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ABSTRACT

The nature of petrologic and structural properties and processes that character-
ize the middle and lower continental crust is a long-standing problem in the earth
sciences. During the past several decades significant progress has been made on
this fundamental problem by synthesizing deep-crustal seismic-reflection imaging,
laboratory-based seismic-velocity determinations, xenolith studies, and detailed geo-
logic studies of exposed crustal cross sections. Geological, geochemical, and geophysi-
cal studies of crustal sections provide a crustal-scale context for a variety of important
problems in the earth sciences. Crustal sections are widely used to evaluate crustal
composition and petrogenesis, including lateral and vertical variations in rock types.
Evidence from deep levels of crustal sections suggests seismic shear-wave anisotropy
and seismic lamination result from widespread subhorizontal contacts, shear zones,
and transposition fabrics, and in some sections from metamorphosed m- to km-thick,
intraplated and/or underplated mafic magmatic sheets and plutons. Crustal sections
also facilitate the evaluation of crustal rheology in natural settings from regional
to outcrop scale. Magmatism, metamorphism, partial melting, and relatively small
lithological differences control rheology, localize strain, and lead to markedly het-
erogeneous deformation over a wide range of crustal levels. Finally, crustal sections
provide unique views of the architecture and deformation patterns of fault zones in
the deep crust.

As a guide to the growth and evolution of continental crust in the past 0.5 Ga,
we summarize the salient features of some examples of crustal cross sections from
Phanerozoic orogens. These crustal sections represent different tectonic settings,
although the variation in magmatic arcs from intra-oceanic to continental-margin
settings is a major theme in our synthesis. Another theme is the importance of attenu-
ated crustal sections in reconstructing the hinterland of orogens that have experienced
large-magnitude crustal extension after an earlier history of crustal contraction. The
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Phanerozoic crustal cross sections summarized in this chapter developed during a
polyphase deformational and magmatic history that spanned 10-100s of Ma and
resulted in overprinting of different events. Consequently, we conclude that there is
no “typical” Phanerozoic continental crustal section, and the overall crustal composi-
tion varies markedly between sections. The thickness of lower crust that existed below
an exposed crustal section is difficult to quantify. Only a few sections are in contact
(typically faulted) with mantle rocks, and although xenoliths can provide important
information about the unexposed parts of the deep crust and upper mantle, they are
absent for most sections. The exhumation of relatively intact crustal cross sections
and lower-crustal rocks probably requires an unusual sequence of tectonic events,
and almost all of the sections evaluated in this chapter were exhumed by multiple
mechanisms. Major exhumation is most commonly attributed to normal faults and

extensional shear zones.

INTRODUCTION

The purpose of this volume is to provide a synthesis of crustal
cross sections with a special emphasis on the western North
American Cordillera. From the North American geographic per-
spective, this volume includes articles that discuss examples of
crustal cross sections from the Bering Shelf area, where the Rus-
sian Federation and Alaska share a common international bor-
der, followed by other studies of areas along the western North
American Cordillera and the southwest of the United States
(Fig. 1). These Cordilleran crustal sections, developed chiefly
during Phanerozoic orogenic processes, are supplemented by
articles on lower- and mid-crustal sections through Proterozoic
crust in North America and Australia, and the Cretaceous section
of Fiordland, New Zealand.

We begin this introductory chapter by outlining some early
geologic ideas and concepts concerning the relationship of crustal
depth (structural level) to structural style, plutonism, regional
metamorphism, and migmatization. Further, we emphasize the
importance of the study of crustal cross sections for petrologic,
geochemical, structural, rheological, and geophysical context in
regard to fundamental processes that occur in the crust and upper
mantle. To provide some “comparative anatomy” with other
crustal sections exposed worldwide, the key elements of seven
classic crustal cross sections, only one of which (Fiordland) is
discussed in detail in the volume, are outlined in this introductory
chapter, and numerous important references on these examples
are provided to the reader. We also discuss common issues for the
interpretation of inferred crustal cross sections, including how
crustal sections that expose deep-crustal and upper-mantle rocks
are eventually exhumed.

This is not the first book (e.g., see Exposed Cross-Sections
of the Continental Crust, edited by Matthew H. Salisbury and
David M. Fountain [1990]) or synthesis article (e.g., Fountain
and Salisbury, 1981; Percival et al., 1992) that attempted to inte-
grate a variety of data concerning inferred crustal cross sections
exposed throughout the world. We take a somewhat different tack
in this review article by emphasizing Phanerozoic crustal sections
in our analysis. This approach is compatible with the theme of

BERING“
STRAIT
©

KODIAK
(TALKEETNA)

KLAMATHS
SIERRA NEVADA

EASTERN
TRANSVERSE RANGES

Figure 1. A sketch map of the western North American Cordillera that
approximately shows the distribution of the crustal cross sections dis-
cussed in this volume. Areas shaded black are Mesozoic and Ceno-
zoic plutons.

the volume as a whole, which emphasizes the Cordilleran orogen
of western North America.

EARLY CONCEPTS ABOUT CRUSTAL COMPOSITION,
DEPTH ZONES, AND RELATIONSHIP TO
METAMORPHISM AND PLUTONISM

Composition of the Lower Crust
For many years, geophysicists and petrologists have taken

the lead in developing whole-crustal models for various areas of
Earth. In particular, the nature of the lower crust has been a major
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problem in the earth sciences for more than a hundred years. In
the classic, quintessential physical geology textbook by Holmes
(1965) the lower crust is referred to as “crustal sima,” whereas
the upper mantle is “mantle sima” with the Mohorovicic discon-
tinuity separating these fundamental divisions of Earth. “Sima”
is used for rocks that contain abundant silica but with iron oxides
and magnesia as the second most abundant constituents, whereas
sialic rocks consist chiefly of silica and alumina. Holmes (1965)
considered rocks of basaltic composition with an average density
of ~2.9 g/cm? as representative of crustal sima and ultrabasic rocks
with an average density of ~3.3 g/cm?® as representative of mantle
sima (see Holmes, 1965, his figure 18). During the more than
four decades since Holmes’ synthesis, significant progress has
been made on this fundamental problem by synthesizing deep-
crustal seismic-reflection imaging, laboratory-based seismic-
velocity studies, geobarometric determinations, xenolith studies,
and detailed geologic mapping of exposed deep-crustal sections
(e.g., Fountain et al., 1990, 1992; Rudnick and Fountain, 1995).

Crustal Depth and Metamorphic Grade

The concept that a relationship exists between crustal depth
and metamorphic grade is an idea that was prominent in geologic
thinking as far back as the beginning of the twentieth century
(e.g., Grubenmann, 1904). As the sub-discipline of metamor-
phic geology developed in the middle of the twentieth century
(e.g., Turner, 1948) the importance of the metamorphic facies
and phase equilibria began to dominate thinking about variations
in metamorphic grade and zonation. Somewhat earlier, in the
classic “Zur Deutung der Migmatite” published in Geologische
Rundschau, C.E. Wegmann (1935), a Swiss structural geolo-
gist, developed a tectonic model that related regional metamor-
phism, migmatite development, and orogenic zones. Wegmann
(1935) described a three-tier, in situ orogenic model based on
structural level: Unterbau, Oberbau, and an intermediate transi-
tional zone that he called “Ubergangszone.” Haller (1956, 1971)
further developed the “stockwerk”-folding hypothesis through
his regional studies of the East Greenland Caledonides. He also
employed a three-tier structural-metamorphic model, which
involved limited lateral displacement (i.e., regional thrust fault-
ing): (1) infrastructure, a deep-seated migmatitic core; (2) a zone
of disharmonic detachment (or Abscherungszone) separating the
lower tier (1) from the upper tier (3) superstructure, low-grade
or non-metamorphic rocks (Fig. 2). Subsequent geologic map-
ping and radiometric dating (e.g., Higgins, 1976; Steiger et al.,
1979; Soper and Higgins, 1993; Henriksen and Higgins, 2008)
have demonstrated that the various structural levels in the East
Greenland Caledonides are a product of polyphase deforma-
tion (e.g., basement-cover relationships overprinted by Caledo-
nian reworking of Precambrian basement rocks). Furthermore,
some aspects of the deformational history manifested in the
East Greenland Caledonides are indicative of large-magnitude
crustal extension (Hartz et al., 2001; White and Hodges, 2002;
Gilotti and McClelland, 2008). Despite these problems, Culshaw
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Figure 2. The “stockwerk”-folding tectonic model for the East Green-
land Caledonides as summarized in Haller (1971, his figure 52). Used
with permission from John Wiley & Sons. The upper tier (3), super-
structure, consists of non-metamorphosed to low-grade sedimentary
rocks, whereas the lower tier (1), infrastructure, consists of plasti-
cally deformed, migmatitic rocks that have welled up into large-scale
recumbent folds and domes. These two contrasting structural levels
are separated by a middle tier (2) of variable thickness referred to as a
zone of disharmonic detachment (i.e., “Abscherungs-zone”), indicat-
ing structural decoupling between the upper tier and lower tier of the
orogenic crust.

etal. (2006) argued for the validity of this tectonic model and pro-
vided two-dimensional thermal-mechanical models to account for
the relationships originally hypothesized by Wegmann (1935).

Crustal Depth and Pluton Emplacement

The role of depth during pluton emplacement was strongly
emphasized in Buddington’s (1959) presidental address pub-
lished in the Bulletin of the Geological Society of America. In this
classic synthesis on pluton emplacement, which utilized domi-
nantly North America examples, Buddington (1959) outlined a
classification based on depth: epizonal, mesozonal, and catazonal
(Fig. 3A). Based on Buddington’s assignment of inferred range
in depth of emplacement (Fig. 3B), these subdivisions were
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Figure 3. (A) Buddington’s (1959)
schematic sketch showing structural
relationships of plutons in the epizone,
mesozone, and catazone (his figure 19);
(B) Buddington’s (1959) schematic dia-
gram illustrating the approximate depth
of his three emplacement zones (his
figure 1).
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interpreted by many geologists as indicating upper, middle, and
lower crustal levels. At the time that Buddington (1959) compiled
his synthesis on pluton emplacement, there was little reliable geo-
barometric data available on the depth at which an exposed plu-
ton was initially intruded into the Earth’s crust. Thus, his depth
assignments were chiefly based on field relationships; e.g., direct
association with coeval volcanic rocks, structural discordance or
concordance with the surrounding host rocks, evidence of brittle
or plastic deformation during emplacement, intensity of fabric
development in the pluton and adjacent host rocks, intensity and
grade of metamorphism and migmatization in the host rocks,
and other qualitative, field-based criteria. The distinctive char-
acteristics of mesozonal plutons, which were somewhat vague in
Buddington’s (1959) model, include: no direct relationship with
volcanic rocks; less intense metamorphism of the host rocks and
little migmatization as compared to catazonal plutons; evidence
of contact metamorphism that can be locally dynamothermal

in character; complex emplacement relationships with the sur-
rounding host rocks that are both discordant and concordant; and
widespread planar and linear fabrics in both the intrusive rocks
and directly surrounding host rocks.

The depth-zone concept for pluton emplacement has sur-
vived in a general sense for the past 50 years (cf. Pitcher, 1979;
Paterson et al., 1991, 1996; Cruden, 2006), although the boundar-
ies between the different zones are blurred and relations between
emplacement style and depth are complex. Buddington (1959)
recognized the importance of multiple material transfer pro-
cesses operating during emplacement, and that bulk composition,
temperature, and volatiles characteristic of the intruded magma
had a significant control on the rheology of both the pluton and
host rocks. Thus, many important features associated with the
intrusion of a pluton were not completely controlled by depth.
Numerous subsequent workers have also demonstrated that mul-
tiple variables are important in determining emplacement style.
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Several other emplacement processes have been widely pro-
posed since Buddington’s (1959) work. He did not view hori-
zontal crustal extension as important at any level, whereas many
subsequent workers have emphasized passive emplacement of
magma into dilational sites in fault zones (e.g., Hutton, 1982,
1988). Floor sinking (Cruden, 1998; Wiebe and Collins, 1998)
and return (downward) flow of host rock (Saleeby, 1990; Tobisch
et al., 2000; Paterson and Farris, 2008) have also been empha-
sized in the recent literature.

Many regional case studies of plutons have further suggested
that a variety of features commonly attributed to different depth
zones occur at the same crustal level. Perhaps most notable is
the research by Pitcher and Berger (1972) and subsequent work
(e.g., Hutton, 1982; Paterson and Vernon, 1995; Stevenson et al.,
2008) on the Caledonian granites of Donegal, Ireland. There,
plutons intruded in close proximity to each other include: a ring-
dike complex with inferred caldera collapse; a steeply sheeted
granite, which has numerous host rock rafts and is marked by lat-
eral wedging within a major shear zone; and an elliptical pluton,
which has a ductilely strained aureole (Pitcher and Berger, 1972).
Miller et al. (this volume) also concluded that the same material
transfer processes operated at a wide range of crustal levels in
the Cretaceous North Cascades (Washington) crustal section, but
their relative importance varied in broad accord with Budding-
ton’s (1959) scheme.

Syntheses on the nature of batholiths and the variation in
magmatic rock types and associated metamorphism in exposed
crustal cross sections, which developed through significant arc
magmatism, were provided by Hamilton and Myers (1967) and
Hamilton (1981). They argued that batholiths are large, sheet-
like bodies that had laterally spread out in the upper crust above
gneissic host rocks that had flowed downward beneath rising plu-
tons, and at a shallow level batholiths had crystallized beneath
a cover of their own volcanic ejecta. According to Hamilton
(1981), the lower crust is characterized by differentiated lay-
ered complexes consisting of abundant ultramafic and mafic
cumulates, and locally anorthosite, and other magmatic rocks.
Supracrustal rocks are metamorphosed to the granulite facies
and much granitic melt has been extracted from these high-grade
and now depleted rocks. The middle crust, according to Hamil-
ton (1981, 1989) is chiefly migmatitic and varies from granulite
facies in the deep part to amphibolite facies in the upper part.
Granitic rocks in the middle crust crystallized from hydrated,
peraluminous magmas that commonly form sheet-like, two-mica
granitic plutons and abundant pegmatitic dikes and small bodies,
which pervasively intrude the host rocks. In the upper crust, drier
magmas rise and crystallize as batholiths above the mid-crustal
migmatitic complexes and commonly erupt pyroclastically,
forming voluminous ash-flow sheets and resulting in calderas at
the Earth’s surface.

Many of the issues raised by Hamilton remain contentious,
such as the distribution of plutons in the crust (e.g., compare Col-
lins and Sawyer, 1996, and Karlstrom and Williams, 2006, with
Saleeby et al., 2008, and Miller et al., this volume), shapes of

plutons (e.g., compare Paterson et al., 1996, with Cruden, 2006),
and relationships of plutons to large-volume ash flows (e.g., com-
pare Lipman, 2007, with Glazner et al., 2004). Various aspects
of these issues are also addressed in almost all of the articles in
this volume.

WHY ARE CRUSTAL SECTIONS IMPORTANT?
Composition of Continental Crust and Its Petrogenesis

Continental crust is commonly subdivided into three lay-
ers consisting of upper, middle and lower crust in which P-wave
velocities increase progressively with depth (Rudnick and Foun-
tain, 1995). On the basis of seismic-reflection and refraction
studies, Smithson (1978) argued that the continental crust is both
laterally and vertically heterogeneous. He presented a general-
ized model (Smithson, 1978, his figure 3) consisting of three
zones showing lateral and vertical heterogeneity: (1) an upper
zone of supracrustal rocks and granitic intrusions, (2) a middle
migmatite zone, and (3) a lower, more mafic (intermediate in bulk
chemical composition) zone. Although a wide range of P-wave
velocities are found in the middle crust (6.0-7.1 km s™'), most
middle-crustal P-wave velocities are in the range 6.5-6.8 km s~
(Holbrook et al., 1992). Lower-crustal P-wave velocities also
exhibit a broad range (6.4-7.5 km s™), indicating much heteroge-
neity in composition, and consequently rock types, from place to
place (Holbrook et al., 1992). However, P-wave velocities in the
lower crust also exhibit a bimodal distribution beneath shields,
platforms, passive margins, rifts, and volcanic plateaus in the
ranges 6.7-6.8 km s~' and 7.2-7.5 km s7!, suggesting that either
mafic magmatic under- and/or intraplating or high-grade meta-
morphism and densification are responsible for the increase in
P-wave velocity in the lower crust (Holbrook et al., 1992; Rud-
nick and Fountain, 1995).

Crustal sections provide samples of rocks at different crustal
levels and constraints on likely P-T conditions, which enable
the correlation of determined seismic-reflection velocities with
laboratory measurements of seismic velocities of natural rocks
(e.g., Fountain, 1976, 1986, 1989; Fountain and Salisbury, 1981;
Christensen and Mooney, 1995; Rudnick and Fountain, 1995).
Despite ever-increasing sophistication in data acquisition and
processing, seismic-reflection studies continue to have signifi-
cant problems in imaging complex compositional heterogene-
ities, particularly over small length scales, and in revealing steep
structures. Crustal sections provide windows that enable evalu-
ation of lateral and vertical variations in rock types and orienta-
tions of structures. For example, several classic crustal sections
(e.g., Fiordland, New Zealand; Ivrea-Verbano zone, northern
Italy and adjacent Switzerland; Kapuskasing, Canada) expose
large regions of the lower crust. An alternative approach to evalu-
ating middle- to deep-crustal heterogeneity, as emphasized by
Williams et al. (this volume), is to study large tracts of isobari-
cally equilibrated terranes (e.g., >20,000 km? for eastern Atha-
basca, Canada, high-pressure granulites), which consist of rocks



6 Miller and Snoke

that were laterally contiguous at the same approximate depth and
were commonly metamorphosed at the same pressure.

Arc magmatism is considered to be a fundamental pro-
cess in the post-Archean (<2.5 Ga) growth of continental crust
(Hamilton, 1981, 1989; Taylor and McClennan, 1985; David-
son, 1992; Rudnick and Gao, 2004), and many crustal cross sec-
tions represent ancient magmatic arcs. Magmatic arcs are either
developed on oceanic lithosphere and subsequently sutured to a
continent by an arc-continental margin collision (e.g., ongoing
and future collision between Taiwan and continental margin of
China) or constructed on continental crust (e.g., Andean arc).
Other processes that can account for the growth of continental
crust since 2.5 Ga are the accretion of oceanic plateaus along
active continental margins (e.g., Kerr et al., 2000) and magmatic
under- and/or intraplating in the lower crust (Bergantz, 1989;
Fountain, 1989).

The bulk chemical composition of continental crust is over-
all that of an intermediate igneous rock with relatively high Mg#
(Taylor and McClennan, 1985; Rudnick, 1995; Rudnick and Gao,
2004). Continental crust is enriched in incompatible elements, is
depleted in niobium relative to lanthanium, and has a subchon-
dritic Nb/Ta ratio (Rudnick and Gao, 2004). A conundrum is
the intermediate bulk chemical composition, as compared to the
abundance of mafic rocks in the deep crust as indicated by direct
field observations (e.g., Ivrea-Verbano zone), seismic-reflection
and refraction studies, and xenolith suites. Furthermore, if the
chemically evolved continental crust forms a complementary
geochemical reservoir to the Earth’s depleted mantle, how is the
intermediate bulk chemical composition explained when partial
melting experiments of mantle peridotite produce mafic magmas
such as basalts and picrites (Rudnick, 1995)? Delamination of
dense continental lithosphere is a hypothesis that has been pro-
posed to modify the bulk composition of continental crust in a
variety of tectonic settings—intra-oceanic island arc (DeBari
and Sleep, 1991; Greene et al., 2006), continental magmatic arc
(Ducea and Saleeby, 1998b), and collisional zone (Platt and Vis-
sers, 1989; Molnar et al., 1993). Although the process of delami-
nation may be important in modifying the bulk composition of
continental crust, there are unquestionably other processes that
must play a role in the development of the intermediate bulk
composition of continental crust; e.g., mixing of primitive arc
basalts with lower crustal melts (Kelemen et al., 2004, their fig-
ure 26).

The rocks of the lower crust (>25 km in depth) are commonly
believed to consist chiefly of granulite-facies metamorphic rocks.
An important characteristic of very high-grade granulite-facies
terrains is the extreme depletion in large-ion lithophile elements
relative to typical crustal rock types. This depletion is inter-
preted to represent upward removal during deep-crustal anatexis.
High-pressure (10-15 kb), granulite-facies xenoliths are com-
monly cited as samples of the lower continental crust (Rudnick,
1992; Rudnick and Gao, 2004). Harley’s (1989) survey of the
P-T conditions of granulite-facies rocks indicated a broad range
of conditions with over 50% of granulitie-facies occurrences

characterized by P-T conditions outside of the commonly cited
average granulite-facies regime of ~8 + 1 kb and 800 + 50 °C
(e.g., Bohlen, 1987; Bohlen and Mezger, 1989). Some granulite-
facies terrains are characterized by very high-temperature condi-
tions (900-1000 °C) and pressure conditions >10 kb. O’Brien
and Rétzler (2003) argued that high-pressure granulites of non-
xenolithic origin commonly represent rocks formed as a result of
short-lived tectonic events that led to significant crustal thicken-
ing (e.g., collisional zones) or even subduction of crust into the
mantle. High-pressure granulite-facies terrains also occur in the
deep levels of magmatic arcs that have experienced crustal short-
ening and thickening synchronous with magmatism (e.g., Fiord-
land, New Zealand).

Anotherimportantaspect of granulite-facies rocks withregard
to the composition of the lower crust is that there are significant
compositional differences between granulite-facies xenoliths and
exposed terrains (Rudnick, 1992). Granulite-facies xenoliths are
dominated by mafic rock types, whereas granulite-facies terrains
are dominated by evolved compositions and commonly include
supracrustal rocks that, after deposition on the surface, were
buried to reach granulite-facies metamorphic conditions. One
explanation for these apparent contradictions is that the high-
pressure xenoliths are derived from magmatically under- and/or
intraplated material that underlies more felsic granulite-facies
terrains (Wedepohl, 1995, see his figure 9). High seismic veloci-
ties (7.1-7.5 km/s) near the base of continental crust support this
interpretation (Holbrook et al., 1992; Rudnick and Fountain,
1995); however, the lower crust clearly exhibits much heteroge-
neity from place to place and the presence of abundant garnet can
dramatically increase the seismic velocity of rocks of more felsic
bulk composition (e.g., “stronalites” of the Ivrea-Verbano crustal
section—see Schmid and Wood, 1976; Schmid, 1978-1979).
Regional-scale granulite-facies terrains, such as exposed in South
India, are typically underlain by 230 km of crustal material, sug-
gesting crustal thicknesses of >50 km before exhumation (e.g.,
Kaila et al., 1979). One model to explain such granulite-facies
terrains is tectonic thickening by thrusting during continental
collision (Newton, 1990). In contrast, Sandiford and Powell
(1986) argued that granulite-facies metamorphism could occur
in the deep crust during continental extension accommodated by
a transient thermal perturbation. These authors cited the Basin
and Range province of the western North American Cordillera
as an actualistic example. In regions of large-magnitude crustal
extension, where unusually high heat flow is expected because
of asthenospheric upwelling and associated under- or intraplat-
ing mafic magmatism, temperatures required for granulite-facies
metamorphism are reached at deep-crustal levels. If such a
region is exhumed by younger, unrelated tectonic events, these
high-grade metamorphic terrains could include broad tracts of
isobaric, granulite-facies metamorphic rocks.

Magmatic under- and/or intraplating of continental crust by
the intrusion of mantle-derived, mafic magmas has been com-
monly invoked to provide the heat for deep-crustal metamor-
phism and anatexis (Huppert and Sparks, 1988; Bergantz, 1989).
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Under- and/or intraplating has been hypothesized as an impor-
tant lower-crust process in various tectonic settings, ranging from
continental magmatic arcs to rift zones (Bergantz, 1989). Foun-
tain (1989) developed a detailed argument for the growth and
modification of the lower continental crust during crustal exten-
sion with the extreme case characterized by high extension rates,
large 3 values (stretching factor >2), and high asthenospheric
temperatures. Fountain (1989) cited the Ivrea-Verbano zone as an
exhumed example of deep continental crust that grew by under-
and/or intraplating of mafic magmas and was extensively modi-
fied by granulite-facies metamorphism and anatexis during late
Paleozoic intra-continental rifting (i.e., transtension—see Handy
etal., 1999).

Interpretation of Seismic Anisotropy and
Seismic Lamination

Subhorizontal seismic anisotropy and seismic lamina-
tion (densely packed, multiple sets of reflections) are recog-
nized as important features of some seismic studies of the lower
crust (e.g., Rabbel et al., 1998; Meissner et al., 2006). They are
observed together in a number of locations where both seismic
wide-angle measurements and teleseismic receiver functions have
been utilized. Lower-crustal seismic lamination may result from
intrusion of subhorizontal mafic sills that are commonly attributed
to under-/intraplating of mantle-derived magmas (e.g., McCarthy
and Thompson, 1988; Fountain, 1989; McCarthy and Parsons,
1994). Meissner et al. (2006) also propose that more irregularly
shaped mafic intrusions are stretched into extensive, subhorizontal
layers by strong ductile flow, thus contributing to the reflectiv-
ity. Major proposed causes of seismic anisotropy include: lattice-
preferred orientation and shape-preferred orientation of minerals
(micas, amphiboles) that define a penetrative subhorizontal folia-
tion; alternating thin compositional layers; and aligned fluid- or
gas-filled fractures (crack anisotropy; e.g., Peacock and Hudson,
1990). The latter is probably not important in the deepest crust.

In several studies, synthetic seismograms of exposed lower-
crustal sections have been utilized to evaluate shear-wave anisot-
ropy and seismic lamination. For example, Rabbel et al. (1998)
compared the petrology and structure of lower-crustal xenoliths
from a region of Variscan orogenesis in southwest Germany that
is marked by anisotropic, laminated lower crust with synthetic
seismograms constructed from profiles through the Ivrea-Verbano
and Calabria (southern Italy) crustal sections. The xenolith suite
is dominated by amphibolite- and granulite-facies metapelites
metamorphosed at 500-730 °C and 4-7.3 kb that display anisot-
ropy defined by lattice- and shape-preferred orientation of biotite
and sillimanite. Rabbel et al. (1998) concluded that the shear-
wave anisotropy and pattern of reflectivity are compatible with
different compositional layers rich in metapelites analogous to
Calabria and parts of the Ivrea-Verbano section (cf. Pohl et al.,
1999; Weiss et al., 1999).

In their review, Meissner et al. (2006) noted that reflectiv-
ity patterns from ~15%-20% (globally) of seismic lines reveal

laminated lower crust, but fewer places have discernible crustal
anisotropy. The relative scarcity of documented anisotropy may
be an artifact of fewer wide-angle and receiver function experi-
ments. In view of this difficulty in imaging the deep crust, crustal
sections are a particularly fertile source for evaluating the impor-
tance of seismic anisotropy and mechanisms that form it.

Evidence of potential mechanisms for both seismic lamina-
tion and anisotropy is preserved in crustal sections and other expo-
sures of deep crust. Gently dipping mafic magmatic sheets and
plutons form the tabular, ~5-8-km-thick composite Mafic Com-
plex in the lower crust of the Ivrea-Verbano section (e.g., Rivalenti
etal., 1975, 1981, 1984; Quick et al., 1992, 1994; Peressini et al.,
2007). Large regions of exhumed Precambrian lower crust in the
eastern Athabasca region (Saskatchewan) contain m- to km-thick
mafic granulite sills (Baldwin et al., 2006; Williams et al., this
volume) that are interlayered with felsic granulites. The mafic
rocks in both the Ivrea-Verbano zone and eastern Athabasca prob-
ably represent crystallized intraplated and/or underplated mafic
magma, and thus are examples of deep crust that would probably
record seismic lamination. Hydration of the Athabascan granulites
during exhumation, which formed micas, is a likely mechanism
for the generation of mid-crustal seismic anisotropy according to
Mahan (2006).

Subhorizontal transposition fabrics are common in expo-
sures of deep continental crust (cf. Williams and Jiang, 2005).
Examples include several sections described in this volume:
Arunta inlier (Waters-Tormey et al.), eastern Athabasca (Williams
et al.), Fiordland (Klepeis and King), and North Cascades (Miller
et al.). Underthrust beneath several Mesozoic Cordilleran arcs are
biotite paragneisses and graphitic, white-mica schists that were
metamorphosed to pressures of up to 12 kb and possess strong,
flat-lying foliation and lineation, which are commonly associated
with pervasive non-coaxial shear. These arc sections include the
North Cascades (Paterson et al., 2004; Miller et al., 2006), south-
ern Sierra Nevada batholith (e.g., Saleeby, 2003) and its offset
equivalents of the Salinian block (Kidder et al., 2003) and eastern
Transverse Ranges (Needy et al., this volume), and the Klamath
Mountains (Helper, 1986; Garlick et al., this volume).

Another implication of middle- to deep-crustal exposures
for seismic-reflection studies is emphasized by Williams et al.
(this volume). They document extensive early subhorizontal fab-
rics that are overprinted by domains of steep structures. Gently
dipping structures would be preferentially observed in seismic-
reflection profiles, whereas steep domains may only be recorded
by zones of weak reflections, if at all. Williams et al. (this vol-
ume) also suggest that the steep zones may represent the veloc-
ity transitions in teleseismic images between seismically fast and
slow domains (e.g., Levander et al., 1994).

Seismic anisotropy in the upper mantle is more difficult to
evaluate in crustal sections, as most sections terminate in the
lower crust. One Cordilleran section where upper-mantle seismic
anisotropy has been inferred is in the Jurassic Talkeetna island-arc
assemblage (Burns, 1985; DeBari and Coleman, 1989; Greene et
al., 2006; Farris, this volume). Mehl et al. (2003) documented
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ultramafic mantle tectonites and overlying cumulates flow on hor-
izontal foliation planes induced by slip in olivine on (001)[100].
This slip resulted in alignment of olivine [100] axes parallel to
the arc, and may provide perhaps the first direct field evidence for
arc-parallel flow, which could produce the arc-parallel anisotropy
observed in the mantle of several modern arcs (e.g., Wiens and
Smith, 2003).

One speculative implication from crustal sections is that
seismic anisotropy, and potentially lamination, are common in
a wide variety of tectonic settings. To date, seismic lamination is
mainly recognized in extensional orogens, such as the Basin and
Range province, but is also displayed in the thick, hot crust of a
few collisional orogens (Alps, Tibet; Meissner et al., 2006). We
predict that such lamination is common in young orogens with
elevated geothermal gradients.

Lithospheric Rheological Modeling

For many years, the dominant view of lithospheric rheol-
ogy has been the “jelly-sandwich model,” which postulates that a
strong upper crust overlies a weak lower crust and strong upper-
most mantle (e.g., Ranalli, 1995; Watts and Burov, 2003). In this
model, a considerable component of the total strength is in the
lithospheric mantle except when a very high geothermal gradi-
ent results in both weak lower crust and uppermost mantle. This
model has been challenged by several workers (e.g., Maggi et al.,
2000; Jackson, 2002) who suggest that much of the lithospheric
strength is in the upper seismogenic crust, and that lower-crustal
strength may exceed that of the upper mantle. These models are
largely based on geophysical observations, such as earthquake
distributions (seismogenic thicknesses), elastic thicknesses, and
numerical modeling.

These models address the large features of the lithosphere,
but are far too simplistic for orogenic belts. They commonly
assume relatively lithologically homogeneous crustal layers
(e.g., mafic lower crust versus felsic middle crust) and uniform
flow laws for different layers. Lithospheric mantle strength is
strongly controlled by geothermal gradient, and many numeri-
cal models assume that advective heat transfer is minimal and
a steady-state gradient dominates. For example, the sophisti-
cated models of Afonso and Ranalli (2004) assume that the lat-
est tectonothermal event occurred 2100 Ma before the modeled
strength profile. Such models, which assume a steady-state geo-
therm, may not be particularly relevant to active orogens, such
as the Cordillera and elsewhere where the rise of mantle-derived
magmas is an important process.

Numerous field-based studies have focused on the degree
of coupling between different layers of continental crust
(e.g., Oldow et al., 1990; Grocott et al., 2004). Many of these
studies have considered that regional-scale, subhorizontal shear
zones act as detachments, separating rocks that record very
different strain histories (e.g., classic concept of thin-skinned
tectonics). An extreme case of decoupling is advanced in the
channel-flow hypothesis (e.g., Hodges, 2000; Beaumont et al.,

2001; Grujic et al., 2002; Godin et al., 2006; Law et al., 2006)
in which gently dipping shear zones separate a layer of weak,
low-viscosity crust from relatively rigid, higher-viscosity rocks
above and below the channel. Other researchers argue for kine-
matic compatibility between structures at different crustal levels
that responded differently to the regional stress field (e.g., Teys-
sier and Tikoff, 1998). Still other workers conclude that continen-
tal crust in active orogens is likely characterized at all scales by
heterogeneous vertical partitioning of deformation and complex
rheological stratification (e.g., Axen et al., 1998).

Studies of crustal sections reported in this volume and else-
where have focused on crustal rheology. One theme of such stud-
ies is the importance of lithological heterogeneities in controlling
rheology at different crustal levels. For example, our summary
below of crustal cross sections indicates that all crustal levels of
some sections contain quartz-rich rock types, including metasedi-
mentary rocks, and simple consideration of mafic lower crust and
felsic middle and upper crust is questionable and leads to overly
simplistic rheological models. Similarly, Miller and Paterson
(2001) documented the importance of relatively small lithologi-
cal differences and related mechanical anisotropy for markedly
heterogeneous deformation and rheology at paleodepths ranging
from <10 km to ~40 km in the Cretaceous North Cascades mag-
matic arc. They concluded that in the ductilely deformed part of
this crustal section there was an overall decrease in strength with
depth, but that in detail there was marked variation in relative
strengths of rocks (also see Karlstrom and Williams, 1998).

Field (e.g., Hollister and Crawford, 1986; Davidson et al.,
1992; Brown and Rushmer, 1997) and laboratory studies
(e.g., Dell’ Angelo and Tullis, 1988; Rutter and Neumann, 1995;
Rutter, 1997; Grujic and Mancktelow, 1998) indicate that one of
the most important variables for crustal rheology and architec-
ture is magmatism. It has long been recognized that magmatism
weakens crust and thus may localize strain (e.g., Hollister and
Crawford, 1986; cf. Crawford et al., this volume). Moreover,
upon cooling below the solidus, plutons are typically stronger
than their host rocks, and strain is commonly concentrated in the
latter rocks (e.g., Miller and Paterson, 2001). Complex relation-
ships between magmatism and crustal rheology are well illus-
trated by crustal sections, including sections discussed in this
volume (e.g., Coast Mountains, Cordilleran metamorphic core
complexes, Fiordland, North Cascades).

In eastern Athabasca, intrusion, heating, and migmatization
of deep-crustal rocks led to major weakening and crustal flow
(Williams et al., this volume). In contrast, dehydration from melt
removal and cooling may lead to strengthening of the lower crust
(e.g., Klepeis et al., 2003). This is well illustrated in Fiordland
where the mafic to intermediate composition of lower arc crust
and mineral reactions controlling melt production strongly influ-
enced melt transfer and mechanical behavior of the lithosphere
(Klepeis et al., 2003, 2004, 2007; Klepeis and King, this vol-
ume). In this arc, evolving lithospheric strength profiles during
magmatism and convergence led to transient periods of vertical
coupling and decoupling of crustal layers (e.g., Klepeis et al.,
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2003). During periods of advection of heat by magmatism, the
lower crust was weakened and decoupled from the middle and
upper crust, whereas cooling following melt loss led to strength-
ening of the lower crust and coupling with higher levels of the
crust. During coupling, a ~25-km-thick zone of interconnected
deep-crustal shear zones and a mid-crustal fold-and-thrust belt
developed (Klepeis et al., 2004).

The role of partial melting in leading to dramatic weakening
of rocks during deformation has received much emphasis in the
last decade. The mid- to deep crust (~20—40 km) of active oro-
gens may contain significant amounts of partially melted crust
(e.g., Nelson et al., 1996; Schilling and Partzsch, 2001), and the
presence of regional-scale migmatite and orthogneiss complexes
in ancient orogens suggests that this is a characteristic of thick-
ened crust. This crust may flow laterally in response to lateral
pressure gradients (e.g., Bird, 1991; Hodges and Walker, 1992;
Royden, 1996; Clark and Royden, 2000), including those created
by erosion at the orogenic front (Beaumont et al., 2001). Depend-
ing on the balance between buoyancy and lateral forces, partially
molten crust may also flow vertically, creating domal structures
that may be coupled with the driving forces for exhumation of the
deep crust (Teyssier and Whitney, 2002).

The type example of regional-scale crustal flow of a melt-
rich zone in a contractional setting is the hypothesized mid-
crustal channel resulting from continental collision in the
Himalayan-Tibetan orogen (e.g., Beaumont et al., 2001; Grujic
et al., 2002; Godin et al., 2006). In this model, Himalayan crys-
talline rocks are ductilely extruded upward to the surface in a
channel bounded above by the extensional South Tibetan detach-
ment and below by the Main Central thrust (e.g, Burchfiel and
Royden, 1985; Hodges et al., 1992a), and hot, thick middle crust
beneath southern Tibet flows laterally, leading to the growth of
the Tibetan Plateau (e.g., Clark and Royden, 2000). The channel
flow model has been applied to the metamorphic hinterlands of
other orogens (e.g., Appalachians—Hatcher and Merschat, 2006;
Grenville—Jamieson et al., 2004; Canadian Cordillera—Brown
and Gibson, 2006). Mid-crustal flow of migmatitic infrastructure
in response to large-magnitude upper-crustal extension is also
well-displayed by attenuated crustal sections in the hinterland to
the Cordilleran fold-and-thrust belt. An example is the Ruby-East
Humboldt metamorphic core complex in northeastern Nevada,
where MacCready et al. (1997, see their figure 13) hypothesized
inward flow and north-south channelization of the migmatitic
infrastructure below a west-northwest-rooted, km-scale-thick,
normal-sense, mylonitic shear zone. In the Shuswap metamor-
phic core complex of the southern Canadian Cordillera, Teyssier
et al. (2005) proposed that following crustal thickening, partially
molten crust flowed in a mid-crustal channel toward the fore-
land, and during a second stage of “free boundary collapse,” a
rolling-hinge detachment developed that was accompanied by
both lateral and vertical flow. The upward vertical flow of the
partially molten crust is envisioned to have led to formation of
migmatite domes (see Teyssier et al., 2005, their figure 12). The
applicability of the channel-flow model remains contentious, in

part because it is probably rare that both the roof and floor of
any channel are preserved in an orogen. Crustal cross sections
clearly are amongst the best sites for direct field evaluation of
this model.

Fault- and Shear-Zone Models

Many conceptional crustal-scale fault- and shear-zone mod-
els employ a narrow, discrete fault zone in the upper 10-15 km
of the crust, which formed in the frictional regime; with increas-
ing depth this chiefly brittle fault zone widens downward into
a broader zone of non-coaxial shear-strain in the crystal-plastic
regime (e.g., Sibson, 1977; Scholz, 1990). This widening is
largely attributed to the decrease in the strength contrast between
shear-zone rocks and adjacent rocks. Fault-zone structure is rela-
tively well known in the shallow crust on the basis of numerous
field studies, patterns of seismicity, experiments on rock mechan-
ics, etc. (cf. Scholz, 1990, for review). There is also extensive lit-
erature on ductile shear zones. The architecture and deformation
patterns of faults and shear zones traversing the brittle-to-plastic
transition into the deep crust, however, are less certain and are the
focus of some studies of crustal sections (e.g., Klepeis and King,
this volume; Waters-Tormey et al., this volume).

The style of extensional fault systems at deep-crustal levels
has been controversial, as illustrated by widely varying models
for the origin of detachment faults and the deep-crustal features
of metamorphic core complexes. In particular, some models of
mid- to lower-crustal extension predict crustal thinning by pure
shear, either by homogeneous strain or by many anastomosing
shear zones (e.g., Miller et al., 1983; Hamilton, 1987; Jackson
and White, 1989), or by simple shear marked by crustal- to
lithospheric-scale shear zones (e.g., Wernicke, 1981). These
models are difficult to evaluate because extensional fault systems
in the deep crust are rarely exhumed without major disruption.
Some crustal sections, however, provide excellent views of lower-
crustal extension, as illustrated in the paper by Waters-Tormey
et al. (this volume) on the Proterozoic Arunta inlier of central
Australia. These authors documented localization of penetrative
strain under granulite-facies conditions into km-scale shear zones,
which are wider than typical shear zones at shallower levels. This
focusing of extensional strain into discrete, high-temperature
(granulite facies), moderately dipping shear zones is compatible
with simple-shear models of extension (Waters-Tormey et al.,
this volume).

The Fiordland crustal section provides another view of
deep-crustal extensional processes (see below). There, the deep
(~25 km), gently dipping Doubtful Sound shear zone in the
southern part of the section separates lower-crustal ortho-
gneisses, recording penetrative extensional flow from mid-crustal
orthogneisses and meta-supracrustal rocks (Oliver, 1980; Gib-
son, 1990). The detailed vorticity studies of Klepeis and King
(this volume) demonstrate that extension was marked by vertical
thinning, subhorizontal stretching, and 40%—50% pure shear. At
shallower levels (15-20 km) in the northern part of the Fiordland
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section, detachment faults separate weakly metamorphosed rocks
from higher-grade, ductilely deformed rocks and thus display
relationships more typical of Cordilleran metamorphic core com-
plexes (Tulloch and Kimbrough, 1989). In the North Cascades
crustal section, a subhorizontal extensional shear zone somewhat
analogous to the Doubtful Sound shear zone separates rocks
metamorphosed at 11-12 kb from only slightly lower-pressure
rocks in the hanging wall (Paterson et al., 2004).

Changes in the properties of thrust faults and processes
operating during contraction between the external and internal
zones of orogenic belts have been an important focus of research
in structural geology and tectonics for more than 100 years. We
do not attempt to summarize the voluminous research on this
topic, but note that as expected, the deeper levels of thrust sys-
tems are less well understood. The mid- to lower-crustal parts
of crustal sections are ideal settings in which to evaluate these
systems. For example, deeply exhumed attenuated sections in
the hinterland of the Cordilleran fold-and-thrust system variably
preserve the record of contraction at syn-orogenic depths reach-
ing ~30 km. Perhaps the most noteworthy example in the Cordil-
lera is the exposure of the internal zone in the Omineca belt of
southern British Columbia. In the deepest levels (20-30 km) of
core-complex gneiss domes (Monashee complex, Valhalla com-
plex), many researchers have proposed that ductile decoupling
zones (Monashee décollement, Gwillim Creek shear zone) trans-
port upper-amphibolite-facies migmatitic schists and gneisses
northeastward over cooler and less deformed Precambrian base-
ment rocks (e.g., Read and Brown, 1981; Brown et al., 1986,
1992; Carr et al., 1987; Parrish, 1995; Carr and Simony, 2006).
Displacement was synchronous with high-grade metamorphism
and partial melting, intense folding, transposition, and pervasive
top-to-the-east non-coaxial shear in the hanging wall (cf. Brown
and Gibson, 2006). The basal ductile shear zone(s) are inferred
to continue to the east in the transport direction into the basal
décollement of the fold-and-thrust belt (Brown et al., 1986,
1992; Cook et al., 1992; Parrish, 1995; Carr and Simony, 2006).
Brown and Gibson (2006) suggested that the high-grade rocks
above the Monashee décollement formed a 10-20-km-thick
layer of hot, weak rocks that represent an orogenic channel. In
a somewhat different view, Carr and Simony (2006) conclude
that the Valhalla complex forms a ~30-km thick, coherent thrust
sheet above the basal décollement. Some aspects of these inter-
pretations have been challenged by Williams and Jiang (2005),
as they argued that there are no major discontinuities within the
Omineca core complexes and that these rocks are involved in
a crustal-scale, northeast-vergent shear zone marked by gently
dipping transposition foliation, pervasive non-coaxial deforma-
tion, and regional-scale recumbent folds. These insights from
the attenuated crustal sections of the Omineca belt may be
applicable to the deep crust of the Cordilleran fold-and-thrust
belt farther south in the hinterland of the Sevier orogenic belt.
For example, in the Ruby-East Humboldt core complex large-
scale fold-nappes exposed at the deepest levels (Howard, 1966,
1980, 1987, 2000; Lush et al., 1988) fold earlier low-angle

faults (contractional?) and in one case involved remobilized
Precambrian basement rocks (Lush et al., 1988). One interpreta-
tion is that these hinterland structures expose the roots of the
Sevier fold-and-thrust belt (Miller and Gans, 1989; McGrew,
1992; Snoke, 2005).

The majority of studies of thrust belts focus on the geom-
etries and kinematics of contractional structures involving
miogeoclinal and peri-cratonic strata, and thinned continental
basement such as described in the hinterland of the Cordilleran
fold-and-thrust belt. In contrast, crustal sections in the western
Cordillera are illustrative of structures developed in the mid-
to deep levels of accretionary belts involving arc rocks, ophi-
olites, and basinal sedimentary rocks. These relationships are
illustrated in the Klamath Mountains (cf. Garlick et al., this
volume) where various components of oceanic suprasubduction
complexes are imbricated into a large-scale thrust stack that pro-
gressively evolved from east-to-west (i.e., oceanward) (Snoke
and Barnes, 2006). Thick-skinned thrusting involving crustal
depths reaching >30 km is well documented in the southwest-
directed Coast belt thrust system of the northwest Cordillera
where thrusts juxtapose rocks from markedly different crustal
levels and map-scale recumbent folds formed in individual
thrust sheets (cf. Rubin et al., 1990; Crawford et al., this vol-
ume). Crustal loading is recorded by increases in metamorphic
pressures ranging from ~2.5 kb in the central Coast belt (Stowell
and Crawford, 2000; Himmelberg et al., 2004; Crawford et al.,
this volume) to as much as 6 kb in the southern part of the belt
(e.g., Evans and Berti, 1986; Brown and Walker, 1993; Whitney
et al., 1999). Thick-skinned tectonic wedging in the hinterland
is also demonstrated in the south (Journeay and Friedman, 1993;
Varsek et al., 1993).

Complex vertical variations in fault-zone architecture in
contractional and transpressional systems are illustrated by other
deep-crustal exposures described in this volume. In Fiordland,
a network of linked steep and subhorizontal structures domi-
nates the middle- to lower crust (Klepeis et al., 2003; Klepeis
and King, this volume). Mid- and lower-crustal isobaric sections
in Saskatchewan and the southwest United States also possess
an architecture defined by domains of flat and steep shear zones
(Karlstrom and Williams, 2006; Williams et al., this volume).

There is considerable discussion on the depths to which
major strike-slip faults extend in the lithosphere. Some of these
structures, such as the San Andreas fault, penetrate the entire
lithosphere, whereas it is envisioned that other strike-slip faults
terminate at mid-crustal detachments (cf. Lemiszki and Brown,
1988; Sylvester, 1988; Vauchez and Tommasi, 2003; Legg et al.,
2004). Uncertainties about the deep-crustal fault-zone structure
in part reflect the difficulties in seismically imaging steep struc-
tures. Most well-studied examples of deep-crustal strike-slip
shear zones are from exposures of Precambrian cratons where
the transition to shallower crustal levels is generally not pre-
served. Excellent examples include the Paleoproterozoic Great
Slave Lake shear zone of the northwestern Canadian shield,
which is an intra-continental transform shear zone marked by
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early granulite-facies mylonites (Hoffman, 1987; Hanmer, 1988;
Hanmer et al., 1992), and the Neoproterozoic Mozambique belt
of Madagascar, which records deformation at 5-11 kb and tem-
peratures of >750 °C (Pili et al., 1997; Martelat et al., 2000).

Crustal cross sections are obvious targets to evaluate the
architecture of transcurrent fault zones, but few classic crustal
sections are transected by strike-slip faults. Furthermore, the
intersection of major strike-slip zones and detachments has
not been well documented in these sections. Some sections are
cut by mid-crustal strike-slip shear zones, such as in the Sierra
Nevada (e.g., Sierra Crest shear system and proto-Kern Canyon
fault zone; Tikoff and Greene, 1997; Nadin and Saleeby, 2008),
North Cascades (Ross Lake fault zone; Miller, 1994), and per-
haps the central Coast Mountains (Coast shear zone; Hollister
and Andronicos, 1997; although see Crawford et al., this vol-
ume, for a different interpretation), but documented fault-zone
paleodepths do not exceed 20 km. These observations may reflect
the statistical likelihood that relatively few major strike-slip faults
should be observed given the vertical orientations of both strike-
slip faults and crustal sections. Alternatively, perhaps the lack of
major crustal thickening associated with strike-slip systems does
not lead to sufficient exhumation by vertical motion and erosion,
and/or subsequent extensional collapse.

OROGENIC PROCESSES AS MANIFESTED IN
PHANEROZOIC CRUSTAL CROSS SECTIONS

Introduction

Previous summaries (e.g., Fountain and Salisbury, 1981;
Percival et al., 1992) have reviewed the features of a large num-
ber of variably preserved crustal sections and exposures of lower
crust, many of which are part of Precambrian cratons. In this
article, we emphasize a restricted number of classic crustal sec-
tions for which there has been much new work since the synthe-
sis of Percival et al. (1992). These sections are arguably broadly
representative of the diversity of the middle to lower crust. Our
examples are from Phanerozoic orogens and represent differ-
ent tectonic settings, including continental arcs, island arcs,
and metamorphic core complexes and other attenuated terranes.
These examples are complemented by the accompanying papers
in this volume.

The set of crustal cross sections that we summarize in this
article illustrate some of the important processes related to conti-
nental crustal growth and development in post-Precambrian time.
These processes include: magmatic intra/underplating, accretion
of an oceanic-arc to a continental margin, the transition from
oceanic-arc crust to continental crust, the fate of accretionary
complexes in orogenic collages, and the exhumation of deep-
crustal rocks via upper-crustal extension and synchronous sub-
duction underplating (Platt, 1986). A geodynamic process that
plays a significant role in the development of some continental
crustal sections is delamination of dense continental lithosphere
(Houseman et al., 1981).

Ivrea-Verbano Zone, Southern Alps, Northern Italy and
Southern Switzerland

The Ivrea-Verbano zone is part of a basement high within the
Southern Alps of the Cretaceous—Tertiary Alpine orogenic belt.
The ~100-km-long and 5- to 15-km-wide Ivrea-Verbano zone
and adjacent lithotectonic units to the east and southeast (Strona-
Ceneri [Serie dei Laghi—see Boriani et al., 1990b] and Val Colla
zones) are commonly interpreted as a steeply upturned section
through continental crust of the Southern Alps—part of the Adri-
atic micro-plate or indenter or Greater Apulian plate (Mehnert,
1975; Fountain, 1976; Fountain and Salisbury, 1981; Zingg et al.,
1990; Rutteretal., 1993,2007; Schmid, 1993; Schmid et al., 2004)
(Fig. 4). Metamorphic grade increases across the Ivrea-Verbano
zone from upper amphibolite facies in the southeast to granulite
facies in the northwest (Zingg, 1980, 1983, 1990; Demarchi et al.,
1998). The Ivrea-Verbano zone is juxtaposed against rock units
of the Austroalpine domain along the Insubric line, a fundamen-
tal tectonic boundary in the Alps (Gansser, 1968) (Fig. 4A). The
eastern boundary of the Ivrea-Verbano zone is the late Paleozoic
Cossato-Mergozzo-Brissago line (Boriani et al., 1990a), which is
locally overprinted by the early Mesozoic Pogallo line or shear
zone (Handy, 1987; Handy et al., 1999). One interpretation is that
these eastern tectonic boundaries were originally low-angle shear
zones that accommodated crustal extension in the late Paleozoic
(Hodges and Fountain, 1984) and early Mesozoic (Handy, 1987;
Handy et al., 1999), respectively. Consequently, these inferred
extensional shear zones may have excised thick slices (10-20 km
in scale) of middle and lower crust prior to the upending of the
Southern Alps section during the Alpine orogeny (Fig. 4).

Various geophysical studies indicate that high velocity and
dense rocks (upper mantle rocks?) occur at a very shallow level
in this part of the Southern Alps (see Zingg, 1990, and Percival
et al., 1992, for key references that discuss these studies). A dis-
continuous chain of tectonitic peridotite massifs (Shervais, 1979;
Boudier et al., 1984; Shervais and Mukasa, 1991) forms the
basal zone of the Ivrea-Verbano zone subparallel to its western
and northern tectonic boundary (i.e., Insubric line, Fig. 4A). The
Insubric line and other tectonic lineaments define the regionally
extensive Periadriatic line, traditionally considered to mark the
northern boundary of the Southern Alps (Schmid et al., 1989).

An important phase of the geologic history of the Ivrea-
Verbano zone is late Paleozoic magmatism that post-dated an
earlier history of contraction related to the Variscan orogeny.
Handy and Zingg (1991) argued that the magmatism was syn-
chronous with transtension (see their figure 11a) and the for-
mation of elongated basins in the upper crust of the Southern
Alps. These authors also suggested that the sinistral transten-
sional faults and basins of the Southern Alps may have been the
conjugate to large-scale dextral strike-slip faults associated with
a broad zone of shear between the American-European plate
and African plate during Carboniferous to Permian time (e.g.,
Arthaud and Matte, 1977). In the southern Ivrea-Verbano zone,
this magmatism is manifested by emplacement of the composite,



[
A 8000l Locarno.

L
]

|
A

Balmucg

s
S
i

46°00" —

IVREA-VERBANO ZONE
- Mafic complex (Carboniferous-Permian)

Z’ Ultramafic rocks

- Kinzigite Formation

/ p ) OTHER ROCKS OF THE SOUTHERN ALPS
L Pogalio Line - Volcanic rocks (Permian)

CL Cremosina Line - Granitic rocks (Permian)

|:| Gneiss and schist

®Cossato

TECTONIC BOUNDARIES

IL Insubric Line

30 km

(a)

East L 30km | West

N =N '

(7
= = N

== ’{’(j‘g fj’—s

Ivrea-Verbano zone

1
approximate transition from
upper amphibolite facies to granulite facies

Figure 4. (A) Generalized geologic map of the Ivrea-Verbano zone and environs, northern Italy. Modified from
Zingg et al. (1990) and Snoke et al. (1999). (B) Restored (Triassic time) partial crustal section through the Mas-
siccio dei Laghi, Southern Alps, northwest Italy (after Khazanehdari et al., 2000, their figure 8a). The upper part
of the section (i.e., the Serie dei Laghi) consists of middle-crustal rocks and is separated from the lower-crustal
part of the section (i.e., the Ivrea-Verbano zone) by the Cossato-Mergozzo-Brissago (C-M-B) line. The C-M-B
line was subsequently overprinted by the Pogallo fault.



Utility of crustal cross sections in the analysis of orogenic processes in contrasting tectonic settings 13

~8-km-thick, under/intraplated Late Carboniferous to Early
Permian (Pin, 1986; Quick et al., 2003; Peressini et al., 2007)
Mafic Complex (Fig. 4) that was subsequently tilted to subverti-
cal (Rivalenti et al., 1981, 1984; Quick et al., 1992, 1994). An
igneous contact between spinel lherzolite tectonite and overly-
ing cumulus rocks, representing the petrologic Moho, is exposed
along the eastern margin of the Balmuccia peridotite (Shervais,
1979; Rivalenti et al., 1981; Shervais and Mukasa, 1991; Quick
etal., 1995, 2003). Although primary magmatic layering is com-
monly preserved in the Mafic Complex, many of these igneous
rocks have also experienced synmagmatic deformation (Rival-
enti et al., 1981; Quick et al., 1992, 1994) characterized by pen-
etrative foliation and lineation, isoclinal folds, boudinage, and
solid-state shear zones.

The Ivrea-Verbano zone is considered an important tem-
plate with which to compare deep-crustal, seismic-reflection data
(Hollinger and Levander, 1994; Rutter et al., 1999; Khazanehdari
et al., 2000), and in understanding lower-crustal magmatic pro-
cesses (Fountain, 1989; Quick et al., 1994; Henk et al., 1997)
and rheological properties (Handy and Zingg, 1991; Rutter and
Brodie, 1992). However, there are several controversial or poorly
understood aspects of the tectonic setting and petrologic history
of the Ivrea-Verbano zone. For example, all that can be said with
certainty about the protolith age of the metasedimentary and
meta-igneous rocks of the zone is that this age must be younger
than the Proterozoic detrital components (<2500-600 Ma) con-
tained in these rocks (Koppel, 1974; Gebauer, 1993). Many
workers infer a Neoproterozoic or Early Paleozoic age for the
sedimentary and igneous protoliths (e.g., Hunziker and Zingg,
1980). However, Vavra et al. (1996) demonstrated the presence of
a magmatic zircon population that yielded an age of 355 + 6 Ma
through ion microprobe (SHRIMP) analyses. These zircon grains
occur in an orthopyroxene-bearing quartzo-feldspathic granulite
interpreted as a possible volcanic or volcaniclastic rock on the
basis of morphology and chemistry of the grains. Thus, at least
parts of the Ivrea-Verbano zone were in a supracrustal setting
near a volcanic center during the Devonian—Lower Carbonifer-
ous time. One commonly cited tectonic setting for the metasedi-
mentary and meta-igneous rocks of the zone is an accretionary
complex (Sills and Tarney, 1984). The presence of ultramafic
rocks within the Kinzigite Formation, a lithotectonic unit com-
monly employed to refer to the interlayered metasedimentary
and meta-igneous rocks of the Ivrea-Verbano zone (i.e., host
rocks for the Mafic Complex), and lack of any known basement
for this formation supports such an original setting (Quick et al.,
1995). Geochemical data from amphibolites of the zone likewise
support such a model in that they are characterized by MORB
isotopic and trace-element abundances (Sills and Tarney, 1984;
Mazzucchelli and Siena, 1986).

Barboza et al. (1999) and Barboza and Bergantz (2000) have
questioned the relationship between emplacement of the upper
Mafic Complex and development of regional, prograde meta-
morphism and anatexis in the Ivrea-Verbano zone. These authors
argued that the upper parts of the Mafic Complex were emplaced

during late Paleozoic crustal extension; and consequently, meta-
morphism and anatexis associated with this magmatism was a
spatially restricted, decompression-melting event that over-
printed the regional prograde metamorphic zonation. Thus, the
Ivrea-Verbano zone may not reflect a causal relationship between
emplacement of mantle-derived magma (magmatic underplat-
ing) and regional granulite-facies metamorphism and anatexis as
previously considered by many workers (e.g., Schmid and Wood,
1976; Sills, 1984; Rutter et al., 1993; Schnetger, 1994; Henk
etal., 1997).

Boriani and coworkers (e.g., Boriani et al., 1990a, 1990b;
Boriani et al., 1992) have questioned the concept that the Serie
dei Laghi experienced significant rotation since the emplacement
of Early Permian granitic plutons (e.g., Mottarone—Baveno plu-
ton) that intrude much of the zone—thus precluding a continu-
ous continental cross section from the Ivrea-Verbano zone into
the Serie dei Laghi. Handy and Zingg (1991), Schmid (1993),
and Handy et al. (1999) have underscored the significance of the
polyphase, long-lived history of the Ivrea-Verbano zone involv-
ing multiple pre-Alpine deformational phases and metamorphic
events (also see Boriani and Villa, 1997). Certainly, the structural
and low-grade metamorphic overprint of the mid-Tertiary Alpine
orogeny is an additional important complication in deciphering
the geologic history of the Ivrea-Verbano zone (Schmid et al.,
1987; Zingg et al., 1990; Rutter et al., 1993; Schmid, 1993;
Colombo and Tunesi, 1999).

Vavra and coworkers (Vavra et al., 1996, 1999; Vavra and
Schaltegger, 1999) have reported an extensive set of U-Pb, zir-
con ion microprobe (SHRIMP) analyses from the Ivrea-Verbano
zone. Vavra et al. (1996) concluded that the oldest zircon over-
growths formed during anatectic melt formation in a metapelitic
rock at 296 + 12 Ma. Vavra et al. (1999) and Vavra and Schalteg-
ger (1999) also demonstrated a complex series of fluid-driven
events that disturbed the U-Th-Pb systematics of both zircon
and monazite in Ivrea-Verbano zone samples. These events are
postulated to be related to post-Variscan regional tectonic events
including: (1) late Paleozoic transtension, mafic magmatism, and
exhumation, and (2) Late Triassic to Early Jurassic rifting and
associated hydrothermal activity and alkaline magmatism.

The timing and mechanisms of uplift of the Ivrea-Verbano
zone are also controversial (e.g., compare Zingg et al., 1990
with Boriani et al., 1990a), although an Alpine age is commonly
assumed (Schmid et al., 1987; Rutter et al., 1993; Schmid, 1993).
The Insubric line is a complex network of Alpine-age faults and
associated fault rocks of variable affinity and protolith (Schmid
et al., 1987; Zingg and Hunziker, 1990). The final uplift and rota-
tion to subvertical of the Ivrea-Verbano zone occurred during
transpressional deformation and lithospheric wedging related to
the Alpine orogeny (Schmid et al., 1987, 1989; Schmid, 1993;
Handy et al., 1999).

One conclusion that clearly emerges from the many stud-
ies of the Ivrea-Verbano zone is that this lithotectonic zone is
composed of elements of variable age and that their structural
evolution is polyphase and variable across the zone (Handy et al.,



14 Miller and Snoke

1999). Thus, to view the Ivrea-Verbano zone as a “typical exam-
ple of deep crust” disregards its obvious complex, polygenetic
evolution (Rutter et al., 2007).

Kohistan Arc (Complex), Northwest Pakistan

In northwest Pakistan, the Indian and Asian plates, which
to the east are juxtaposed across the Indus-Tsangpo suture zone,

Kohistan complex, northwest Pakistan
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suture. (Note: Burg et al. [2006] refer to this tectonic boundary
as the “Karakoram-Kohistan suture zone.”) An alternative model
employs a southward-facing arc with a northward-dipping sub-
duction zone, and consequently, the Northern or Shyok suture
represents the closure of a back-arc basin (Khan et al., 1997;
Searle et al., 1999; their figure 5).

The Kohistan-Ladakh terrane was accreted to Asia in the lat-
est Cretaceous before the Kohistan complex subsequently col-
lided with India in the early to mid-Eocene (Searle et al., 1999).
The closure of the ocean basin between the Asian plate and
Kohistan island arc can only be bracketed between 95 and 75 Ma
(Searle et al., 1999). Thus, in northwest Pakistan the subsequent
Himalayan collision, during which the Kohistan complex was
thrust southward over the Indian plate along the north-dipping,
crustal-scale Main Mantle thrust (Gansser, 1964), was between
the Kohistan complex and Indian plate.

The Kohistan complex (Fig. 5) contains rocks formed in at
least two main stages of magmatic growth separated by a multi-
phase deformational history (Coward et al., 1982, 1986, 1987;
Searle et al., 1999). The island-arc building stage occurred during
Early—Late Cretaceous time, whereas the younger Andean-arc
stage occurred during Late Cretaceous—Eocene time (Petterson
and Windley, 1991; Searle et al., 1999). Rocks of the island-arc
stage include those of an upper level consisting of submarine and
subaerial mafic to intermediate arc volcanic rocks and associated
volcaniclastic rocks called the Chalt Volcanic Group; these in turn
are overlain by slate, turbidites, volcaniclastic rock, and limestone
of the Aptian-Albian Yasin Sedimentary Group (Pudsey, 1986).

The Andean-arc stage is manifested by the Kohistan batho-
lith, a part of the Trans-Himalaya batholith, which extends
~2700 km in length and is 30-60 km in width (Petterson and
Windley, 1985, 1991). The plutons that comprise the Kohistan
batholith range in composition from early gabbros, subsequently
intruded by tonalites, granodiorites, granites, and finally a dense
network of aplite-pegmatite dikes (Petterson and Windley, 1991).
Thus, the plutons become more silicic with time.

South of the Kohistan batholith, island-arc-related metavol-
canic and metasedimentary rocks are intruded by mafic to ultra-
mafic rocks of the large (~300 x 2040 km in area) Chilas complex
(Khanetal., 1989; Percival et al., 1992; Searle et al., 1999; Jagoutz
et al., 2007). This complex consists chiefly of massive to locally
layered gabbronorite that has locally undergone re-equilibration
at 6-8 kb and ~750-850 °C (Jan and Howie, 1980; Bard, 1983;
Khan et al., 1993; Yamamoto, 1993). The size of the Chilas com-
plex, and various crosscutting field relationships, suggest that this
large complex grew in a piecemeal fashion, consisting of numer-
ous individual intrusive bodies (Burg et al., 2006; Jagoutz et al.,
2006). Ultramafic bodies are also common throughout the Chi-
las complex, and are complexly zoned from dunite to peridotite
to pyroxenite (Jagoutz et al., 2006). According to Jagoutz et al.
(20006), the ultramafic bodies are ancient melt channels for high
Mg# magmas that were parental for the widespread crystalliza-
tion of gabbronorite of the Chilas sequence. The Chilas complex
is considered to be either the crystalline remains of a multi-stage

magma chamber developed at the base of the Kohistan arc, or a
magmatic suite that developed during intra-arc spreading related
to back-arc basin development (Khan et al., 1989, 1993). The
most reliable radiometric age (U-Pb, zircon) indicates that at
least part of the Chilas mafic to ultramafic suite formed in the
Late Cretaceous (85.73 + 0.5 Ma; Schaltegger et al., 2002).

Structurally, below the Chilas complex is an enigmatic zone
of variably deformed amphibolite-facies rocks called the “Kamila
amphibolite belt” (Treloar et al., 1990, 1996), which may include
some amphibolitized gabbroic rocks of the Chilas complex. How-
ever, other components of the Chilas complex intrude the rock
units of the Kamila amphibolite belt (Treloar et al., 1996; Burg
et al., 2006). The amphibolite belt was interpreted by Treloar
et al. (1990) as a deep-crustal shear zone that separates the Chi-
las complex from the deeper thrust stack of high-pressure cumu-
lates of the Jijal ultramafic-mafic lower crustal-mantle complex.
In this interpretation, southwest-directed thrusting in the Kamila
shear zone is related to the southward propagation of shortening
across the Kohistan complex following the initial suturing with
Asia, but prior to collision with the Indian subcontinent.

The Jijal complex is bounded on the south by the Main Man-
tle thrust, marked in places by serpentinite or ophiolitic mélanges,
which contain high-pressure assemblages typical of blueschist—
greenschist-facies transition rocks (Searle et al., 1999). Directly
south of the Main Mantle thrust is a greenschist-facies metasedi-
mentary sequence of phyllites, psammites, and marbles, which
have been interpreted as evidence of the drowning of the Indian
shelf prior to and/or during emplacement of the Kohistan com-
plex onto the Indian plate (DiPietro et al., 1993).

The Jijal complex consists of alower ultramafic section chiefly
composed of dunites, harzburgites, websterites, and clinopyroxen-
ites, and an upper mafic section of mainly massive to gneissic gar-
netiferous granulites (Jan and Howie, 1981; Garrido et al., 2007).
Some geobarometers indicate pressures as high as 12—14 kb for
the igneous crystallization of the rocks (Jan and Howie, 1981).
The high-pressure Jijal complex may represent an early part of
the Kohistan arc that was subducted and then extruded upward
in the subduction channel during Late Cretaceous, south-directed
thrusting (Searle et al., 1999, see their figure 6).

Although perhaps imperfect as a true section through an
island arc, the Kohistan complex does provide an excellent
example of a fragment of an oceanic arc accreted to a continen-
tal margin that subsequently became an Andean-type continental
margin (Petterson and Windley, 1985; Searle et al., 1999). Thus,
the deformational history related to collision and the second stage
of calc-alkaline magmatic growth related to continued subduction
provides a superb example of the conversion from oceanic to con-
tinental crust (Petterson and Windley, 1991; Treloar et al., 1996).

A North American analogue to the Kohistan arc (complex)
is the Early to Middle Jurassic Talkeetna arc that forms part of
the composite Wrangellia-Peninsular terrane of south-central
Alaska (Plafker et al., 1989; Clift et al., 2005b). This arc-section
is discontinuously exposed for ~800 km (Burns, 1985; DeBari
and Coleman, 1989; Farris, this volume), and the most complete
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cross section is provided in the Chugach and Talkeenta Moun-
tains, where the arc-section is built upon residual mantle perido-
tite and dunite (Fig. 6). The lower-crustal sequence is dominated
by layered gabbronorite, although a thin zone (~0.2 km) of garnet
granulite forms a transition from mantle rocks to lower-crustal
cumulates (DeBari, 1997). Mid-crustal rocks consist of a het-
erogeneous assemblage of dioritic to tonalitic rocks mixed with
gabbroic rocks and areas of abundant mafic dikes and inclusions
(Greene et al., 2006). The upper-crustal part of the section con-
sists of a thick (~7 km) sequence of lavas, tuffs, and volcaniclas-
tic rocks of the Talkeetna Formation that compositionally ranges
from basalt to rhyolite (DeBari and Coleman, 1989; Clift et al.,
2005a; Greene et al., 2006).

Fiordland, New Zealand

The South Island of New Zealand exposes a nearly complete
Early Cretaceous crustal section with paleodepths ranging from
<8 km to >45 km (Fig. 7) (e.g., Gibson, 1990; Oliver, 1990; Kle-
peis et al., 2003, 2007; Klepeis and King, this volume). Fiordland
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Figure 6. Diagrammatic crustal section of the accreted Jurassic Tal-
keetna arc of south-central Alaska (derived from Greene et al., 2006,
their figure 2 and Table 1, and Kelemen et al., 2004, their figure 17).

is particularly noteworthy for the large area of relatively young,
deep, arc crust, as the region contains >5000 km? of high-pressure
(~10-15 kb) migmatites, granulite-facies rocks, and middle- to
lower-crustal plutons. The middle- to shallow-crustal parts of
the section are exposed in Westland, which has been offset to
the north from the deeper rocks by dextral strike-slip along the
Alpine fault (Fig. 7A).

The South Island is generally considered in terms of Eastern
and Western provinces (Landis and Coombs, 1967), which are
separated by the Median batholith (also called Median tectonic
zone). The Eastern province consists of Permian to Cretaceous
arc volcanic and associated sedimentary rocks and accretionary
complexes formed outboard of the Pacific margin of Gondwana
(J.D. Bradshaw, 1989), which is represented by the Western
province. The latter province is composed of early Paleozoic
metapsammitic and pelitic schist, paragneiss, calc-silicate rock,
marble, and local mafic gneiss, which are intruded by Devonian
and Carbonifierous granitoid plutons that are now orthogneisses
(e.g., Oliver, 1990). These rocks experienced contractional defor-
mation and low- to high-grade metamorphism during middle
Paleozoic time (Oliver, 1980; Ireland and Gibson, 1998). The
Median batholith contains Triassic to Early Jurassic and Late
Jurassic to Early Cretaceous mafic to intermediate plutons (Kim-
brough et al., 1993; Mortimer et al., 1999). Late Triassic plutons
of the Median batholith intrude the Eastern province, and Early
Cretaceous “stitching plutons” (Western Fiordland Orthogneiss
and Separation Point Suite) intruded both the older parts of the
batholith and Western province, thus providing the younger age
limit on amalgamation of the provinces (J.Y. Bradshaw, 1990;
Kimbrough et al., 1993; Mortimer et al., 1999).

The lower part of the Fiordland section is dominated by
granulite-facies orthogneisses (Fig. 7B) (e.g., Oliver, 1980; J.D.
Bradshaw, 1989; J.Y. Bradshaw, 1989; Clarke et al., 2000; Klepeis
et al., 2003); the most voluminous lower-crustal unit, the mafic
to intermediate Western Fiordland Orthogneiss, is a >3000-km?
tabular batholith that was emplaced between 126 and 116 Ma.
Metamorphosed supracrustal rocks are scarce in the deepest
crust. Intrusion of the Western Fiordland Orthogneiss resulted
in a narrow (200-500-m-thick) zone of partial melting and mig-
matite formation above the batholith, but up to a 10-km-thick
region of lower crust was partially melted below the body (Kle-
peis et al., 2003, 2004). This melting and granulite-facies meta-
morphism occurred between 850 and 750 °C and was followed
by rapid, nearly isobaric, cooling to ~650 °C by ~111 Ma (J.Y.
Bradshaw, 1989; Daczko et al., 2001; Hollis et al., 2004; Flowers
et al., 2005). The Western Fiordland Orthogneiss is structurally
overlain by Paleozoic and Mesozoic paragneiss, biotite schist,
marble, and dioritic to granitic orthogneiss (Fig. 7B), largely of
the Western province. Upper-amphibolite to greenschist-facies
assemblages in these rocks record pressures ranging from 5 to
9 kb (Oliver, 1977; Gibson and Ireland, 1995). In Westland,
lower-greenschist-facies, Ordovician turbidites constitute the
shallowest levels of the section. Shallow parts of the Western
Fiordland Orthogneiss and broadly similar deformed plutons
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form parts of the mid-crust in northern Fiordland (e.g., Tulloch
and Kimbrough, 1989; Klepeis et al., 2007). These parts of the
orthogneiss contain only sparse granulite-facies rocks.

The shallow to middle crust (8—27 km) of Westland contains
significant volumes of ca. 126-105-Ma tonalite, granodiorite,
and granite of the Separation Point suite (Fig. 7) (Tulloch and

Rabone, 1993; Tulloch and Challis, 2000). These rocks are char-
acterized by high Na, Al, and Sr, and low K values. The high
ratio of St/Y led Tulloch and Kimbrough (2003) to infer that the
granitoids formed by partial melting of underplated mafic arc
crust under high pressures, which resulted in a garnet-bearing
residue. Tulloch and Kimbrough (2003) also noted that the
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geochemistry of these rocks resembles that of adakite and the
Archean trondhjemite-tonalite-granodiorite suite.

The mid-Cretaceous tectonic regime of Fiordland is marked
by shortening and crustal thickening from ca. 126-111 Ma dur-
ing arc magmatism followed by plate reorganization and exten-
sion from ca. 111-90 Ma that led to opening of the Tasman Sea
(Tulloch and Kimbrough, 1989). The thick Cretaceous crust in
Fiordland is inferred to result largely from the crustal shorten-
ing (e.g., J.D. Bradshaw, 1989; Clarke et al., 2000; Daczko et al.,
2002; Klepeis et al., 2007), although magmatic thickening may
have played a role (Gibson, 1990; Brown, 1996). Prior to exten-
sion, the gross structural architecture was marked by subhorizon-
tal, tabular, intermediate to mafic orthogneisses (Western Fiord-
land Orthogneiss) and associated granulite-facies host rocks,
which were deformed by synchronously linked subhorizontal
and steep contractional shear zones (Klepeis et al., 2007). Sub-
sequent steep shear zones transect the lower-crustal rocks and
bend upward into a décollement that forms the base of a deep
mid-crustal fold-and-thrust belt above the Western Fiordland
Orthogneiss (Fig. 7) (Daczko et al., 2002; Klepeis et al., 2004).
Structures resulting from subsequent (ca. 111-90 Ma) extension
were marked by much lateral and vertical variability. In central
Fiordland, the deep crust records penetrative extensional defor-
mation and is separated from mid-crustal orthogneisses and
meta-supracrustal rocks by a major subhorizontal extensional
shear zone, the Doubtful Sound décollement (Oliver, 1980; Gib-
son, 1990). In contrast, major extensional structures are absent
in northern Fiordland. Klepeis and King (this volume) attribute
these different responses to different thermal and rheological
properties of the lower crust at length scales of ~100 km. The
lower crust of central Fiordland was hot and weak, whereas
northern Fiordland underwent rapid cooling prior to the forma-
tion of extensional structures to the south (e.g., Klepeis and King,
this volume). Extension in northern Fiordland was focused above
the strong lower crust, resulting in the collapse of the upper crust
and exhumation of the weak mid-crust (Klepeis et al., 2007).

Major detachment faults formed at 15-20-km depth and meta-
morphic core complexes resulted (Fig. 7A; Paparoa core com-
plex) (Tulloch and Kimbrough, 1989; Spell et al., 2000).

Late Mesozoic extension is inferred to have caused much of
the exhumation of the section (e.g., Gibson, 1990). Final exhu-
mation resulted from Neogene transpression across the adjacent
Alpine fault, which led to rapid uplift and erosion (e.g., House
et al., 2005). This late exhumation of the relatively intact section
has enabled geophysical studies to trace the exhumed rocks into
the present lower crust and mantle (e.g., Eberhart-Phillips and
Reyners, 2001).

Southern Sierra Nevada Batholith

The Sierra Nevada batholith is the classic North American
Cordillera continental magmatic arc, and the southern Sierra
Nevada crustal section is one of the classic crustal sections of the
Cordillera. This dominantly granodioritic and tonalitic batholith
was constructed across the boundary between Proterozoic North
American continental crust and accreted oceanic and island-arc
terranes (e.g., Kistler, 1990; Saleeby, 1990). The batholith was
largely constructed during voluminous magmatism in the Cre-
taceous (Bateman, 1992; Coleman and Glazner, 1997) and mag-
matism migrated eastward across the arc from ca. 130-85 Ma
(e.g., Stern et al., 1981; Chen and Moore, 1982), presumably due
to flattening of the subducting Farallon slab. Magmatism also
grades from more mafic (significant gabbro to tonalite) in the
west to dominantly granodiorite in the east (Bateman, 1992).

Saleeby (1990) and Saleeby et al. (2003) used ca. 100-Ma
plutonic and volcanic rocks, dominantly high 7/P assemblages
in associated metamorphic rocks, and lower-crustal and mantle
xenoliths in Neogene volcanic rocks to construct a synthethic
crustal section through the southern part of the arc. Geophysi-
cal data helped to further refine this oblique section, which
extends from surficial volcanic rocks and associated shallow
plutons in the north to orthogneisses in the south derived from
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ca. 100-Ma plutons that crystallized at depths reaching 235 km
(Fig. 8) (Saleeby et al., 2003, 2007, 2008). In the axial part of the
batholith, silicic ignimbrites, including some in well-preserved
caldera complexes, dominate over andesites (Fiske and Tobisch,
1978, 1994; Busby-Spera, 1984). To the west, Early Cretaceous
ring dike complexes represent the shallowest rocks constructed
through accreted Paleozoic and Mesozoic oceanic and island-arc
rocks (Clemens-Knott and Saleeby, 1999). In the upper ~15 km
of the batholith, narrow screens and pendants of metamorphosed
volcanic rocks, siliciclastic rocks and carbonates separate the
voluminous felsic plutons. Widespread partial to nearly com-
plete melting of pelitic and psammitic host rocks took place
at ~15-20 km depth (5-6 kb) (Saleeby, 1990). Foliation and
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Figure 8. Restored crustal section of the southern Sierra Nevada, Cali-

fornia, modified from Saleeby (1990) and Saleeby et al. (2003). Used
with permission from the American Geophysical Union.

lineation in the shallow to medium-depth part of the section are
dominantly magmatic, but at paleodepths of >20 km the plutonic
rocks are strongly foliated, showing increased solid-state deforma-
tion, and the deepest rocks of the section are orthogneisses (Sams
and Saleeby, 1988; Saleeby, 1990; Pickett and Saleeby, 1993).
Some of these orthogneisses display granulite-facies assem-
blages, which mostly formed during the cooling of tonalites and
gabbros. Metamorphic host rocks to the orthogneisses record evi-
dence of extreme partial melting, and rocks with refractory com-
positions (quartzite, marble, calc-silicate rock) are the dominant
hosts. These orthogneisses are currently underlain by a regional
thrust system associated with underthrusting of metasedimentary
rocks of a subduction assemblage (Saleeby et al., 2003). Saleeby
et al. (2007) estimate that the base of the crust at ca. 100 Ma was
~6-7 km (2 kb) below the base of the exposed section.

Rapid cooling and exhumation of the deep-crustal gneisses
is thought to result from flattening of the Cretaceous subduction
zone beneath the southern Sierra Nevada, the removal of much
of the underlying mantle lithosphere, rock uplift and erosion, and
extensional collapse (Saleeby, 2003; Saleeby et al., 2007, 2008).
According to Saleeby et al. (2003), segmentation of the down-
going slab and steeper dips of the slab beneath the central Sierra
Nevada led to less exhumation there, and the result is the present
oblique section. Similar exhumation models have been inferred
for other Cretaceous arc sections that have been dispersed from
the southern Sierra Nevada by the San Andreas and other strike-
slip faults and earlier extensional faults. These broadly equiva-
lent, less intact arc crustal sections are preserved in the eastern
Transverse Ranges (Needy et al., this volume) and Salinian block
(Ducea et al., 2003; Kidder et al., 2003). Needy et al. (this vol-
ume) also appeal to underplating of subducted metasedimentary
rocks (cf. Jacobson et al., 1996) during Laramide low-angle
subduction to explain the tilting and exhumation of the eastern
Transverse Ranges crustal section.

Studies of xenolith suites in Miocene and Pliocene—
Quaternary volcanic rocks have led to major insights into the
evolution of the deep crust and mantle of the Sierra Nevada arc.
The Miocene (12-8 Ma) xenolith suite, which is brought up in
volcanic rocks sitting on the shallow part of the crustal section
to the north, includes abundant garnet pyroxenites (15-25 kb),
garnet- and spinel-bearing peridotites (13—42 kb), and mafic gar-
net granulites (8—13 kb) (e.g., Beard and Glazner, 1995; Ducea
and Saleeby, 1996, 1998a, 1998b; Lee et al., 2000, 2001). These
geobarometric data are used to construct a stratified lithospheric
column below the exposed crustal section (Saleeby et al., 2003).
This column has garnet peridotites with inclusions of garnet
pyroxenite at the base, overlain by garnet pyroxenite with inclu-
sions of garnet peridotite and spinel peridotite at shallower levels,
and higher garnet granulites with inclusions of garnet pyroxenite.
The garnet granulites, in turn, are inferred to lie beneath the fel-
sic granitoids of the exposed Cretaceous crustal section (Fig. 8).
The seismic Moho is interpreted as the transitional boundary
between plagioclase-bearing and plagioclase-absent rocks, and
was at ~45 km paleodepth. Saleeby et al. (2003) emphasize that
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the garnet clinopyroxenites are the eclogitic residue of partial
melting of hydrous mafic to intermediate rocks at >10 kb, which
formed the Sierran arc granitoids (Wolf and Wyllie, 1993; Rapp
and Watson, 1995). These garnet-bearing rocks, which extended
downward to 90 km paleodepth, are thus crustal in their petro-
genesis, but mantle in their seismic velocity (Ducea and Saleeby,
1998a, 1998b; Ducea, 2001; Saleeby et al., 2003).

In contrast to the Miocene xenolith suite, the Pliocene—
Quaternary suite contains no garnet-bearing rocks and much
spinel- and plagioclase peridotite. These data are interpreted
to indicate that the garnet-bearing rocks formed a high-density
root, which was subsequently delaminated. The mechanism(s)
of delamination are problematic. Delamination was inferred by
Saleeby et al. (2003) to have occurred during two different events
that were localized along the contact between the felsic batho-
lith and garnet-rich residue. They suggested that lithospheric
mantle in the southern Sierra Nevada was removed during latest-
Cretaceous-to-Paleocene Laramide low-angle subduction (see
above) and more widespread convective removal occurred dur-
ing Neogene Basin and Range extension directly to the east of
the arc. This convectively removed garnet-pyroxenite-rich man-
tle lithosphere has apparently been imaged by seismic studies,
which indicate that a high-velocity body of upper mantle extends
from near the Moho to ~225 km depth in a roughly circular area
beneath the southwestern edge of the Sierra Nevada and part of
the adjacent Great Valley, forming a “mantle drip” (Zandt and
Carrigan, 1993; Jones et al., 1994; Ruppert et al., 1998; Zandt
et al., 2004).

The Sierra Nevada illustrates the utility of crustal cross
sections to evaluate a number of important features of arcs. For
example, a major feature of this crustal section is the reconstitu-
tion of much of the pre-Cretaceous crust by voluminous mag-
matism and the transfer of host rock (Fig. 8). The magnitude of
plutonism creates a tremendous “room problem.” Saleeby (1990)
accounts in part for this problem by proposing that the upward
ascent of silicic magmas was accompanied by the downward
(“return”) flow of metamorphic host rocks. He also showed that
nearly coeval silicic volcanic rocks were rapidly transported
downward adjacent to plutons to depths of 10 km. Further evi-
dence that downward transport of host rock was a widespread
process in the Sierra Nevada batholith has been provided by sub-
sequent workers (e.g., Cruden et al., 1999; Tobisch et al., 2000;
Paterson and Farris, 2008).

Another distinctive feature of the crustal section is the strong
planar vertical anisotropy displayed by field relations and seis-
mic studies (Ruppert et al., 1998). This anisotropy is particularly
strong at paleodepths of >10 km, and is caused by steeply dipping
tabular intrusions and intervening screens of metamorphic rocks,
internal contacts of thinly sheeted plutons, and foliation in the
plutons and medium- to high-grade metamorphic rocks (Saleeby
et al., 2008). This vertical anisotropy and the distribution of rock
units negate the view of Sierran plutons as ascending into the
mid-crust (~15-20 km paleodepth) and spreading laterally over
deeper, high-grade metamorphic rocks (Saleeby et al., 2008).

Attenuated Crustal Cross Sections Developed during
Large-Magnitude Extension

In contrast to the crustal sections previously discussed,
important “windows” into the middle and deep crust, and locally
even the upper mantle are provided in numerous attenuated
crustal sections that occur within the orogens of the world. These
attenuated crustal sections typically occur in areas that have
undergone large-magnitude extension, commonly preceded by
large-magnitude contraction, in continental settings. In the past
decade, oceanic core complexes have also been documented
(e.g., Tucholke et al., 1998; Ranero and Reston, 1999; Karson
et al., 2006; Canales et al., 2008).

Perhaps the type examples of attenuated crustal sections are
the “Cordilleran metamorphic core complexes,” which extend
along much of the length of the North American Cordillera (Crit-
tenden et al., 1980; Armstrong, 1982). A representative, and one
of the largest and most deeply exhumed of these core complexes
is exposed in the Ruby Mountains and adjoining East Humboldt
Range, northeastern Nevada. In the most general sense the Ruby-
East Humboldt core complex consists of two structural tiers that
are delineated by the Tertiary extensional architecture of the
core complex (Fig. 9; Snoke et al., 1990; Sullivan and Snoke,
2007). The upper tier consists of non-metamorphosed to weakly
metamorphosed, brittlely attentuated stratified rocks that range
in age from the late Paleozoic to mid-Miocene and lie above a
frictional/brittle, west-rooted, normal-sense detachment fault sys-
tem (Ruby-East Humboldt detachment fault system). Throughout
most of the Ruby-East Humboldt core complex, the detachment
system is directly underlain by a km-thick, west-rooted, Tertiary
mylonitic shear zone, which is the uppermost part of the lower
structural tier, and yields a top-to-the-west-northwest sense-of-
shear (Snoke and Lush, 1984; Snoke et al., 1997; McGrew and
Casey, 1998). In the northern Ruby Mountains and East Hum-
boldt Range, the lower structural tier consists of Archean through
mid-Paleozoic, high-grade, migmatitic metasedimentary rocks
(i.e., “metamorphic infrastructure” of Armstrong and Hansen,
1966) that have been extensively intruded by Mesozoic and Ter-
tiary dikes, sills, and small plutons. This migmatitic infrastruc-
ture reached upper-amphibolite-facies metamorphic conditions
in Late Cretaceous time as indicated by cross-cutting intrusive
relationships of radiometrically dated pegmatitic leucogranitic
gneiss (Hodges et al., 1992b; McGrew et al., 2000; Lee et al.,
2003). “Ar/*Ar cooling ages suggest either that this thermal
event lasted until late Eocene time or that the crust was reheated
to upper-amphibolite-facies conditions during the late Eocene
(Dallmeyer et al., 1986; McGrew and Snee, 1994).

Late Cretaceous and mid-Tertiary granitic rocks form 50%—
90% of the deepest levels of the complex (Howard, 1966, 1980,
2000; Wright and Snoke, 1993; MacCready et al., 1997). The
dominant volume of Late Cretaceous plutonic rocks is two-mica,
pegmatitic leucogranite gneiss that is interlayered and folded with
metasedimentary rocks (Howard, 1966, 1987, 2000; Lee et al.,
2003). The parental magmas were low-temperature crustal melts
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from metasedimentary rocks of the Cordilleran miogeocline and
of the underlying basement units (Lee et al., 2003). Crustal ana-
texis was either in direct response to crustal thickening by large-
scale thrust faulting in the hinterland of the mid-Cretaceous to
early Eocene Sevier fold-and-thrust belt (Miller and Gans, 1989;
McGrew, 1992; Lee et al., 2003) or a result of subsequent crustal
collapse and decompression (Hodges and Walker, 1992; Camil-
leri and Chamberlain, 1997; Wells and Hoisch, 2008). Isotopic
evidence for a mantle component in the Late Cretaceous granitic
rocks is absent (Kistler et al., 1981; Lee et al., 2003). The Cre-
taceous granitic rocks form an intimate intrusive network in the
lower Paleozoic to Neoproterozoic calcareous, quartzitic, and
pelitic host rocks. Even where granitic rocks greatly predomi-
nate, metasedimentary rafts form a ghost stratigraphy that traces
large-scale, coherent folds (Howard, 1966, 1980, 1987, 2000).

Tertiary plutonic rocks in the Ruby—East Humboldt core
complex can be subdivided into two age groups: ca. 40-36 Ma
(late Eocene) and ca. 29 Ma (late Oligocene). The largest of the
late Eocene intrusions is the ~140-km?, ca. 36-Ma Harrison Pass
composite pluton (Burton, 1997; Barnes et al., 2001; Fig. 9A).
This pluton and widespread smaller late Eocene intrusive bod-
ies encompass a wide range of bulk compositions (e.g., Howard,
1966; McGrew, 1992; Wright and Snoke, 1993; MacCready et al.,
1997), and include gabbro, quartz diorite, tonalite-granodiorite,
and hornblende-biotite to garnet two-mica monzogranite, some
of which contains accessory sillimanite. Coeval volcanic rocks
are part of the allochthonous, hanging-wall Tertiary volcanic-
sedimentary sequences that occur along the margins of the core
complex (Brooks et al., 1995; Snoke et al., 1997). The late Oli-
gocene intrusive suite is characterized by steeply dipping bio-
tite + hornblende monzogranite dikes which, on the basis of U-Pb
(zircon) ages, intruded the core complex in a narrow time interval
at ca. 29 Ma (Wright and Snoke, 1993; MacCready et al., 1997).
No late Oligocene volcanic rocks are known from the Tertiary
volcanic sequence, either locally or regionally (Mueller and
Snoke, 1993a; Brooks et al., 1995).

The evolution of the Ruby—East Humboldt detachment fault
system and its relationship with the mid-Tertiary mylonitic shear
zone of the lower structural tier has not been completely deci-
phered despite many detailed studies on various aspects of this
plastic-to-brittle fault/shear-zone system (Hacker et al., 1990;
Hurlow et al., 1991; Mueller and Snoke, 1993b, MacCready,
1996; McGrew and Casey, 1998). Virtually all of the brittle
deformation associated with the currently exposed fault system is
younger than the mid-Tertiary mylonitic shear zone, as mylonites
are commonly overprinted by brittle deformation associated with
the detachment fault system. Geothermobarometric data from
mylonitic pelitic schists indicate a P-T estimate of 3.1-3.7 kb
and 580-620 °C (Hurlow et al., 1991)—physical conditions well
beyond the onset of quartz and feldspar plasticity (Scholz, 1990,
his figure 3.19). Regional cross sections indicate that the mid-
Tertiary mylonitic shear zone was captured by the younger Ruby—
East Humboldt detachment fault system and offset by younger
high-angle normal faults inferred to be related to the detachment

system (Mueller and Snoke, 1993b, see their Plate 2; Fig. 9).
Thermochronological data indicate that mylonites were signifi-
cantly below 300 °C by the late Oligocene (Dallmeyer et al.,
1986; Dokka et al., 1986; McGrew and Snee, 1994), although
mid-Miocene rocks locally occur in the hanging wall of the
detachment system (Snoke and Lush, 1984; Mueller and Snoke,
1993b). Finally, although the bulk of the thermochronologic and
radiometric data suggest that mylonitization occurred in the time
interval of ca. 29-23 Ma (Wright and Snoke, 1993), some ther-
mochronological data and field relationships suggest that late
Eocene mylonitization may be related to an earlier movement
history along the shear zone that was strongly overprinted by late
Oligocene mylonitization (Mueller and Snoke, 1993b; Wright
and Snoke, 1993; McGrew and Snee, 1994; Snoke et al., 1997,
Howard, 2003). In summary, the mylonitic shear zone is part of
a long-lived, west-rooted, normal-sense fault system that appar-
ently was active from Eocene to Holocene time (Mueller and
Snoke, 1993b) and indicates a protracted exhumation history for
the core complex. The role of Late Cretaceous extension (Wells
and Hoisch, 2008) in the exhumation of the core complex is an
unresolved question that has proved difficult to evaluate given the
long and complex Tertiary history of crustal extension.

The role of synchronous deep-crustal flow during large-
magnitude crustal extension (Axen et al., 1998) is an important
problem in the structural development of metamorphic core com-
plexes and attenuated crustal cross sections in general. However,
only a few of the Cordilleran core complexes expose crustal lev-
els that are sufficiently deep to permit evaluation through direct
analysis of rocks below the extensional, mylonitic shear zone.
The Ruby—East Humboldt core complex is one of these com-
plexes. MacCready et al. (1997) argued that there was fundamen-
tal decoupling between structural levels in this core complex in
part on the basis of a near-orthogonal lineation pattern between
the mylonite zone, with a pervasive west-northwest sense of slip,
and the underlying migmatitic infrastructure containing approxi-
mately north—south-trending lineations with a weak indication
of southward flow. MacCready et al. (1997) further argued for
inflow of the middle crust and development of a convex-upward
north—south channel during large-magnitude upper-crustal exten-
sion. This middle-crustal flow was considered to be synchronous
with widespread magmatic under- or intraplating of the lower
crust by mafic magmas, which in turn stimulated production of
the late Eocene to early Oligocene granitic magmas discussed
above. Similar patterns have not yet been recognized in other
Cordilleran metamorphic core complexes, although Amato et al.
(2002) (also see Akinin et al., this volume) described analogous
structural relationships in the Kigluaik gneiss dome, Seward Pen-
insula, Alaska.

Another excellent example of an attenuated crustal cross
section is preserved in the orogenic belts that surround the
Alboran Sea of the western Mediterranean region, including the
Betic Cordillera of southern Spain and Moroccan Rif (Fig. 10).
These orogens form the Gibraltar arc, which defines the west-
ern margin of the Alboran Sea. Several features suggest that the
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Figure 10. Schematic crustal section across the central Betic Cordillera (southern Spain) and adjacent Alboran Sea (modified from Vissers et al.,
1995, their figure 2). SBFT—Subbetic frontal thrust; BMZ—Betic movement zone; AC—Alpujarride Complex; MC—Malaguide Complex.

Alboran Sea was a high collisional ridge during Paleogene time
that subsequently experienced large-magnitude extensional col-
lapse in early Miocene time (Platt et al., 2005): (1) the basin is
underlain by thin (13-20 km) continental crust and anomalously
low-velocity upper mantle (Vp = 7.6-7.9 km/s) (Banda et al.,
1983); (2) has an east—west-striking horst-and-graben structure
(Dillon et al., 1980); (3) was the locus of Neogene volcanism;
and (4) has subsided 24 km since middle Miocene time (Platt
and Vissers, 1989). Furthermore, the African and European plates
were slowly converging during much of Tertiary time, so this is
an example of large-magnitude crustal extension that occurred
in a convergent geodynamic framework (Burchfiel and Royden,
1985, 1987; Dewey, 1988).

The Betic Cordillera includes a northern belt (pre-Betic and
Subbetic zones) that exhibits Neogene, thin-skinned, fold-and-
thrust-belt foreland deformation and a southern internal belt (Betic
zone) comprised of metamorphic rocks (Vissers et al., 1995).
The Betic zone is composed of a lower tectonic complex, the
Nevado-Fildbride, which includes high P/T metamorphic rocks,
and an upper complex, the Higher Betic nappes, characterized by
variable metamorphic grade from virtually non-metamorphosed
rocks to high-pressure assemblages (Platt et al., 1983, 2003; Aza-
iién et al., 1998). Stratigraphic duplication in the Higher Betic
nappes indicates the development of a structural pile thickened
by thrusting, and this interpretation is supported by metamorphic
assemblages, which require a total structural thickness of >35 km
(Tubia et al., 1997; Azaiién et al., 1998; Platt et al., 2003).

The contact between the two tectonic complexes is the Betic
movement zone of Vissers etal. (1995) characterized by a 100s-of-
meters-thick zone of cataclasite and mylonite (Platt et al., 1984;
Platt and Behrmann, 1986). Many of the tectonic contacts in the
Betic zone are post-metamorphic, and they commonly place
relatively low-grade rocks onto higher-grade metamorphic rocks

(Argles et al., 1999; Platt et al., 2003, 2005). The most dramatic
example is the main tectonic boundary between the Higher Betic
nappes (i.e., Alpujarride Complex) and the Nevado-Fildbride
Complex, which commonly places lower-greenschist-facies
phyllites above tectonic slices of glaucophane schist, eclogite,
or amphibolite-facies rocks (Platt, 1986, his figure 3; Platt and
Behrmann, 1986; Vissers et al., 1995). The Betic Cordillera pro-
vides an example of a collisional orogen that has undergone an
important episode of intraorogenic extensional collapse while
convergent motion of the bounding plates continued (Vissers
et al., 1995; Platt et al., 2006). This collapse has been interpreted
as related to delamination of a gravitationally unstable, thick root
of lithospheric mantle beneath the collisional zone (Platt and Vis-
sers, 1989; Seber et al., 1996; Platt et al., 2006). By late Oli-
gocene time, much of the lithospheric root beneath the Alboran
collisional ridge had been removed by convection and replaced
by asthenospheric mantle. This caused an increase in surface
elevation and the region started to extend, exhuming metamor-
phic rocks and high-temperature peridotite from the base of the
crust and upper part of the mantle along low-angle normal faults.
Recent Lu-Hf radiometric dating of garnets from the structurally
lowest tectonic unit, the Nevado-Fildbride Complex, has yielded
metamorphic ages of 18—14 Ma, which indicate that this tectonic
unit was subducted after the extensional collapse of the overlying
units (i.e., the Alpujarride Complex; see Fig. 10).

The presence of a younger structural and metamorphic his-
tory in rock units structurally below overlying tectonic units is
widely recognized in metasedimentary rocks in various ancient
accretionary complexes exposed in the U.S. Cordillera from the
North Cascades (Matzel et al., 2004) to the Klamath Mountains
and California Coast Ranges (Helper, 1986; Helper et al., 1989;
Barth et al., 2003; Kidder et al., 2003, Kidder and Ducea, 2006) to
the southern Sierra Nevada (Saleeby et al., 2003), and Transverse



Utility of crustal cross sections in the analysis of orogenic processes in contrasting tectonic settings 25

Ranges/Mojave region of southern California (Jacobson et al.,
2000, 2007; Grove et al., 2003). These important structural and
metamorphic relationships within these ancient accretionary com-
plexes support the tectonic model that orogenic wedges thicken by
progressive subduction accretion (Scholl and von Huene, 2007),
and previously accreted rocks are uplifted and subsequently
exhumed by extensional faults and shear zones at higher structural
levels in the wedge (Platt, 1986). The main differences between
the Betic Cordillera and U.S. Cordillera systems is that the former
is collisional and hanging-wall units are largely metasedimentary,
whereas the other situation largely involves magmatic arcs where
hanging-wall rocks are mostly plutons.

WHAT ARE SOME IMPORTANT DISTINCTIONS,
QUESTIONS, AND PROBLEMS WITH REGARD
TO THE INTERPRETATION OF CRUSTAL
CROSS SECTIONS?

A series of issues are encountered in trying to interpret and
synthesize relationships in and between crustal cross sections. We
summarize a few of the most important issues below as illustrated
by the crustal sections reviewed in this article and the volume.

Perhaps the most apparent issue is that there is no “typi-
cal” crustal cross section of continental crust. Arguably most
striking, the overall composition of the crust differs markedly
between sections (compare Figs. 4—10). This conclusion holds
for sections constructed in broadly similar tectonic settings, such
as magmatic arcs, which are probably the dominant tectonic ele-
ment preserved in crustal cross sections. For example, much of
the deep crust of the Kohistan and Talkeetna island-arc sequences
is composed of mafic and lesser ultramafic rocks (Figs. 5 and 6).
In contrast, the Sierra Nevada continental arc is dominated by
granodiorite to tonalite downward to depths of >35 km, and
mafic rocks are mainly eclogitic in composition and seismically
part of the mantle (Fig. 8). The Fiordland arc probably lies com-
positionally between the other arcs, consisting mostly of dioritic
to gabbroic orthogneisses at depths of >20 km, but containing
considerable amounts of tonalite and granodiorite in the middle
to upper crust (Fig. 7). These compositional differences in part
reflect the contrasts between island arcs and continental mag-
matic arcs, and the lithosphere through and on which they were
constructed. They may also reflect how much, if any, of the lower
crust has been delaminated. Delamination has been increasingly
proposed to have taken place in a range of orogens and future
studies of crustal sections will undoubtedly evaluate the impor-
tance of this tectonic process for the composition and other fea-
tures of the lower crust.

The relative amounts of metamorphosed supracrustal rocks
at deep-crustal levels vary significantly between crustal sections.
Such rocks are almost absent in the lower crust of the Kohistan,
Talkeetna, and Fiordland sections. They are scarce in the Sierran
and associated sections through the Salinian block and eastern
Transverse Ranges; however, most of the deep crust there con-
sists of plutons constructed over relatively short (<20 Ma) time

intervals, and metamorphosed supracrustal rocks do make up a
significant percentage of the preserved host rocks. In contrast,
the lower crust of the Ivrea-Verbano zone consists of granulite-
facies metasedimentary and meta-igneous rocks intruded by
mafic rocks, and supracrustal-derived rocks are important con-
stituents of the deep levels of the Ruby—East Humboldt Range,
Betic Cordillera, Klamath Mountains (Seiad complex), and Coast
Mountains/North Cascades. These differences in part reflect the
contrasting tectonic histories of these sections, but also the vol-
ume of arc-plutonic rocks emplaced during the development of
these sections of continental crust. The Kohistan and Talkeetna
island-arc sections were constructed on oceanic crust, and as
expected, contain minimal quantities of metamorphosed supra-
crustal rocks in the deep crust. Moreover, although both of these
island arcs were deformed in convergent plate settings, colli-
sional for Kohistan and a Cordilleran-type accretionary margin
for Talkeetna, neither section was intimately interleaved with
other rocks by faulting during convergence. In contrast, mag-
matic rocks in the Ivrea-Verbano zone intruded an accretionary
complex containing deeply buried supracrustal rocks, and the
Klamath Mountains and Coast Mountains/North Cascades repre-
sent Cordilleran-type accretionary margins consisting in part of
thrust sheets rich in metamorphosed supracrustal rocks.

Another variable feature of the sections is the geothermal
gradient inferred from metamorphic assemblages. Granulite-
facies rocks are widespread at depths of >25 km in many sec-
tions (e.g., Arunta, East Athabasca, Fiordland, Ivrea-Verbano,
Klamath Mountains [Seiad complex], Kohistan, and Talkeetna),
although not in the Sierra Nevada and North Cascades. Similarly,
granulite-facies assemblages are not commonly reported from
attenuated terranes; e.g., the Ruby—East Humboldt core com-
plex, which reached >30 km in paleodepth during Late Creta-
ceous time based on P-T estimates from mineral assemblages
in exposed rocks (McGrew et al., 2000). High-pressure assem-
blages are exposed in the deep levels of parts of the at