumation 
that may be associated with significant extension of the upper plate. The subduction erosion diagram in part F is based on a model of subduction 
erosion associated with progressive landward advance of a hinge (change-in-dip) of the subducting plate. This results in the locus of subduction 
erosion migrating progressively downdip and progressively into to the hanging wall. In this scenario, the earliest eroded and most deeply sub-
ducted packages (in a given frame) of material removed from the hanging wall were derived from furthest updip along with their corresponding 
abandoned erosional megathrust horizons. Note that the final product of an accretionary episode is shown on the first non-accretionary frame 
following the accretionary episode. Accretion is shown progressing updip over a long distance. This may not be realistic, as it has been proposed 
that accretion takes places at relatively restricted depth intervals (Agard et al., 2018). Moreover, out-of-sequence imbrication and duplexing may 
take place as well. For part G, the subduction erosion episode has concluded. During subduction erosion, in which the hanging wall was progres-
sively removed landward and downdip, the forearc region subsided progressively from the trench axis landward.
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Figure 2. Schematic cartoons illustrate cross-sectional reference frames for subduction without accretion (non-accretionary subduction slip), 
subduction with accretion (accretionary subduction slip), and subduction erosion, which is a variant of non-accretionary subduction. In these 
diagrams, the thickness of the accreted unit is exaggerated to make it more visible. For simplicity, minimal exhumation of accreted material (that 
associated with hanging wall of out-of-sequence thrusts) is shown, but the actual progression of subduction accretion should include exhumation 
that may be associated with significant extension of the upper plate. The subduction erosion diagram in part F is based on a model of subduction 
erosion associated with progressive landward advance of a hinge (change-in-dip) of the subducting plate. This results in the locus of subduction 
erosion migrating progressively downdip and progressively into to the hanging wall. In this scenario, the earliest eroded and most deeply sub-
ducted packages (in a given frame) of material removed from the hanging wall were derived from furthest updip along with their corresponding 
abandoned erosional megathrust horizons. Note that the final product of an accretionary episode is shown on the first non-accretionary frame 
following the accretionary episode. Accretion is shown progressing updip over a long distance. This may not be realistic, as it has been proposed 
that accretion takes places at relatively restricted depth intervals (Agard et al., 2018). Moreover, out-of-sequence imbrication and duplexing may 
take place as well. For part G, the subduction erosion episode has concluded. During subduction erosion, in which the hanging wall was progres-
sively removed landward and downdip, the forearc region subsided progressively from the trench axis landward.
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Figure 2. Schematic cartoons illustrate cross-sectional reference frames for subduction without accretion (non-accretionary subduction slip), 
subduction with accretion (accretionary subduction slip), and subduction erosion, which is a variant of non-accretionary subduction. In these 
diagrams, the thickness of the accreted unit is exaggerated to make it more visible. For simplicity, minimal exhumation of accreted material (that 
associated with hanging wall of out-of-sequence thrusts) is shown, but the actual progression of subduction accretion should include exhumation 
that may be associated with significant extension of the upper plate. The subduction erosion diagram in part F is based on a model of subduction 
erosion associated with progressive landward advance of a hinge (change-in-dip) of the subducting plate. This results in the locus of subduction 
erosion migrating progressively downdip and progressively into to the hanging wall. In this scenario, the earliest eroded and most deeply sub-
ducted packages (in a given frame) of material removed from the hanging wall were derived from furthest updip along with their corresponding 
abandoned erosional megathrust horizons. Note that the final product of an accretionary episode is shown on the first non-accretionary frame 
following the accretionary episode. Accretion is shown progressing updip over a long distance. This may not be realistic, as it has been proposed 
that accretion takes places at relatively restricted depth intervals (Agard et al., 2018). Moreover, out-of-sequence imbrication and duplexing may 
take place as well. For part G, the subduction erosion episode has concluded. During subduction erosion, in which the hanging wall was progres-
sively removed landward and downdip, the forearc region subsided progressively from the trench axis landward.
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Figure 2. Schematic cartoons illustrate cross-sectional reference frames for subduction without accretion (non-accretionary subduction slip), 
subduction with accretion (accretionary subduction slip), and subduction erosion, which is a variant of non-accretionary subduction. In these 
diagrams, the thickness of the accreted unit is exaggerated to make it more visible. For simplicity, minimal exhumation of accreted material (that 
associated with hanging wall of out-of-sequence thrusts) is shown, but the actual progression of subduction accretion should include exhumation 
that may be associated with significant extension of the upper plate. The subduction erosion diagram in part F is based on a model of subduction 
erosion associated with progressive landward advance of a hinge (change-in-dip) of the subducting plate. This results in the locus of subduction 
erosion migrating progressively downdip and progressively into to the hanging wall. In this scenario, the earliest eroded and most deeply sub-
ducted packages (in a given frame) of material removed from the hanging wall were derived from furthest updip along with their corresponding 
abandoned erosional megathrust horizons. Note that the final product of an accretionary episode is shown on the first non-accretionary frame 
following the accretionary episode. Accretion is shown progressing updip over a long distance. This may not be realistic, as it has been proposed 
that accretion takes places at relatively restricted depth intervals (Agard et al., 2018). Moreover, out-of-sequence imbrication and duplexing may 
take place as well. For part G, the subduction erosion episode has concluded. During subduction erosion, in which the hanging wall was progres-
sively removed landward and downdip, the forearc region subsided progressively from the trench axis landward.
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Figure 2. Schematic cartoons illustrate cross-sectional reference frames for subduction without accretion (non-accretionary subduction slip), 
subduction with accretion (accretionary subduction slip), and subduction erosion, which is a variant of non-accretionary subduction. In these 
diagrams, the thickness of the accreted unit is exaggerated to make it more visible. For simplicity, minimal exhumation of accreted material (that 
associated with hanging wall of out-of-sequence thrusts) is shown, but the actual progression of subduction accretion should include exhumation 
that may be associated with significant extension of the upper plate. The subduction erosion diagram in part F is based on a model of subduction 
erosion associated with progressive landward advance of a hinge (change-in-dip) of the subducting plate. This results in the locus of subduction 
erosion migrating progressively downdip and progressively into to the hanging wall. In this scenario, the earliest eroded and most deeply sub-
ducted packages (in a given frame) of material removed from the hanging wall were derived from furthest updip along with their corresponding 
abandoned erosional megathrust horizons. Note that the final product of an accretionary episode is shown on the first non-accretionary frame 
following the accretionary episode. Accretion is shown progressing updip over a long distance. This may not be realistic, as it has been proposed 
that accretion takes places at relatively restricted depth intervals (Agard et al., 2018). Moreover, out-of-sequence imbrication and duplexing may 
take place as well. For part G, the subduction erosion episode has concluded. During subduction erosion, in which the hanging wall was progres-
sively removed landward and downdip, the forearc region subsided progressively from the trench axis landward.
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Figure 6. Comparison of zircon age distributions in potential sediment source areas (A–C), in our Franciscan samples (J–N), and in
other basins in the western USA (D-I). Colours highlight interpreted major source areas for zircons of various ages. Note 10× change in
the age scale at 300 Ma.
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Implications for other areas


While there are pauses in accretion, subduction was continuous


According to Wakabayashi, there is no syn-Franciscan dextral shear


Zircons to date are not requiring an exotic source (e.g., Insular ST); 
indeed suggest little input from backarc.
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The surfaces for each of the 12 sedimentary formations were 
extended to the basin outline and split by the basement surface 
(Fig. 5). The shallowest four formations (Sacramento, Winters, 
Starkey, and Mokelumne) occupy the southern half of the basin 
and were not extended beyond the areal extent of their data 
(Fig. 5). In some cases, the contrast in the density of borehole 
picks between formations required manual adjustment of the 
surfaces. For example, the high number of boreholes that pen-
etrated the Guinda Shale (n = 112) in the southern part of the 
basin resulted in the Guinda surface projecting below the Sites 
Sandstone surface. In cases such as this, the underlying surface 
was adjusted by using the nearest borehole picks as a guide and 
maintaining thicknesses. All surfaces are shown with locations of 
their respective borehole picks to highlight where the density of 
data affected the surface interpolations (Fig. 5).

To study spatio-temporal changes in sediment thickness 
(e.g., Scheck and Bayer, 1999; Posamentier et al., 2007), isopach 
maps for each formation were constructed by subtracting the 
depth of a surface from its underlying surface in order to calcu-
late its thickness over its areal extent (Table 1; Supplementary 

Material II [see footnote 1]). In many cases, the “top” surface 
had multiple underlying surfaces, such as the Lodoga Forma-
tion, which was deposited atop the Stony Creek Formation and 
basement. To account for this, the surface geometry function in 
MoveTM accepts multiple inputs for the target “bottom” surface 
and calculates a thickness between the surface of interest and its 
underlying units. The volume of each formation was calculated 
using the tetravolume function in MoveTM (Fig. 6; Table 1). This 
function uses tops and bottoms of surfaces as inputs and divides 
intervening areas into tetrahedra (cell size = 500 m) that take into 
account changes in area with depth. Although these volumes are 
minimum estimates, as they are derived from compacted thick-
nesses, they are useful for comparative purposes, and future work 
will use this model as the foundation for decompacting strata in 
the Sacramento Basin. Biostratigraphic data from Moxon (1988) 
and Williams (1997) were used to assign horizon ages and allow 
for temporal comparison of stratal volumes (Table 1). In addi-
tion, cross sections were generated to capture basin architecture. 
Two north-south and four east-west sections were constructed 
(Fig. 7). Due to variability in stratigraphic thickness, east-west 
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Detrital zircon provenance of the Late Cretaceous–Eocene California forearc
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fornia–northern Baja forearc (hereafter “Cali-
fornia forearc”) and to consider the infl uence 
of Laramide low-angle subduction on margin 
paleogeography and landscape evolution. In 
particular, we use detrital zircon U-Pb age 
distributions to refi ne previous interpretations 

based on sandstone petrography, conglomerate 
clast assemblages, and paleocurrent distribu-
tions (e.g., Nilsen and Clarke, 1975; Dickinson 
et al., 1979; Kies and Abbott, 1982; Ingersoll, 
1983; Seiders and Cox, 1992). Because the age 
distribution of igneous rocks in California is 

generally well known (e.g., Irwin and Wooden, 
2001; Fig. 2), detrital zircon U-Pb ages can be 
directly linked with potential source regions. 
Detrital zircon provenance analysis has already 
been used effectively to improve understanding 
of drainage evolution along certain segments of 
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Figure 1. Tectonic setting of the 
western United States (modifi ed 
from Dickinson, 1996, 2008; 
DeCelles, 2004; Grove et al., 
2008; Dickinson and Gehrels, 
2008; Surpless and Beverly, 
2013). BM—Blue Mountains; 
FB—Foothills belt; GC—Gulf 
of California; HB—Hornbrook 
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KM—Klamath Mountains; 
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insular Ranges; SAF—San 
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sin; TR—Transverse Ranges.
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Figure 2. Cretaceous petrofacies and stratigraphic nomenclature for the four sampled sections in the Sacramento and San Joaquin
Valleys. Wavy lines indicate unconformities in each section; stars indicate stratigraphy sampled for detrital zircon analysis; and X in
section indicates no exposure. Cretaceous stages are from Gradstein et al. (1994); petrofacies from Ingersoll (1979, 1983); Cache Creek
section stratigraphy from Williams (1997); Redding stratigraphy from Haggart (1986); Chico stratigraphy from Russel et al. (1986);
San Joaquin stratigraphy from Mansfield (1979).
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 Four-dimensional model of Cretaceous depositional geometry and sediment fl ux 417

Several geologic features were not included in the model, 
namely, Cenozoic paleo–submarine canyons, major faults, 
and western contacts with the Franciscan Complex (Supple-
mentary Material III [see footnote 1]). In the south, thalwegs 
of the Paleogene Martinez, Meganos, and Markley submarine 
canyons incise into Maastrichtian (Meganos) and Campanian 

(Markley and Martinez) strata (Almgren and Hacker, 1984). 
In the north, the Princeton submarine canyon incises into 
Coniacian/ Santonian strata (Dickinson et al., 1979). As inci-
sion and infi lling of these canyons occurred in the Cenozoic, 
they are not important for construction of primary depositional 
geometries in the Cretaceous (e.g., Almgren and Hacker, 1984). 
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Figure 7. Cross sections of Sacramento Basin, highlighting architecture during Cretaceous deposition. (A–D) West-
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EVOLUTION OF AN ARC-FOREARC SYSTEM

Figure 3. Maps (A–D) showing paleocur-
rent directions and the development of pa-
leobathymetry in the Sacramento Valley
during the Late Cretaceous. Outcrop dis-
tribution of Great Valley strata is shown in
dark gray, and Cenozoic cover/Sierra ter-
ranes are shown in light gray. The three
sections sampled for detrital zircon analysis
are the Cache Creek section, Redding sec-
tion, and Chico section. All paleocurrent
data from Ingersoll (1979); paleobathyme-
tric contours from Williams (1997).

of Great Valley sediment (Linn et al., 1991,
1992), sediment onlap patterns (Moxon,
1990), age relationships in basement terranes
surrounding the basin (Soreghan and Gehrels,
2000), and conventional petrographic analysis
(Ingersoll, 1983).
Paleobathymetric maps constructed by Wil-

liams (1997) for the Sacramento Valley doc-
ument the evolution of the forearc basin from
a narrow trough with a steep slope in late Cen-
omanian time to a broader basin with a wider
shelf in Santonian time (Fig. 3). The devel-
opment of localized areas of subsidence and
uplift in the basin in Santonian time compli-
cated the formerly simple pattern of axial
transport with transverse input of sediment
from the Sierran arc.

Basement Terranes and Source Regions

The Cretaceous paleogeography of the
Great Valley forearc basin and the Klamath-
Sierran arc was similar to the present config-
uration, making the system ideal for a study
of sediment-source relationships. The Great
Valley forearc basin lies inboard of proposed
Late Cretaceous through Cenozoic terrane
translations (terranes associated with the Baja
British Columbia hypothesis; e.g., Cowan et
al., 1997), terrane motion along a proto–San
Andreas fault system (Dickinson et al., 1979),
and strike-slip motion on the current San An-
dreas fault) and remains depositionally and
structurally linked to its arc source. Proposed
Late Jurassic strike-slip displacement within
the Sierra Nevada batholith (Lahren and
Schweickert, 1994; Grasse et al., 2001) oc-
curred before deposition of the Cretaceous
Great Valley strata. Furthermore, no major
strike-slip displacement occurred within the
Great Valley basin during the Cretaceous, al-
though basin architecture was modified by tec-
tonism related to plate convergence (Moxon
and Graham, 1987; Moxon, 1990; Williams,
1997). Only the Klamath Mountains region
has been somewhat dislocated from its Late
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Figure 3. Maps (A–D) showing paleocur-
rent directions and the development of pa-
leobathymetry in the Sacramento Valley
during the Late Cretaceous. Outcrop dis-
tribution of Great Valley strata is shown in
dark gray, and Cenozoic cover/Sierra ter-
ranes are shown in light gray. The three
sections sampled for detrital zircon analysis
are the Cache Creek section, Redding sec-
tion, and Chico section. All paleocurrent
data from Ingersoll (1979); paleobathyme-
tric contours from Williams (1997).

of Great Valley sediment (Linn et al., 1991,
1992), sediment onlap patterns (Moxon,
1990), age relationships in basement terranes
surrounding the basin (Soreghan and Gehrels,
2000), and conventional petrographic analysis
(Ingersoll, 1983).
Paleobathymetric maps constructed by Wil-

liams (1997) for the Sacramento Valley doc-
ument the evolution of the forearc basin from
a narrow trough with a steep slope in late Cen-
omanian time to a broader basin with a wider
shelf in Santonian time (Fig. 3). The devel-
opment of localized areas of subsidence and
uplift in the basin in Santonian time compli-
cated the formerly simple pattern of axial
transport with transverse input of sediment
from the Sierran arc.

Basement Terranes and Source Regions

The Cretaceous paleogeography of the
Great Valley forearc basin and the Klamath-
Sierran arc was similar to the present config-
uration, making the system ideal for a study
of sediment-source relationships. The Great
Valley forearc basin lies inboard of proposed
Late Cretaceous through Cenozoic terrane
translations (terranes associated with the Baja
British Columbia hypothesis; e.g., Cowan et
al., 1997), terrane motion along a proto–San
Andreas fault system (Dickinson et al., 1979),
and strike-slip motion on the current San An-
dreas fault) and remains depositionally and
structurally linked to its arc source. Proposed
Late Jurassic strike-slip displacement within
the Sierra Nevada batholith (Lahren and
Schweickert, 1994; Grasse et al., 2001) oc-
curred before deposition of the Cretaceous
Great Valley strata. Furthermore, no major
strike-slip displacement occurred within the
Great Valley basin during the Cretaceous, al-
though basin architecture was modified by tec-
tonism related to plate convergence (Moxon
and Graham, 1987; Moxon, 1990; Williams,
1997). Only the Klamath Mountains region
has been somewhat dislocated from its Late
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In addition to the onlap, facies deepen rapidly going offshore—and deepen through time as sediments onlap to Sierra
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shared North American sources. Pre-Mesozoic 
DZs from the oldest Franciscan metagrey-
wackes suggest similar provenance (Dumitru 
et al., 2010; Snow et al., 2010). Wright and Wyld 
(2007) inferred that Precambrian DZs from the 
basal GVG were derived from sources in the 
southwestern Cordillera and the Oaxaca terrane 
of Mexico, suggesting that Late Jurassic–earli-
est Cretaceous deposition occurred in a basin 
located ~400 km south of the Great Valley ba-
sin’s current position. Speci"cally, Wright and 
Wyld (2007) interpreted the absence of a ca. 
1200 Ma DZ component in their compilation 
as missing a Grenville-age population neces-
sary to tie the GVG to central North America. 
Our basal GVG zircon data include the 1000–
1200 Ma Grenville signature (Fig. 2). Thus, we 
infer that Wright and Wyld’s (2007) analysis 
was compromised by their relatively small data 
set (n = 198) and that the GVG does not require 
southern provenance.

Taken together, our age and provenance 
data from basal GVG strata support a model 
in which the latest Jurassic to Early Cretaceous 
forearc system was largely extensional, con-
sistent with previous interpretations of seismic 
re#ection pro"les and gravity modeling that in-
dicate that as much as 7 km of Late Jurassic to 
Early Cretaceous deposition occurred within ac-
commodation space created by synsedimentary 
normal-fault systems (Constenius et al. 2000). In 
this setting, preservation of latest Jurassic strata 
within the under"lled forearc would have oc-
curred only in structurally controlled sub-basins 
(Fig. 3). DZ ages from the oldest strata would 

record a mix of Triassic and Jurassic arc mag-
matism as well as a signi"cant component of 
pre-Mesozoic basement. With a shift to an ac-
cretionary margin in mid–Early Cretaceous time 
and contemporaneous growth of the magmatic 
arc (e.g., Paterson and Ducea, 2015), the outer 
forearc high would have ponded the increased 
sediment volume within a more coherent forearc 
system (Fig. 3). GVG DZ signatures from Cre-
taceous strata would be dominated by Meso-
zoic arc ages, with relatively fewer pre-Meso-
zoic grains (e.g., Sharman et al., 2015). Our 
DZ data document this shift in relative source 
abundance, as samples with Jurassic MDAs have 
55% pre-Mesozoic grains, whereas Cretaceous 
samples have 37%. Moreover, our depositional 
age revisions nearly double the thickness of 
Lower Cretaceous GVG strata, consistent with 
increased Cretaceous sedimentation rates and 
arc unroo"ng.

Our study highlights the utility of large-n DZ 
analysis to reconstruct the early stages of forearc 
sedimentation, including the development of 
isolated depositional centers, and improves our 
understanding of the Mesozoic development of 
the central-western margin of North America. 
Other continental forearc basins, such as the 
Lancones, Talara, Sechura, and Tumbes basins 
of Peru, show similar diachroneity and frag-
mented depositional centers at basin inception, 
followed by the development of more coherent 
basin "ll (e.g., Fildani et al., 2008; Hessler and 
Fildani, 2015). Similarly, in island arc–forearc 
systems such as Sumatra-Java, isolated basins 
are structurally controlled by basement highs 

(e.g., Kopp et al. 2002). Thus, this “"ll-and-
spill” evolution may be more common in forearc 
systems than has been previously recognized, 
and the Great Valley forearc provides an excel-
lent ancient onshore example.
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fornia–northern Baja forearc (hereafter “Cali-
fornia forearc”) and to consider the infl uence 
of Laramide low-angle subduction on margin 
paleogeography and landscape evolution. In 
particular, we use detrital zircon U-Pb age 
distributions to refi ne previous interpretations 

based on sandstone petrography, conglomerate 
clast assemblages, and paleocurrent distribu-
tions (e.g., Nilsen and Clarke, 1975; Dickinson 
et al., 1979; Kies and Abbott, 1982; Ingersoll, 
1983; Seiders and Cox, 1992). Because the age 
distribution of igneous rocks in California is 

generally well known (e.g., Irwin and Wooden, 
2001; Fig. 2), detrital zircon U-Pb ages can be 
directly linked with potential source regions. 
Detrital zircon provenance analysis has already 
been used effectively to improve understanding 
of drainage evolution along certain segments of 
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Compilation of a lot of detrital zircons 
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…leads to ability to infer some paleogeography



Orme & Graham, GSA Spec Paper 540., 2018

 Four-dimensional model of Cretaceous depositional geometry and sediment fl ux 419

this time interval (Supplementary Material II [see footnote 1]). 
Between the late Coniacian and Maastrichtian, >2200 m of sedi-
ments accumulated within this depositional center; coeval strata 
are absent in the north, where Eocene strata are unconformable 
on Campanian Kione-Forbes-Sacramento strata.

Sacramento Basin Sediment Accumulation

The mean thicknesses and volumes of each formation are 
summarized in Table 1. We emphasize that these are minimum 
values, since they were derived from compacted thicknesses, 
and they also do not account for the now-eroded western part 
of the basin. Deposited between 121 and 101 Ma, the Lodoga 
Formation is the thickest unit, with a mean thickness of 1028 m 
and a volume of 30,057 km3. In contrast, the thinnest unit is the 
Mokelumne River Formation, with a mean thickness of 170 m 
and a volume of 3267 km3. The volumetric sediment accumula-
tion rate is variable, with rates being <2000 km3/m.y. prior to the 
early Turonian and between 6000 and 17,000 km3/m.y. from the 
late Turonian through the middle Campanian (Fig. 8). The Sites 
Sandstone saw the highest sediment accumulation rates, with 
15,866 km3/m.y. deposited between 86.4 and 84.0 Ma. Sediment 
accumulation rates during the fi nal stages of Cretaceous deposi-
tion remained relatively constant at ~1100 km3/m.y.

DISCUSSION

Basin Architecture

This fi rst 4-D basin model of the Sacramento segment of the 
larger Great Valley forearc basin captures its fi rst-order geom-
etry and sediment fl ux during Cretaceous deposition. The recon-
structed basement surface is consistent with structural trends in 
the basement maps of Wentworth et al. (1995) and Scheirer et 
al. (2007) for the San Joaquin Basin and southern Sacramento 
Basin. Our surface map and cross sections show that the base-
ment is deepest west of the town of Williams and in the northwest 
part of the basin. In cross section (Fig. 7A) and seismic-refl ection 
line AYD-3 (Constenius et al., 2000), the Jurassic(?)–Lower Cre-
taceous Stony Creek Formation is parallel to subparallel to base-
ment, suggesting deposition was primarily on a relatively pla-
nar basement surface. Resolving the precise angularity of onlap 
between the Stony Creek Formation and basement is beyond the 
scale of this model, but based on refl ection-seismic data, Wil-
liams and Graham (2013) noted that the angularity of the non-
conformity between the Great Valley Group and basement at 
deposition was 3°–5°, similar to modern continental slopes. The 
westernmost north-south cross section highlights changes in the 
depth to basement and thickness of Stony Creek and Lodoga 
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Figure 8. Comparison of accretionary his-
tory of Franciscan Complex (Dumitru et al., 
2010), minimum sediment accumulation 
rates for Sacramento Basin (this study), 
and apparent magmatic fl ux of Sierra Ne-
vada (Paterson and Ducea, 2015) and Idaho 
batholiths (Gaschnig et al., 2017). Increase 
in sediment accumulation rates in forearc 
region correlates with proposed change in 
Franciscan wedge from nonaccretionary to 
accretionary and peak in arc magmatism in 
Sierra Nevada.
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Most sedimentation in the Sacramento Valley from Sierra eroding—generally overlaps with time when Franciscan was accumulating…








