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A B S T R A C T

Sedimentary rock units originally formed in subduction trenches are often found tectonically underplated di-
rectly below magmatic arc crustal sections along some segments of the ancient convergent margin of the North
American Cordillera. During and immediately after tectonic underplating - which takes place during ultra-
shallow subduction - magmatic arcs shut off completely or migrate suddenly inboard, thus leaving the un-
derplated sections in the new forearc of the subduction system. A good modern equivalent is found in Southern
Mexico where the Cocos plate subducts at shallow angle under North America. The process is episodic and
corresponds to events of sudden trench inboard migration relative to the upper plate. If the trench sequence was
dominated by quartz-rich material, the exposed rocks are schists; they display an inverse pressure-temperature
path, suggesting that the crust collapsed and were exhumed immediately after the completion of this ablative
process (Salinas type). If rich in feldspar, the trench-derived metasedimentary rocks are gneisses and display
evidence for thermal relaxation-related heating and in some cases, partial melting (Skagit type). Feldspar-rich
rocks presumably have a higher strength that precludes a quick gravitational collapse of the section. In both
cases, this process leads to the complete reorganization of the crust with the addition of melt fertile, first cycle
sedimentary materials in the deep crust of subduction systems.

1. Introduction and problem setup

Major subduction and collisional convergent margins on Earth
commonly accommodate shortening along fold and thrust belts.
Subduction of an oceanic plate itself takes place along an enormous and
long lived thrust fault. However, smaller thrust faults provide better
insights into the mechanics and geometry of shortening. The best ex-
amples of such thrust systems are preserved in areas that underwent
continental collision, such as the Alps or Himalayas, although they are
found in subduction settings as well. The total amount of shortening
accommodated by fold and thrust belts can be as much as 500–700 km
for long lived convergent margins (DeCelles et al. 2002; Gotberg et al.
2010). This very common compressive structural style can easily bury
sedimentary rocks to great crustal depths (> 30 km) where they un-
dergo metamorphism and in some cases, partial melting.

Individual thrust faults accommodate a finite amount of displace-
ment and are active over a fraction of the lifetime of the convergent
margin. Newer faults propagate ether structurally downward leaving
the fossil fault in the hanging wall of the thrust system (most of the

time, also known as in-sequence thrusting) or vice-versa (less common).
Consequently, underthrusting of shallow rocks into a deeper structural
position along footwalls of thrust faults and subsequent abandonment
of these masses in the hanging wall of later faults is an efficient lateral
transport mechanism in collisional belts.

Subduction of oceanic plates follows, at least near the trenches, the
geometry of all fold and thrust belts (Burg et al. 2013). The major
difference presented by the fault representing the mega-subduction
thrust fault is that in theory it is a structure that can accommodate
infinite displacement and transport the footwall (the subducting plate)
down into the deeper parts of the mantle along the same fault plane for
long periods of time. In reality, the subduction megathrusts shift their
position over time relative to the upper plate generating a set of sutures
very much similar to continental fold and thrust belts; these are well
documented near the trenches and in forearcs of subduction systems. If
the migration of the mega-thrust is structurally downward and there-
fore outboard relative to the upper plate, the margin is said to be ac-
creting. If the opposite is true, the margin is eroding (e.g. Park et al.
2002). Eroding margins are cannibalizing their accretionary wedge and
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in some cases forearcs and sending sediments downward with the
megathrust. More than half of the modern trenches are eroding making
this process rather significant (von Huene and Scholl, 1991, Clift and
Vannucchi 2004, 2009, Scholl and von Huene 2007). In the simplest of
explanations, the plausible destinations of trench-accumulated sedi-
ments are (Fig. 1): (1) in the trench, accreted, (2) subducted into the
mantle, (3) accreted structurally to the bottom of the upper plate after
initial downward transport and (4) return to the upper plate either via
magmatism with partial melting of the downgoing sediment or some
other form of solid-state or partially molten upward transport.

Global mass balance calculations on modern subduction settings
show that most of these materials have to be retained in the upper plate
of subduction systems (Clift and Vannucchi 2004) or else the overall
mass of continental crust would be rapidly declining, an interpretation
which is at odds with a variety of data for the Phanerozoic (Reymer and
Schubert 1984); in Clift and Vannucchi's seminal paper (2004), the
authors favor the return of large proportions of sediment via melting
under magmatic arcs (Kay et al. 2005). A number of speculative models
involving the convective or advective return of trench materials to the
upper plate exist in the literature and they may well account for some
return of materials eroded from the trench. Relamination refers to se-
dimentary diapirs lifting from the slab and being transported upwards
either as solids or partially molten through the mantle wedge and being
attached to the bottom of the upper plate crust (Behn et al. 2011).
Partial melting of subducted sediment and ascent via arc magmas has
been hypothesized for a while (Defant and Drummond 1990) and re-
mains popular among some researchers (Kelemen et al. 2004) despite
the evidence that sediment contribution appears to play a secondary to
insignificant role in most Phanerozoic magmatic arcs (Ducea et al.

2015).
Geologic evidence points a more likely mechanism for transferring

sedimentary materials at eroding subduction margins by duplexing
along the major (subduction) thrust fault (Ducea et al. 2009) in a
process that some refer to as tectonic underplating (a term which in the
literature is not restricted to this process, but one that will be used
below). Such geometries are commonly identified at depth under
forearcs (Calvert et al. 2011) and evidence exists that trench-related
materials can travel as far as 300 km inboard to be eventually duplexed
under the magmatic arc of some subduction margins (Manea et al.
2013). Slivers of mantle may or may not be present in between the
underplated rocks and the upper plate crustal materials at any given
location.

Forearc and sub-arc duplexing are worth being introduced here with
a well-studied modern example since it is the primary mechanisms by
which tectonic underplating occurs. Perhaps the first discovery of un-
derplated materials in modern forearc regions of subduction system (in
seismic images) was made in the Aleutians by James Sample, Casey
Moore and collaborators in the late 1980s (e.g. Moore et al. 1991).
Fig. 2 (Calvert et al. 2006) exemplifies the mechanism of duplexing in
the forearc of the North American Cordillera, near Vancouver island:
the interpreted geologic cross section based on seismic data (Fig. 2)
shows a series of abandoned faults (D and E) that were responsible for
transferring the black labeled units from the downgoing plate onto the
forearc of the upper plate while the active subduction megathrust (la-
beled F) migrates downward over time. Although here involving the
mega-subduction thrust, this process of duplexing is geometrically no
different than what structural geologists observe rather commonly in
fold and thrust belts.

Fig. 1. Cross section through a subduction zone
showing the main elements of the margin and the
possible destination of sediment buried from the
trench – sediment subduction and underplating.
Some of the sedimentary budget also returns to
upper plate via arc magmatism although that is
generally a small percentage of subducted sedimen-
tary material (from Ducea et al. 2004b).

Fig. 2. From Calvert et al. (2006). Schematic cross-
section normal to the Cascadia margin at the location
of southern Vancouver Island. The E and F reflectors
define the roof and floor thrusts respectively of a
100-km-wide duplex structure, beneath which the
Juan de Fuca plate subducts. The D reflectors may
also be part of the roof thrust, but have not yet been
shown to be continuous with the E reflectors, as in-
dicated by the grey region. Seismicity (green dots
mark major earthquake locations) in the subducting
slab occurs primarily where the top of the plate is
inferred to steepen. Various blue and red dots are
hypothetical locations of various earthquakes along
this active structure. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)
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Examples for tectonic underplating do exist in the geologic record
and are best known in the North American Cordillera. The focus of this
paper is a geologic review of some of these well-known examples. They
will be examined below in an effort to distinguish end member types of
tectonic underplating and their predicted thermal, structural and
magmatic consequences. We show that underplated sections of the
lower continental crust can proceed at large scale and have tremendous
consequences on the composition and evolution of the continental crust
during the orogenic event and after. We also draw the attention to the
fact that this process is relatively difficult to be detected in the geologic
record because it generates Barrovian metamorphism and not the high
pressure/low temperature type normally expected to form as a result of
oceanic subduction.

2. Recognizing a low-angle subdcution complex

The first fundamental question for those studying tectonic shuffling
at subduction margins is what types of rocks can one expect to find as a
result of this process? First, we will review how does one identify the
products of “normal-angle” subduction in the geologic record, followed
by a summary of ultra-shallow subduction and thus the expectations
pertaining underplated rocks.

In normal subduction, for the most part, the critical element is the
presence of high pressure/low temperature metamorphic products
(Miyashiro 1973), which form along subducting plates (Hacker et al.
2003). This includes greenschists, blueschists and eclogite facies rocks,
or at the least the presence of prehnite-pumpellyite facies rocks that
may have undergone the early stages of that style of metamorphism.
High pressure/ low temperature metamorphism is restricted to sub-
ducted plates because they are buried at high speeds typical for plate

rates (centimeters a year) and the temperatures remain relatively low in
those environments. Typically, such “subduction complexes,” of which
the Franciscan Complex of California is a classic example, are found as
mélanges in which metamorphosed rocks and deformed fragments of
the oceanic lithosphere are found within matrices of less metamor-
phosed rocks (Hsu, 1968; Cloos 1982; Raymond 1984; Wakabayashi
2015) and block-in-matrix metamorphism predates the sedimentary age
of the matrix (Ukar 2012). The origin of these complexes remains
controversial (Wakabayashi 2015) and they were likely returned very
fast along a subduction channel (Platt 1986; Cloos and Shreve 1988). A
final key observation common to many subduction complexes is the
presence of upsection/inboard increases in metamorphic grade and
depositional age – so called “inverted field gradients,” as these trends
are contrary to those expected for an intact section of rock in the earth
(Ernst 1980; Peacock 1987). Inverted metamorphic and age gradients in
subduction complexes are most readily explained by underthrusting of
progressively younger slices beneath an upper plate that is cooling due
to downward heat transfer (i.e. “subduction refrigeration,” Dumitru
et al. 1991). To summarize, high-pressure/low-temperature meta-
morphism, inverted metamorphism, inverted depositional age patterns,
and the presence of melange are hallmark features of “normal-angle”
subduction complexes (Philpotts and Ague 2009).

Like “normal-angle” subduction complexes, shallow-angle subduc-
tion products also commonly exhibit downsection younging, upsection
increases in metamorphic grade, and the presence of mélange.
However, shallow-angle subduction assemblages (trench sediment plus
the potential added presence of mafic/ultramafic material from frag-
ments of the oceanic slab) are conveyed directly beneath recently active
(i.e. hot) continental arcs, rather than coming into contact with the cold
base of an accretionary wedge and/or forearc basin, as is the case for

Fig. 3. Moho topography for Mexico and Central America (from Manea et al. 2013): Moho map is based on gravity GOCE data (Reguzzoni and Sampietro 2012). 2D
profiles represent Moho and slab geometry and are based on seismic experiments (Dzierma et al. 2010; Melgar and Pérez-Campos 2011; Pérez-Campos et al. 2008).
Red dots depict point Moho depth estimations from seismic experiments (Narcia-Lopez et al., 2004). White number labels represent depths and accuracies for large
earthquakes recorded in the area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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“normal-angle” subduction complexes. As a result, shallow-angle sub-
duction complexes are of a higher metamorphic grade than their
normal-angle counterparts. Even a short geologic time (a few million
years, e.g. 2–5 My) spent at depths of 20–30 km would result in the
change of the metamorphic path from high pressure/low temperature
to a Barrovian one (medium temperature and pressure), a more com-
monly encountered PTt pathway in orogenic areas. Consequently, me-
tasedimentary rocks will become garnet-bearing schists and gneisses
and have a metamorphic facies more commonly associated with con-
tinental collision or other dynamo-thermal orogenic situations
(Philpotts and Ague 2009) not necessarily associated with subduction,
even though they represent fundamentally trench and/or forearc de-
rived materials. This is an important and commonly overlooked aspect
of underplating which may have led to the under recognition of such
rocks in the geologic record.

3. Southern Mexico – A modern example

Southern Pacific Mexico is an illustrative example of ultra-shallow
subduction where the Cocos slab penetrates for hundreds of kilometers
under the upper plate (North America)under its lower crust (Fig. 3)
(Parolari et al. 2018). This feature is best observed at the longitude of
Acapulco. Note that geometry changes progressively to a more normal
angle of subduction to the east along the same subduction zone (Manea
et al. 2013). The scale of experiment and type seismic data available
here do not show the same level of detail seen in the Vancouver forearc
example above (i.e. one cannot distinguish duplex structures within the
upper plate with such data), but they do illustrate the potentially ex-
tensive interaction between the upper and lower plates along an unu-
sually wide forearc. Note that there is no mantle section between the
upper and lower plates for 300 km inboard of the trench, expect pos-
sibly a 4 km low velocity hydrous mantle between plates (Kim et al.
2013). The modern arc, the main Mexican arc in this case (or the Trans
Mexican Volcanic Belt, Ferrari et al. 2012; Straub et al. 2011, 2015;
Gomez Tuena et al., 2018) is located further to the east, where the slab
begins steepening again and the Moho increases toward the back side of
the subduction system (Fig. 3).

Perhaps the most important geologic feature of southern Mexico
geology relevant to our discussion is that the Mesozoic to Cenozoic arc
(including rocks as young as Oligocene and earliest Miocene) are found
around the beach exposures of Pacific Mexico and offshore and only
20–30 km from the modern trench (Ducea et al. 2004a, 2004b). Clearly,
much of the forearc and the trench of earlier Cenozoic have been re-
moved. As it often is the case in such scenarios, there are two hy-
potheses: either the forearc was removed laterally (the Chortis block,
found today to the east in Central America) or it was subducted-eroded
with an evolving margin that developed into today's ultra-shallow
subduction. The hypothesis of margin erosion by subduction is far more
plausible (see Ducea et al. 2004b).

While this modern example typifies ultra-shallow subduction geo-
metry, in which the slab interface moves inboard for hundreds of
kilometers without cutting into mantle (lithosphere and astheno-
sphere), at face value does not require tectonic underplating. In other
words, lower plate material need not get stuck under the and become
part of the upper plate. On the other hand, it is known that the trench in
this area is a severely retreating one for the past 25 My or possibly
more; remnants of the Eocene to Miocene magmatic arc are found along
the coastal exposures of Sierra Madre del Sur (Ducea et al. 2004a;
Morán-Zenteno et al., 2018) with the modern Acapulco trench only
20–30 km outboard of the coast. A large fraction of the accretionary
wedge and the forearc of the early to mid-Cenozoic subduction margin
are missing and transported downward with the subducting slab. Low
temperature thermochonology data (U-Th/He) document that only
about 10% of the sediment eroded since the earliest Miocene of the
Sierra Madre del Sur (the elevated forearc of this subduction system) is
found in the trench today (Ducea et al. 2004b), the rest having been

subducted away. It is unlikely that such a high flux of sedimentary
material (corresponding to some 50–60 km3/km My) was transferred to
the deep mantle and most likely some was underplated. The Trans
Mexican volcanic belt could have recycled some of that material mag-
matically (Straub et al. 2015) given the geochemical and isotopic
composition of the arc, but probably not> 5% of the missing trench/
forearc. Thus the great majority of eroded material from the forearc
side is probably underplated at depth under mainland Mexico.

We suggest that ultra-shallow subduction episodes associated with
massive trench retreat (so called erosive margins) like the Acapulco
example presented here promote tectonic underplating. The Laramide
shallow subduction event of the latest Cretaceous in North America
(Saleeby 2003) was such an event in which the slab planed off
~30–45 km beneath the surface (Cheadle et al. 1986; Trehu and
Wheeler 1987; Li et al. 1992; Malin et al. 1995; Magistrale and Zhou
1996; Grove et al. 2003b; Chapman et al. 2010; Jacobson et al. 2011;
Porter et al. 2011) for hundreds of kilometers inboard from the trench
and is the tectonic event responsible for the geologic examples re-
viewed below.

4. Relevant North American geologic examples

All examples presented below are found within the Cordilleran re-
gion of western North America (Fig. 4) and appear to be of similar age –
latest Cretaceous to Paleocene. This corresponds to a time of regional
shallow subduction, which is widely known as the Laramide orogeny
(DeCelles 2004; Saleeby 2003; Liu 2015; Yonkee and Weil 2015). In the
broadest of sense therefore, there is a clear link between shallow sub-
duction and underplating in these examples although in detail, the
magnitude of ultra-shallow subduction in the American west may have
varied along the strike and many other details of the process may have
been different from one described location to the other. We present the
Southern California Allochton as the prime example of Laramide tec-
tonic underplating, which left many individual exaplmes of schists and
gneissic terranes structurally under native North America. Of the to-
tality of the southern California examples, we focus on a few better
studies examples, and among them, we particularly highlight the Sal-
inia-schist of Sierra de Salinas example in central coastal California
today.

Following the Californian examples, we also address some recently
discovered underplated sections in the core of the Cascades area in the
Pacific north west, in British Columbia, Alaska. Geologic knowledge in
these more recently discovered examples is perhaps not as thorough as
it is for the California examples which have been known for many
decades. However, they demonstrate the continental scale of this pro-
cess in the North American Cordillera and thus bolster the argument
that this process is tectonically significant for continental evolution.

4.1. The Southern California Allochthon

4.1.1. Introduction and Sierra de Salinas-Salinian type example
Collectively, the southern California exposures make up the world's

best example of a subduction complex underplated beneath the North
American continent during the Laramide orogeny in the latest
Cretaceous, a regionally significant episode of shallow subduction
(DeCelles 2004). The local underplating is well known and studied re-
gionally (e.g. Hall, 1991) but its larger scale significance with regard to
subduction erosion and tectonic underplating remains under appre-
ciated. There are 24 individual areas in southern and central California
where North American upper plate crustal rocks commonly containing
Cretaceous magmatic arc rocks are underlain by metasedimentary rocks
deposited only a few million years before being emplaced at depth
during the latest Cretaceous (Barth et al. 2003). The largest of the ex-
posed areas are shown in a palinspastic reconstruction in black in Fig. 5.
These pieces may not have belonged to precisely the same thrust sheet,
since most likely there were several thrusts that were emplaced
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successively over several million years, but they probably represent the
product of the same event or possibly two events in short succession
(Saleeby 2003; Grove et al. 2003a; Liu et al. 2010). Cenozoic tectonism,
extension in the greater Mojave region and/or the lateral displacement
of part of southern California along the San Andreas fault, led to the
fragmentation seen today. It is due to the more recent tectonism asso-
ciated with the San Andreas fault that the Sierra de Salinas-Salinia area
has been displaced some 300 km to the north relative to North America
(and is exposed today in central coastal California) and not in southern
California, its place of origin.

It is widely believed that much of the southern and central
California areas near the San Andreas fault system extending into the
Mojave region and western Arizona are underlain by equivalent schists
emplaced during Laramide shallow subduction. Geophysical evidence
further suggests that much of the sub Mojave region is underlain by
materials similar to those exposed in the small windows of underplated
rocks (Tape et al. 2009; Porter et al. 2011) although their vertical ex-
tension (down into the lower crust or perhaps closer to the modern
Moho?) is debated. Lower plate metasedimentary rocks mixed with
minor mafic and ultramafic materials are locally known as the Pelona,
Rand, Orocopia, San Emigdio, and Sierra de Salinas schists and are
found in footwall of thrust faults subsequently reactivated as normal
faults.

The term Southern California allochthon (SCA) was used by Hall
(1991) only for the central Californian Cretaceous magmatic arc block
of Salinia, which is sitting atop of the Sierra de Salinas schist. The Sierra
de Salinas/Salinian example is in some ways the best example of all of
these exposures because the structure separating them appears to the
original thrust fault (despite subsequent extension) (Kidder and Ducea
2006); we describe it here separately from the rest of the Californian
example. We draw from this example heavily in this paper in part be-
cause of its next to ideal geologic preservation and because of our own
experience working with it. Magmatic arc rocks equivalent to the ones

on the Sierra Nevada arc or any other arc fragment of California (Kidder
et al. 2003) sit separated by a major ductile fault called the Salinas
shear zone (Ducea et al. 2007) atop of metamorphosed trench materials
(Kidder and Ducea 2006) (Fig. 6) that were sedimentary only a few
million years (Barth et al. 2003) before being buried and metamor-
phosed (Ducea et al. 2003a). The exposed ductile fault was about
30–35 km deep at the time of formation (Fig. 6). The arc stopped
forming while it was being underplated with sediments at around
80Ma and the entire section collapsed gravitationally a few million
years after; as a result, Maastrichtian marine sediments unconformably
overlie this deep crustal section (Fig. 7). As a result of that early col-
lapse, about 30 km of crustal section were removed (Fig. 7 A, schematic
W-E cross section); the transpressional late Cenozoic uplift of the Coast
Ranges (Ducea et al. 2003c) further contributed to the present day
geologic complexities in the Santa Lucia range (Fig. 7B).

The term allochthon was used to signify that the upper plate of the
central California coastal Cretaceous magmatic arc assemblage (Salinia)
appear to be transported westward> 180 km relative to the underlying
subduction complex sediments (Franciscan and Sierra de Salinas rocks).
The intervening forearc and parts of the arc are missing (Ducea et al.
2009; Jacobson et al. 2011; Chapman et al. 2016; Johnston et al. 2018).
Some (Dickinson 1983; Dickinson et al. 2005; Jacobson et al. 2011)
have argued that the truncation of the margin is due to trench-parallel
left lateral slip, but palinspastic reconstructions indeed suggest that all
of southern California's geology is shifted westward relative to the
normal location of the magmatic arc to the north (see Hall and Saleeby
2013, for a review of many decades of regional research). The some-
what antiquated term “allochthon” is used here in conjunction with the
southern California region; all of Southern California (and other be-
longing blocks moved to the north) floats westward on top of sub-
ducted/accreted or underplated trench and forearc materials. It is of
course a relative term; relative to the upper plate, it is the schists that
are allocthonous, i.e. they were displaced significantly inboard relative

Fig. 4. General locations of the following areas described in text: the Southern California Allochthon (detailed in Fig. 5), the Cascades core, parts of the Central Gneiss
Complex, the Chugach-Prince William terrane, Condrey Mountains schist and Islas Cedros (IC).

M.N. Ducea, A.D. Chapman Earth-Science Reviews 185 (2018) 763–779

767



to the upper plate arc.
The schist of Sierra de Salinas is equivalent to the Pelona, Orocopia,

Rand, and Tehachapi/San Emigdio and other schists (Fig. 5), though
the latter schists have not been displaced from southern California in
Neogene time. Like the schist of Sierra de Salinas, which we use here as
the main example of a locality of these types of materials in southern
California, schist exposures occur as structural windows through tec-
tonically overlying granitic rocks of the California magmatic arc and
pre-batholithic gneissic rocks. The following is a brief overview of
geologic relations found in some of the other classic exposures (divided
into a northern and southern group of schists), as well as a newly dis-
covered locality in Mexico.

4.1.2. Rand/San Emigdio/Tehachapi (northern schists)
The Rand schist of the Rand Mountains crops out in the core of a

Cenozoic anticlinorium beneath an overlying sequence of Late
Cretaceous diorite and pre-batholithic framework rocks along the my-
lonitic Rand fault (Postlethwaite and Jacobson 1987; Silver et al. 1995;
Chapman et al. 2017a). During underthrusting, the Rand schist devel-
oped an inverted metamorphic gradient ranging from transitional
greenschist–blueschist facies at deep levels (~3 km beneath the Rand
fault) to transitional greenschist–amphibolite facies at relatively
shallow levels (Jacobson 1995).

Schist exposed in the San Emigdio and Tehachapi Mountains resides
beneath a series of Early to mid- Cretaceous deep-level plutonic rocks
and associated pre-Cretaceous framework metamorphic rocks (Saleeby

Fig. 5. Pre–San Andreas palinspastic reconstruction of southern California, SW Arizona, and NW Mexico after Grove et al. (2003a) and Jacobson et al. (2011). Inset
showing present day configuration after Chapman et al. (2012). The main areas of southern and central California in which underplated schists and gneisses (black
areas) are present structurally below North American upper plate rocks, many of which were parts of the subduction-related Cretaceous magmatic arc prior to the
episode of underplating (modified after Chapman 2017). Numbered schist localities, all part of the Southern California Allochron: 1 – San Emigdio Mountains, 2 –
Tehachapi Mountains, 3 – Rand Mountains, 4 – Sierra de Salinas/Salinia, 5 – Portal/Ritter ridges, 6 –Mount Pinos, 7 – Sierra Pelona, 8 – Blue Ridge, 9 – East Fork, 10
– San Gorgonio Pass, 11 – Orocopia Mountains, 12 – Chocolate Mountains, 13 – Picacho-Peter Kane Mountain/Gavilan Hills, 14 – Marcus Wash/Trigo Mountains/
Yellow Narrows, 15 – Middle Mountains, 16 – Castle Dome Mountains, 17 – Neversweat Ridge, 18 – Cemetery Ridge, 19 – Plomosa Mountains. Abbreviations - BL:
Ben Lomond Mountain; GR: Gabilan Range; GV: Great Valley; MD: Mojave Desert; PR: Point Reyes; PRB: Peninsular Ranges batholith; SC: Santa Catalina Island; SL:
Santa Lucia Mountains; SNB: Sierra Nevada batholith; Fault abbreviations: Gf: Garlock; Nf: Nacimiento; Pf: Pastoria fault; Rf: Reliz- Rinconada; SAf: San Andreas;
SGHf: San Gregorio–Hosgri; SSd: Southern Sierra detachment. A more detailed map of the Salinia/schist of the Sierra de Salina example is shown in Fig. 6 as an
example of a typical such location. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Simplified geologic map of coastal central California south of Monterey Bay, showing the basement and cover units of the Salinian arc, the schist of the Sierra
de Salinas, and recent sedimentary cover (modified after Ducea et al. 2007). (top right) Map showing the distribution of arc-related rocks in California. (bottom left)
Cross-section A–A' depicts the structural relationships between the upper plate Salinian arc and the underlying schist. X-X' is a line along which the schematic cross
sections in Fig. 7 (one for the late Cretaceous configuration and one modern) were drawn.
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M.N. Ducea, A.D. Chapman Earth-Science Reviews 185 (2018) 763–779

769



et al. 2007; Chapman et al. 2010) along a locally ductile to brittle low-
angle detachment fault system that probably correlates with the type
Rand fault exposed in the Rand Mountains (Postlethwaite and Jacobson
1987; Chapman et al. 2010). These schist exposures are the oldest of the
schist outcrop belt, with depositional ages in the ca. 95–90Ma range.

4.1.3. Pelona/Orocopia (southern schists)
Like the schist of Sierra de Salinas, the Pelona schist resides in the

western wall of the San Andreas fault and hence is part of the SCA. All
large Pelona schist exposures exhibit an inverted range in metamorphic
grade from greenschist to upper amphibolite facies and are tectonically
overlain by similar suites of Proterozoic gneiss and Mesozoic plutonic
rocks along mylonitic shear zones (Haxel and Dillon 1978; Graham and
Powell 1984; Kellogg and Miggins 2002). The Vincent fault – a ~1 km
mylonite zone separating footwall Pelona schist from hanging wall
Proterozoic and Mesozoic granitic rocks and gneisses – is noteworthy as
it is one of few schist-upper plate contact zones that is not completely
overprinted by extensional fabrics and preserves burial-related fabrics
(Ehlig 1981; Jacobson 1983, 1997).

The Orocopia schist outcrop belt occupies a far inboard position,
extending>200 km inboard from the San Andreas fault (Haxel and
Dillon 1978; Oyarzabal et al. 1997; Haxel et al. 2002, 2015; Grove et al.
2003a; Jacobson et al. 2007; Fig. 4). Exposures of the Orocopia schist
contain peak metamorphic assemblages suggesting equilibration under
greenschist to upper amphibolite facies conditions – similar to those
preserved throughout the entire schist outcrop belt. All but one (Cem-
etery Ridge) exposure of Orocopia schist are tectonically overlain by
several plates of Proterozoic and Mesozoic gneiss and granitic rocks
along early to middle Cenozoic shear zones (e.g. Haxel et al. 2002;
Jacobson et al. 2007; Strickland et al. 2018). The Cemetery Ridge ex-
posure body crops out as a metamorphic pendant within an undated,
but most likely middle Cenozoic (ca. 21–24Ma) leucogranite stock
(Spencer et al. 1995; Haxel et al. 2002, 2015; Jacobson et al. 2015).

4.1.4. Southernmost California and Baja California, Mexico
Though the Catalina schist currently resides within the southern

California borderland, outboard of Pelona- and Orocopia-type schists,
such materials formed via underthrusting beneath the northern
Peninsular Ranges batholith before being rotated clockwise and trans-
lated northward to their current position (Wright 1991; Crouch and
Suppe 1993; Bohannon and Geist 1998; Ingersoll and Rumelhart 1999).
The Catalina schist is a series of tectonic slices, ranging from an am-
phibolite facies unit at the top to blueschist grade assemblages at the
structural base (Grove et al. 2008).

Like the Pelona-Orocopia-Rand and related schists, the Catalina
schist exhibits down-section younging, though the timing and time-
scales of accretion required to produce these trends are significantly
different. For example, outboard-inboard age trends in the Pelona-
Orocopia-Rand schist suggest that these materials were underplated in
Late Cretaceous-Early Cenozoic time, over timescales of ~10 Myr or
less (Grove et al. 2003a; Jacobson et al. 2011; Chapman 2017). In
contrast, assembly of the Catalina schist occurred earlier (Early to Late
Cretaceous, 115–105Ma) and contains a record of over 25 Myr of un-
derplating (Grove et al. 2008). The wide range of ages and meta-
morphic grades exhibited by the Catalina schist led Grove et al. (2008)
to infer that these materials formed via forearc thrusting beneath the
Peninsular Ranges batholith (facilitating early amphibolite facies me-
tamorphism) and later subduction accretion of trench materials beneath
previously emplaced forearc assemblages. The mechanism(s) by which
these processes occurred are not well understood, but possibly involved
lateral expansion due to emplacement of the Peninsular Ranges bath-
olith, leading to forearc thrusting, followed by shallowing of the Lar-
amide slab, underplating of mid-to-Late Cretaceous materials.

Preliminary work by Dektar and Chapman (2018) suggests that
blueschist facies subduction assemblages of the Western Baja terrane,
exposed on Isla Cedros (Fig. 4) and Islas San Benito outboard of the

central domain of the Peninsular Ranges, were assembled in Laramide
time, from ca. 95–85Ma – much later than previously suggested (e.g.
Baldwin and Harrison 1989) and postdate assembly of the Catalina
schist.

4.2. Cascades core

Sauer et al. (2017) provide an excellent overview of the history of
magmatism and sediment incorporation in the North Cascades Range,
which is another Segment of the Cretaceous subduction-related mag-
matic arc found in most of the North America Cordillera. The Swakane
and Skagit gneisses represent two important packages of supracrustal
material situated at the deepest exposed levels of the North Cascades
core. While these materials each experienced upper amphibolite facies
metamorphism, it should be noted that the Swakane Gneiss is domi-
nated by quartz-rich metasediments whereas the predominantly felds-
pathic Skagit Gneiss consists of< 10% metasedimentary units. Detrital
zircon age and Hf isotope relations suggest that Swakane and Skagit
both represent forearc materials and are inferred to have been em-
placed beneath the North Cascades core in Late Cretaceous time (Matzel
et al. 2004; Sauer et al. 2017; Sauer et al. 2018).

4.3. Central gneiss complex

Pearson et al. (2017) reported that some metasedimentary rocks of
the Central Gneiss Complex of British Columbia and SE Alaska
(Rusmore et al. 2005), presumably representing the deepest parts of
this Paleogene-Eocene metamorphic gneissic complex are young (late
Mesozoic or even early Cenozoic) sediments under-thrusted beneath the
Coast Mountains. Detrital UePb age distribution of two critical areas in
the Central Gneiss complex (Kwinitza and Kemano) comprises ages
from 200 to 65Ma corresponding to various magmatic events of the
Coast Mountains Batholith (Gehrels et al. 2009; Girardi et al. 2012).
Garnet SmeNd metamorphic ages from Kwinitza are 56±5 Ma, con-
sistent with UePb metamorphic ages on some zircon rims. The peak
metamorphic pressures on garnet-bearing assemblages at Kwinitza was
9 kbar (Pearson et al. 2017 and references therein). The Kemano rocks
were not investigated quantitative thermpbarometry. Metsedimentary
rocks that make up some of the gnesises from Kwinitza and Kemano
were formed not before 65Ma and were buried under the main part of
the Coast Mountains Batholith and metamorphosed by 56± 7 Ma. The
age pattern is similar to other underplated metasediments in the wes-
tern Cordillera implying rapid burial and metamorphism (33 km in ~
10 My or less) Pearson et al. (2017). The relative scarcity of geologic
context in that region (which is highly vegetated) makes it difficult to
assess the relationships between the central Gneiss complex, which is a
gigantic metamorphic core complex exposed in the core of the Coast
Mountains of British Columbia and SE Alaska (Rusmore et al. 2005) and
these isolated deep seated exposures. For example, the rocks at Kwi-
nitsa, which have been studied in great detail because of their exposure
(in a large quarry) and which are known to represent some of the
deepest rocks regionally, may be separated from the main body of
batholithic rocks and the Central Gneiss Complex by a thrust fault but
such a feature has not been mapped given the terrain.

4.4. Chugach-prince william terrane

Outboard and NW of the Central Gneiss complex resides the
Chugach-Prince William terrane (southern Alaska), one of the largest
(~2200 km along strike) accretionary complexes in the world (Garver
and Davidson 2015; Davidson and Garver 2017). It should be noted that
the scale of this complex and accessibility challenges have hindered our
understanding of these rocks and first-order discoveries (e.g., the re-
cognition of numerous structural breaks within the terrane) are still
being made. Detrital zircon UePb geochronology of turbidites from the
Chugach-Prince William terrane in the vicinity of Prince William Sound
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reveals that these rocks: 1) were largely sourced from the Coast
Mountains Batholith and 2) young structurally downward, with max-
imum depositional ages decreasing from Late Cretaceous in the inboard
Chugach terrane to early Eocene in the outboard Prince William terrane
(Dusel-Bacon et al. 1993; Kochelek et al. 2011; Amato et al. 2013;
Garver and Davidson 2015; Davidson and Garver 2017). Shortly fol-
lowing deposition, the Chugach-Prince William terrane was intruded by
Paleocene-Eocene Kula-Farallon slab window-related plutons (the
Sanak-Baranof belt; Bradley et al. 2003; Haeussler et al. 2003), re-
sulting in local overprinting of the low-grade (generally prehnite-
pumpellyite facies) Chugach-Prince William terrane by higher-grade
(amphibolite facies) assemblages. These relations suggest that the
Chugach-Prince William terrane was deposited, emplaced beneath the
Coast Mountains Batholith and its Wrangellia Composite terrane fra-
mework, and invaded by slab window plutons – all in a very narrow
timeframe (locally< 1 Myr).

Debate exists regarding whether portions of the Chugach-Prince
William terrane originated near its current location (e.g., Butler et al.
2001) or thousands of kilometers to the south (possibly outboard of the
Pelona-Orocopia-Rand schist outcrop belt, e.g., Garver and Davidson
2015, who invoke Laramide shallow angle subduction as the burial
mechanism for the Chugach-Prince William terrane). Regardless of the
origin of the Chugach-Prince William terrane, its structural position
beneath the Coast Mountains Batholith plus spatial variations in de-
positional age indicate that these materials qualify as a Cordilleran
underplated complex.

5. Margin evolution during tectonic underplating

Eroding subduction margins require that the trench migrates in-
board to the upper plate, leaving older arcs progressively closer to the
trench (Scholl and von Huene 2007). While there is little work in the
literature to document the rates of such migration in the geologic re-
cord globally, the two end member forms of migration can be either
catastrophic or pseudo-steady state.

We define catastrophic/sudden trench migration episodes as time
periods when the trench moves inboard by 100 s of km; this is
equivalent in scale to out of sequence thrusting in collisional belts and
led to underplating of all of the western Cordilleran examples above.

Magmatic arcs step accordingly inboard during the initiation of such
events, which are taking place during ultra-shallow subduction periods.
Their likely trigger is buoyancy of the downgoing plate – such as the
arrival of a subductable oceanic plateau. In western North America, the
initiation of ultra-shallow subduction on the early Laramide orogen
(Saleeby 2003) was triggered by the arrival and subduction of the Hess-
Shatsky conjugate oceanic plateau (Fig. 8, Liu et al. 2010; Li et al. 2011,
Quinn et al. 2018).

Smaller inboard steps of the trench (~10s of km) will give a pseudo-
steady state appearance to the process. Most modern examples of
forearc underplating (such as the Cascadia example presented above)
represent step backs of that magnitude. This type of eroding margin will
also lead to migration of the arc inboard but in much smaller incre-
ments, compared to catastrophic trench migration. Typical “steady-
state” migration occurs at rates of 1–5mm/yr, as it can be inferred from
the age of old arcs in contact with the trench today given the average
distance of arcs from trenches in modern subduction systems (Ducea
et al. 2015).

Clearly, not all the sediment transported downward with the sub-
ducting plate at eroding margins needs to return to the upper plate by
underplating. A yet to be quantified fraction can be subducted deep into
the mantle and some may return to the upper plate by arc magmatism.
But as it has been pointed out by classic papers on subduction erosion
(von Huene and Scholl, 1991, Clift and Vannuchi, 2004, 2009), the
magnitude of sediment eroded away at modern margins is staggering.
At rates of subduction erosion similar to today, much of the continental
crust would be consumed into the mantle over a 1–2 Ga period. A large
fraction of subducted accretionary wedge sediment must somehow be
transferred back to the upper plate and we propose here that under-
plating is the most important candidate mechanism for that, while re-
lamination or other form of melt transport are of secondary importance
at least until tests of the mechanism or future relevant discoveries in the
geologic record may inform us otherwise.

6. Underplating from the forearc or backarc side

One critical question addressed in virtually all papers documenting
underplating in western North America is whether metasedimentary
materials now found structurally under the core of the orogen were

Fig. 8. Schematic cross sections through the central California
geology showing the modifications to the subduction margins
brought on by the arrival of the Shatsky Ridge conjugate
plateau, which is believed to have triggered the ultra-shallow
event represented by the Laramide orogeny (diagrams mod-
ified after Quinn et al. 2018). Note also that the plate margin
retreated with the initiation of shallow subduction (former
location of the trench on the upper plate, point “i” was sub-
ducted and the new location of the trench touching the upper
plate became point “ii”, approximately 150–180 km inboard.
Consequently, much of the former accretionary wedge,
forearc and even parts of the California arc were underplated.
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delivered from the forearc or backarc side (Fig. 9). For some. Forearc
underthrusting includes two subtypes- accretionary wedge and forearc
proper (Gordon et al. 2017). A more controversial mechanism not in-
volving shortening and thrust faults and referred to as relamination is
yet another mechanism that in theory can attach metasediments to the
bottom of arc sections in Cordilleran orogens (Fig. 9d). This will be
discussed briefly in a separate section below.

Retroarc thrusting is inferred based on the geochemistry and iso-
topic compositon of arc magmas to have played a significant role in
triggering high flux events in Cordilleran magmatism (Ducea 2001;
DeCelles et al. 2009; Ducea et al. 2015). Could the exposed sections
described in this paper be the physical evidence for retroarc thrusting?
From a purely geologic/structural standpoint, the modern-day struc-
tures are telling us little about their original vergence, as they were
rotated and often reactivated as normal faults. The forearc versus
backarc origin may be better answered by deciphering the provenance
of the metasedimentary rocks and information regarding the speed of
burial.

Provenance is easiest assessed using UePb ages on detrital zircons
(Gehrels 2014) as it has been performed on various North American
examples described above (e.g. Grove et al. 2003a). Rocks originating
in the forearc or trench will predominantly have zircons originated in
the nearby magmatic arc (predominantly Jurassic-Cretaceous ages in
the SCA for example), whereas backarc source sediments are expected
to have a mix of arc-related ages and older continental ages reflecting
the origin and evolution of that particular backarc segment. In most
cases, the arc itself is a significant topographic barrier for most of the
lifecycle of a subducting margin and sedimentary pathways from be-
hind the arc and into the forearc are limited. All examples reviewed in
this paper are more consistent with a forearc/trench origin as they are
dominated by the presence of arc-aged zircons (Barth et al. 2003;
Jacobson et al. 2011; Pearson et al. 2017; Sauer et al. 2017).

Speed of burial is the time difference between deposition and peak
metamorphism, and is sometimes difficult to estimate because meta-
morphic rocks that achieved amphibolite grade do not preserve any
fossils and determining the age of deposition is not trivial. However,

many of the underplated rocks contain detrital zircon grains of near
depositional age derived from proximal arcs (Ducea et al. 2009). The
maximum depositional age constrained by the youngest zircon peak is
therefore commonly used in determining burial time. Peak meta-
morphic time is constrained either by garnet-whole rock geochronology
(Ducea et al. 2003b), by zircon UePb ages of dikes cross-cutting me-
tamorphic fabric or metamorphic rims on detrital cores (Matzel et al.
2004; Chapman et al. 2013; Sauer et al. 2017), via AreAr amphibole
and/or mica cooling ages (Grove et al. 2003a; Jacobson et al. 2011); or
by monazite U-Th/Pb geochronology (not applied, so far in the ex-
amples discussed herein). The small difference between timing of de-
position and metamorphism (3–5 My) where this was assessed (Maztel
et al., 2004; Ducea et al. 2009, Pearson et al. 2017) all suggest that the
carrier was the main subduction megathrust and the likely origin of the
lower plate metasediments is the accretionary wedge, although forearc
underplating could also be responsible (Matzel et al. 2004). These
speeds of burial (30 km/My, or 3 cm/yr), are typical of rates found at
plate margins, whereas orogenic thrust faults (whether developed in a
forearc or retroarc environment, as well as in typical collisional belts)
are characterized by rates of movement about an order of magnitiude
lower (several millimeters per year, DeCelles et al. 2002). The speed of
burial argument is as important as any in deciphering underplating the
rock record.

An additional key relationship observed in most underplated ter-
ranes is the presence of up-section increases in both age and meta-
morphic grade, which are opposite the trends typically found in the
crust. These observations are readily explained by sequential under-
plating of progressively younger material beneath an upper plate that is
losing heat to the material underplated beneath it. Shear heating is
unlikely to have contributed much to observed lower plate heating, as
underplated materials are often too weak to sustain the stresses re-
quired to promote significant shear heating (Kidder and Ducea 2006;
Kidder et al. 2013). It should be noted that down-section younging has
not been reported in any individual window of the Pelona-Orocopia-
Rand schist outcrop belt, though regional scale age trends are inter-
preted by some to be the product of inboard/down-section younging

Fig. 9. Plausible destinations of metasedimentary material during underthursting beneath a Cordilleran magmatic arc: (A) forearc thrusting under the arc along
reverse faults, (B) accretionary wedge underthursting along the main subduction plane, (C) burial and thrusting from the backarc side, and (D) relamination of
subducted sedimentary materials (solid state or partially molten). (from Gordon et al. 2017, Sauer et al. 2017, modified after an original figure in Haxel et al. 2002).
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(e.g., Chapman 2017).
Lithologies other than metasedimentary present in these regional

examples are various mafic to ultramafic lithologies presumably re-
presenting various fragments of the Pacific plate that are caught in the
accretionary assemblage.< 5% of the schist of the Sierra de Salinas
contains serpentinites and various amphibole-bearing gabbroic rocks
sensu-lato (Diblee, 1972; Ross 1976), and while that number varies
from exposure to exposure in the SCA, it never exceeds some 10% of the
exposed schists. Similarly, the Cascades core exposures, those in the
Central Gneiss Complex, the Condrey Mountain schist, and Catalina/
Cedros Island contain isolated exposures of serpentinites and related
mafic material. They do not have an impact on the strength of these
underplated sections but their presence can be useful in testing forearc
versus backarc origins for underplated sections. While mafic materials
can be found in backarc basins, they may not be oceanic as one expects
from mafic materials originating in the forearc or accretionary wedge.
Accretionary wedge mafic-ultramafic rocks are expected to have either
MORB-like geochemical/isotopic characteristics or seawater-altered
MORB compositions. In contrast, most back arc-related mafic magmas
formed in the North and South American Cordillera have isotopic
characteristics suggestive of old continental crust and mantle litho-
sphere as one of the melt sources (Chapman et al., 2014; Chapman et al.
2017b). Little work has been done on the mafic/ultramafic components
in the SCA or elsewhere. The dominantly mafic magmatic and perido-
titic (although highly altered) exposure at Cemetery Ridge (Haxel et al.
2015) is particularly attractive for such a study in the future.

7. Relamination?

A relatively recent proposal suggested that metasedimentary as-
sembages found structurally under magmatic arcs may have been em-
placed there convectively as a result of a process referred to as “re-
lamination (Behn et al. 2011) and subsequent publications).
Relamination requires that subduction complex-related sediments are
buried to significant depths in the mantle at the top of the slab and
subsequently rise diapirically, penetrate through the mantle wedge
(mix with mantle wedge assemblages along the way) and ultimately get
attached to the bottom of the upper plate.

This is quite different from the thrust-fault style deformation at

subduction megathrust discussed above and requires a different, larger
pressure-temperature-time path loop for the metasediments; peak me-
tamorphic depths should be in the range of 100 km or more followed by
adiabatic decompression. Moreover, one would predict some peridotitic
mantle assemblages to be mixed in the relaminated material. To our
knowledge, nowhere has ultrahigh pressure metamorphism been ob-
served in underplated subduction complexes, and the Cordilleran ex-
amples above do not particularly contain significant amounts of mantle
wedge assemblages mixed with the metasedimentary rocks (and if
mafic-ultramafic rocks do exist, they are more likely to represent
scrapped off pieces of the downgoing slab). The exception is the
Cemetery Ridge exposure – the easternmost exposure of the Southern
California allochthon- does contain suprasubduction related mantle
peridotite (Haxel et al. 2015) but they are interpreted to represent
mantle lithosphere which separated upper plate crust from underplated
sediments at this far inland location. There are no data to suggest that
the predominantly metaclastic metasediments exposed at Cemetery
Ridge underwent ultrahigh or near ultrahigh pressure metamorphism
(Haxel et al. 2015).

Future geologic tests may provide more in-depth tests of the re-
lamination hypothesis. So far however, the existing body of data for the
underplated assemblages of western North America suggest that
thrusting during shallow and ultra-shallow subduction was the me-
chanism responsible for burying subduction complexes far under the
forearc and magmatic arc of the subduction system. The continuity of
inferred sedimentary units from the trench to forearc in seismic data
from Cascadia and Mexico presented here also indicate that at least in
those cases, the pathway to underplating is a shallow one and not in-
volve a loop through the mantle wedge.

8. Thermal evolution and metamorphism

Fig. 10 shows temperature depth time patterns for a material point
initially located at 40 km beneath the surface following underplating
(red circle), and another one at 55 km beneath the surface (purple
circle). These patterns assume an exhumation rate of 3mm per year,
which was determined for the schist of the Sierra de Salinas (Ducea
et al. 2009) and is probably typical for the entire fast exhuming
southern California allochthon during the Late Cretaceous. The

Fig. 10. 1-D thermal modeling (time versus depth)
showing the effects of thrusting a cold sheet under a
magmatic arc section over time. Thrusting is taken to
be instantaneously and thermal gradients are shown
for various time intervals after underplating (see
colour coded panel to the left). The path of two
material points from the lower plate, one starting at
40 and the other at 55 km are shown corresponding
to unroofing rates of 1mm/yr. The slower the un-
roofing rate and the deeper the point of origin, the
more likely it is for the lower plate to exceed its so-
lidus (shown in this figure as a generic temperature
range for wet melting of granites). Clearly, with in-
verted temperatures still preserved in some of the
SCA exposures, unroofing must have been sig-
nificantly faster than 1mm/yr and the likelihood of
extensive partial melting is low. The minimum tem-
perature for partial melting (wet granite solidus) is
indicated with a thick grey line.
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underlying thermal gradients were determined using a 1-D thermal
model (Turcotte and Schubert 2014) in which an instantaneous low
plate was thrust under a hot upper plate (continental crust). The upper
plate has typical arc magmatic thermal gradients with a hot zone
of> 750 °C (mafic magmatic additions) in its lower part. The contact
was placed at 35 km beneath the surface, similar to the field examples
given above. A z-shaped bending of the thermal gradients at the start of
the model gradually relaxes over time to where a negative thermal
gradient disappears from the top of the underthrusted slab after several
million years. Thermal gradients are shown at 1 million year intervals
for the first 5 million years and progressively greater temporal spacing
afterwards. Fig. 10 shows how unlikely it is that the underplated ma-
terials will undergo partial melting. A minimum melting temperature of
around 625-650 °C for granitic materials is shown for comparison- see
also discussion below regarding melting.

However, one can also notice that a significant amount of heating
takes place in the underplated slab even within the relatively short
window of thermal relaxation imposed by the 3mm/yr exhumation
rate. Obviously higher temperatures would be attained if lower rates of
exhumation would be applied. Nevertheless, the underplated sediment
would be definitely subjected to Barrovian metamorphism in the
400–600 °C range. Therefore the overall high grade Barrovian, garnet
grade, aspect of these rocks is rather expected by the simplest of pre-
dictions; these rocks are not high pressure/low temperature rocks, al-
though they may have started that way and despite the fact that they
are fundamentally “subduction complexes”. In other words, subduction
complexes are likely to develop amphibolite and locally transitional
granulite facies metamorphism in situations in which they are removed
from the fast burial (and exhumation) typical for the downgoing plate.
Consequently, many subduction complexes attached (underplated) to
the upper plate may be missed in the geologic record if one expects
subduction complexes to be metamorphosed under high pressure –low
temperature conditions.

9. Melting

Do underplated sediments melt? The PTt paths outlined in Fig. 10
show that if exhumation is taking place at a rate of 3mm/yr or faster,
there is very little thermal relaxation time to reach minimum melting
temperatures for underplated rocks, although clearly they are overall
fusible materials (high water content and first cycle, upper crust rocks).
Thermal relaxation times of 10- my or more are needed to bring
quartzo-feldspathic sediments taken to lower crustal conditions above
standard wet-granite solidi (Johnson et al. 2008), which correspond to
temperatures in excess of 650 °C, at 1–1.3 GPa pressures typical for the
regional examples given above.

The western North American Cordilleran examples excepting the
Cascade Core examples experienced little to no partial melting, partly
because they were exhumed relatively quickly in the forearc position
they resided (see “Extensional Collapse” below). However, when the
competing effects of thermal relaxation (heating) and extensional un-
roofing (cooling) are in favor of the first (low unroofing rates, < 0.5
mm/yr) typical metasedimentary terrigenous trench-derived sediments
can clearly undergo partial melting at relatively low temperature, if
water is present. Muscovite-dehydration melting is probably the most
likely melting reaction expected to take place in such a situation.

We conducted a series of partial melting forward models using the
Rhyolite MELTS program in order to determine the most likely melt
compositions to be extracted in the 1 to 2 GPa and 600–800 °C pressure
temperature window. The starting material is an average composition
of the lower structural part of the schist of the Sierra de Salinas (Kidder
and Ducea 2006), assumed to contain 1% H2O. Melting started at
around 670 °C in these models. Silica concentrations in partial melts are
shown in Fig. 11 as a function of temperature (and pressure).

The purpose of showing these results is primarily to illustrate gen-
eral trends and not to investigate them in detail. All melt compositions

are silicic (with an average SiO2= 70%) and are peraluminous, S-type
granitoids, with high alkali content, as one might expect as the melting
product of a metasedimentary assemblage. Only at the lowest tem-
perature-pressure domain investigated here, the melts are not per-alu-
minous and have predicted major elemental chemistries more similar to
the main Cordilleran batholiths; however, in that PT window, melt
productivity is insignificant. Silica increases with higher temperatures
and pressures (Fig. 11). Consequently the PT domain having the
greatest chance to partial melt will produce highest silica rhyolites.

These results have some important implications for arc magmatism.
Episodes of tectonic underplating can take place repeatedly in long-
lived Cordilleran environments. While obviously tectonic underplating
beneath an arc shuts down the arc at that location temporarily (and
moves it inboard), as demonstrated by the thermal model presented
above, subsequent steepening of the slab or other mechanisms can bring
the arc location back to where underplated sediments reside. The pre-
sence of S-type granitoids in the magmatic archive of a long-lived
Andean arc signifies partial melting of deeply emplaced metasedimen-
tary rocks (Ducea et al. 2015). Production of S-type granitoids early in
the lifetime of a magmatic arc can be the result of melting upper plate
passive margin sediments (Wetmore and Ducea 2011). On the other
hand, for those S-type melts that form tens of millions of years later
than the arc initiation (Miller et al. 1996; Chapman et al. 2013; Van
Buer et al. 2016), they probably represent partial melts of meta-sedi-
ments that were emplaced in the mid-lower crust during the subduction
process, or otherwise those melts would have been extracted into the
arc during the initial stages of magmatism.

10. Fossil subduction megathrusts

Ultra-shallow subduction leading to underplating of upper crustal
sediments below the upper plates requires that temporary subduction
interfaces (megathrusts separating the subducting lower plate from the
upper plate) remain preserved in the geologic record after underplating
(Ducea et al. 2007). Indeed, burial-related microstructures are reported
in California from the Salinas shear zone, the Rand fault in the San
Emigdio Mountains, and the Vincent fault in the San Gabriel Mountains
(Fig. 5; Jacobson 1983; Kidder and Ducea 2006; Ducea et al. 2007;
Chapman et al. 2010; Xia and Platt 2017). In most other places of the
southern California allochthon, the subduction interfaces were re-
activated as normal faults (see Fig. 6 for some parts of the Salinian

Fig. 11. Predicted silica concentration of partial melts formed by a starting
material averaging the schist of the Sierra de Salinas (Ducea and Kidder un-
published data) from 1 to 2 GPa and 670–800 °C (using Rhyolite MELTS). The
diversity of compositions plotted here for various PT conditions are in detail not
so relevant; overall they show that the predicted melts will be aluminous and
silicic, S-type granites.
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exposures) and field relationships reflect that extensional phase that
juxtaposed the lower and upper plates of the system.

The Salinas shear zone (Ducea et al. 2007) is a particularly in-
sightful area because it reveals two remarkable features of the sub-
duction megathrust: the ductile shear zone, which itself is not much
thicker than a few hundred meters reveals hotter and drier granulite
conditions for both the upper and the lower plates. Thermometry in the
shear zone reveals temperatures that are at least 75–100 °C hotter than
the upper plate (the lower plate is colder still) (Ducea et al. 2007).
Fig. 12 comprises two microphotographs from the shear zone showing
the features observed at the core of the ductile deformation zone.
Pyroxene grows at the expense of amphibole, essentially providing a
transition from amphibolite to granulite facies rocks in the shear zone.
This observation is inconsistent with the idea that such mega-faults are
lubricated and are subject to really low friction between the two blocks
and consequently undergo insignificant shear heating (Kidder et al.
2013). Instead, we see quite the opposite, the shear zone has lost water
and underwent dehydration reactions stabilizing pyroxenes at the ex-
pense of amphiboles and maybe lost some partial melt as well. If the
shear zone acted as a sealant for fluids, granulite facies metamorphism
would not have developed at paleo-depths of 30–35 km. Similarly,
garnet grains from upper structural levels of the San Emigdio schist
exhibit fractures filled with hydrous minerals, suggesting that prograde
metamorphic dewatering accompanied transient high strain rate events
within this schist body (Chapman et al. 2011). Geophysicists have
identified episodic tremor and slip along shallow subduction zones
worldwide at depths similar to the paleo-exposure levels of the Salinas
shear zone [e.g., Melbourne and Webb 2003]. Tremors common during
‘slow earthquake’ events are interpreted by some researchers to re-
present fluid bursts in or out of the fault zone. Tremors occurring today
beneath the Cascadia subduction zone may represent dewatering
during ductile slip along the megathrust at depths of some 30–50 km
(Melborne and Webb, 2003).

The observations on the Salinas shear zone are certainly preliminary
and require further study since these are extremely rare situations in
which fossil subduction megathrusts are exposed in the geologic record.
Structures like the Salinas shear zone can link many of the geophysical
observations from modern settings to large-scale geologic processes,
such as the development of granulite facies metamorphism, dewatering,
and structural slip as reported here, and thus advance our under-
standing of physical processes along subduction faults.

11. Extensional collapse

Extensional collapse is a key element of most Cordilleran and other

types of orogens which leads to crustal thinning and exposure of deeper
crustal rocks. The SCA collapsed extensionally soon after the under-
plating of the schists, during the Late Cretaceous (e.g. Kidder and Ducea
2006; Barbeau et al. 2005). Indeed, most faults exposing the contact
between upper plate (North American continental crust) and the lower
plate (the subduction complexes) are normal faults representing re-
activations of earlier thrust faults. Of all SCA examples, Salinia/schist of
the Sierra de Salina is perhaps the best preserved natural laboratory for
extension as well. It clearly underwent major extension (Fig. 7) soon
after the emplacement of the Sierra de Salinas schist in the latest Cre-
taceous. Yet, the original thrust contact was not reactivated, at least
where it is currently exposed. It took<5 My from the deep crustal arc

Fig. 12. Microphotographs from a single thin section (crossed polars) within the Salinas shear zone showing association of granulite facies metamorphism with
deformation. (right). A highly deformed band from the shear zone. The yellow crystals are clinopyroxene (labeled ‘cpx'). Deformation twins in large grain can be seen
in the upper left. Dynamically recrystallized quartz dominates this part of the slide. (left) A less deformed band where hornblende is preserved (from Ducea et al.
2007). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Temperature-age diagram for the upper (grey line) and lower (dark
line) plates of the Salinia-schist of the Sierra de Salinas example. The schist
formed at about 80Ma and was quickly buried to about 1 GPa (10 kbar),
whereas the upper plate was at similar pressures as a magmatic arc at
80–90Ma. Various geo and thermo-chronometers as well as geologic con-
straints document that the two had a common history starting at about
77–76Ma and underwent rapid extensional collapse as a single unit (modified
after Ducea et al. 2009).
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exposures of Salinia's western block to be exhumed at the surface and
be covered by submarine fan deposits (Fig. 13, modified after Ducea
et al. 2009; Kidder et al. 2003). Several thermochronometers measured
by various researchers on the upper and lower plates of the Salinia-
schist of the Salinas region as well as geologic constraints such as the
age of sedimentary cover (Fig. 13) provide a compelling case that the
hanging wall and footwall of this system were connected at around
76–78Ma and underwent fast unroofing immediately after. Such rates
of unroofing are only consistent with extensional collapse of the system
(Ducea et al. 2009) and cannot be explained by erosional processes
alone. A similar history of continental extension immediately following
the episode of underplating is discernible in all SCA exposures but to a
lesser extent in the gneissic exposures to the north.

Below, we speculate on the possibility that the extensional collapse
of the SCA forearc could have been triggered by the predominantly
quartz- and mica-rich lithologies of the schists among the underplated
materials, in contrast to the plagioclase-rich nature of the lower plate
rocks of the Central Gneiss region and those from the Cascades.

12. Schists or gneisses?

Some of the underplated assemblages described above are domi-
nated by schists and others by gneissic rocks. In addition, the sequences
of lower plate rocks also contain quartzite (very common) some car-
bonates (e.g., Kwinitza, Pearson et al. 2017; and some exposures of the
Pelona-Orocopia-Rand schist, Dawson and Jacobson 1989), and some
mafic/ultramafic assemblages. The relative abundance of plagioclase
versus quartz in the original sedimentary assemblage is the deciding
factor in the composition of the metamorphosed rocks, i.e. whether
they become schists or gneisses. Subduction complexes contain a large
variety of lithologies, some quartz-dominated others plagioclase-
dominated, if they are derived from a nearby arc. The richer in feldspar
they are, the more difficult it is to determine the sedimentary origin of a
metamorphic rock, since the silica content is lower and overlaps with
those of intermediate volcanic rocks. At 65% SiO2 or less, many of the
deepest rocks of the central Gneiss complex are geochemically ambig-
uous: they could have been forearc/trench terrigenous sediments de-
rived from the Coast Mountains batholith or could have been volcanic
sequences buried from the back arc side (Pearson et al. 2017). The same
applies for the rocks of the Swakane or Skagit gneiss. Nevertheless, if
the assemblage is dominated by gneissic rocks (which we refer to as
“Skagit-type” underplated terrains, based on the name of the best stu-
died example in North America), the strength of these rocks remains
significant even if they are heated to over 600 °C; this aspect may be
important in facilitating or hindering regional extensional collapse (see
next section). Of course, the mechanisms by which forearc materials are
shallowly emplaced beneath arcs (e.g., oceanic plateau subduction)
tend also to drive upper plate contractile deformation, leading to a
buildup of gravitational potential energy (Dewey 1988; Rey et al. 2001;
Chapman et al. 2012). We simply argue here that gravitational collapse
of the overthickened upper plate following for example, passage of an
oceanic plateau may be accelerated by the presence of quartz-rich un-
derplates or stalled by feldspar-rich lower plate materials.

At the other end member of the spectrum, quartz-rich schists, which
are typical for the SCA, are high silica rocks that were most likely de-
rived from sediments (referred to as Salinas-type). These rocks are
dominated by quartz and white mica and have little to no strength at
high temperatures (Kidder and Ducea 2006). A thick package of un-
derplated schists is likely to make up a weak lower crust, which in turn,
is prone to gravitational collapse of the upper part of the crust. This
may explain why regionally, the SCA has undergone extensional col-
lapse rather quickly after the emplacement of the schists in all of the
preserved examples. If there is any merit to the speculation that more
feldspar-rich materials are more likely to reside at greater depths be-
cause of their strength, those same materials are more likely to melt
than quartz-richer lithologies. In other words, the richer the arc-related

(and continent-related) input into the accretionary wedge, the more
likely it is that these materials will melt again after underplating, if they
are subject to such a process.

13. Significance to continental evolution

Is tectonic underplating significant at convergent margins over
time? With a global modern average subduction angle of< 20 degrees
near the trenches, one would expect the process to be significant today
and by analogy to be more common in the geologic past than usually
acknowledged. Underplated rocks will be subject to regular Barrovian
metamorphism as described above and the fact that they are not pre-
served as high pressure-low temperature rocks makes them easy to
overlook in the geologic record.

Trench-side underplating produces crustal inversions whereby first
cycle upper crustal rocks (sediments) are being delivered into a lower
crustal position. The following are consequences of underplating:

1. A more felsic composition of the lower crust. Tectonic underplating can
account for significant amounts of metasedimentary material to
occupy the lower parts of the crust, something that has been known
for many Cordilleran arcs that are exposed to mid-crustal levels
(Ducea et al. 2003a; Chapman et al. 2012; Chin et al. 2013). It is not
clear where the sub-arc lower crustal and upper mantle assemblages
disappeared to following underplating of the North American west,
but some fragments of laterally displaced materials have been re-
cognized in the continental interior, while others were likely re-
cycled into the mantle. Hence, sub-arc underplating results in the
swapping of significant volumes of mafic and ultramafic lower
crust/upper mantle with upper crustal felsic sedimentary units.
Tectonic underplating therefore may be a mechanism contributing
to the generation of the continental crust, which appears more felsic
on average (Rudnick and Gao 2014) than was previously thought to
be.

2. A lower crust that is stable with respect to foundering. Most lower
crustal arc sections are prone to delamination (Ducea 2002; Jull and
Kelemen 2001) because of the accumulation of dense mafic and
ultramafic magmatic arc residual rocks, particularly pyroxenites
with or without amphibole and/or garnet. Episodes of tectonic un-
derplating are replacing those types of materials with less dense
metamorphic rocks that are normally not likely to founder into the
asthenosphere. If the average densities of arc root assemblages at
1–2 GPa are 3.4 to 3.6 g/cm3 at the hot zone (Annen et al. 2006)
temperatures of 900 °C, the density of metamorphosed subduction
complex does not exceed about 2.9 g/cm3 even after melt extraction
(see supplementary data), and are more typically around 2.8–2.9 g/
cm3. The presence of ultramafic materials in the subduction complex
does not usually increase the overall density since those materials
are typically serpentinized and present in minor amounts. In other
words, underplating stabilizes continental crust from convective
removal.

3. A lower crust that is capable of flash melting under favorable circum-
stances. The presence of first cycle sedimentary materials at great
depths can trigger major S-type granite flare-ups either at a later
stage in the evolution of the arc or during extension events following
the demise of the subduction system.

14. Summary

Tectonic underplating of trench and forearc materials during epi-
sodes of ultra-shallow subduction and trench retreat represents a major
process for adding sedimentary-dominated upper crustal masses to the
lowermost crust of subduction upper plates. We reviewed geologic
evidence for this process in western North America. Examples presented
here represent the products of shallow subduction during the late
Cretaceous and early Cenozoic. The best case studies come from
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southern California where the underplated rocks are found beneath
magmatic arc rocks of the cordilleran subduction system. The sharp
contrast between the hot assemblages of mid- to lower -crustal batho-
litic assemblages in the upper plate and the relatively cold schists below
made this process easily discernable at many of the southern California
locations. Other locations in western North America (and beyond) are
now known, but they would have been difficult to discover without the
knowledge accumulated over decades from the southern California lo-
cations. The implications of this structural process to destroying and
rebuilding the continental crust, its thermal state, future magmatism,
and the origin of continental crust in general are significant.
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