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ABSTRACT

Magmatic activity in continental arcs is known to vary in a non-steady-

state manner, with the mechanisms driving magmatic activity being a

matter of ongoing discussion. Of particular importance is the question

of what extent episodic magmatism in continental arcs is governed by

external factors (e.g., plate motions) and internal factors (e.g., feedback

processes in the upper plate). To test existing models for magmatic episod-

icity, which are mostly based on temporally and spatially limited records,

this study uses large data sets of geochronological, geochemical, and plate

kinematic data to document the Paleozoic to Mesozoic development of the North and South American
Cordilleras in eight transects from British Columbia to Patagonia. The temporal distribution of U/Pb
bedrock and detrital zircon ages, used as a proxy for timing of magmatic accretion, shows that some
minima and maxima of zircon abundance are nearly synchronous for thousands of kilometers along the
arc. Some age patterns are characterized by a periodicity of 50-80 Ma, suggesting a cyclic controlling
mechanism. Other magmatic lulls or flare-ups find no equivalents in adjacent sectors, indicating that
either discrete events or variable lag times may also be important in governing magmatic activity in
continental arcs. Magma composition in Mexico, the Peninsular Ranges, and the Sierra Nevada varies
episodically and proportionally with the temporal record of arc activity. During flare-up events, there
is an increase in Sm/Yb, indicating deeper melting, and a decrease in eNd;, suggesting a higher degree
of crustal assimilation. Geochemical scatter also increases during the initiation of flare-up events.
Plate kinematic data provide a means of evaluating mantle heat input. The correlation between plate
convergence rate and magmatic accretion varies for each sector, suggesting that different flare-ups or

lulls likely reflect variable combinations of processes.
Keywords: Magmatism, continental arc, Cordilleras, geochronology, geochemistry, plate motions,

Paleozoic, Mesozoic, Invited Centennial article

INTRODUCTION

Convergent continental margins, where oceanic lithosphere
is subducted beneath continental lithosphere, are areas of intense
magmatism and important sites of crustal growth (e.g., Crisp
1984; Rudnick 1995; Tatsumi 2005; Davidson and Arculus
2006). Assessing crustal production rates and understanding
the mechanisms controlling magmatic addition in continental
arcs are two issues that are of key importance in tectonic studies
(e.g., Ducea et al. 2015; Jicha and Jagoutz 2015). The Cordil-
leran orogenic system of North and South America is particularly
well suited for addressing these aspects, as it features a spatially
extensive (>15 000 km), nearly continuous mountain belt that is
the expression of subduction of oceanic lithosphere beneath a
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continental margin. Subduction-related activity in the American
Cordilleras was initiated in the Early Paleozoic along some parts
of the arc (e.g., Bahlburg and Hervé 1997; Ramos 2009) and is
still ongoing today, providing an exceptionally long continental
magmatic arc record. Based on the relative abundance of igneous
rocks with known ages, a non-steady-state behavior of magmatic
arc activity, characterized by periods of reduced magmatism
alternating with magmatic flare-ups, has been documented in
several Cordilleran arc segments. These include the Coastal
Ranges, British Colombia (e.g., Armstrong 1988; Ducea and
Barton 2007; Gehrels et al. 2009), the Cascade Mountains,
Washington (Miller et al. 2009), the Sierra Nevada, California
(Bateman 1992; Ducea 2001; DeCelles et al. 2009; Paterson et
al. 2014), the Transverse Ranges, California (Barth et al. 1997,
2008), the Salinian arc (Kidder et al. 2003; Ducea et al. 2003;
Chapman et al. 2014), the Peninsular Ranges Batholith (Premo
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et al. 2014), the Sierra Madre Occidental and Trans-Mexican
Volcanic Belt, Mexico (Ferrari et al. 1999), and the central Andes
(Haschke 2002; Haschke et al. 2006; Trumbull et al. 2006). Ex-
isting models to explain the non-steady-state magmatic activity
of continental arcs either invoke: (1) external forcing by plate
tectonic processes (Pilger 1984; Hughes and Mahood 2008); (2)
intra-arc cyclic processes largely independent of plate motions
(Kay and Mahlburg Kay 1993; Ducea and Barton 2007; DeCelles
etal. 2009; Lee etal. 2013); or (3) a crustal modulation of mantle
energy input (de Silva and Gosnold 2007; de Silva 2008; de Silva
etal. 2015). Most of these models are based on a temporally and
spatially limited record. Large data sets are needed to test the
validity of the proposed models.

This paper uses an ever-growing database of U-Pb bedrock
and detrital zircon age data between 400 and 80 Ma for the
American Cordilleras from British Colombia in the north to Pa-
tagonia in the south as a means to evaluate the timing and relative
strength of continental arc magmatic activity. As the proposed
mechanisms for magmatic arc activity operate over distinct
temporal and spatial scales, evaluating the scale of repeated age
patterns provides a means to test these proposals. Furthermore,
by examining 15000 km of arc length, we are able to evaluate
if the proposed mechanisms invoked for a small segment of an
arc are representative for entire arc systems, which exhibit vari-
able basement characteristics and subducting plate parameters.

A fundamental question concerns the role of external factors
(e.g., plate motions and mantle power) vs. internal factors (e.g.,
feedback processes in the upper plate) in controlling continen-
tal arc magmatic activity. To assess the relative importance of
these respective factors, this study evaluates the spatial and
temporal pattern of magmatic arc activity as well as the relation-
ship between magmatic accretion rate and: (1) plate kinematic
parameters, such as plate convergence rate that control magma
production in the mantle wedge (e.g., Cagnioncle et al. 2007),
and (2) arc magma composition, which is primarily governed by
processes during the transfer of magma from the mantle wedge
to the upper crust, i.e., it depends on thickness, composition, and
state of stress of the upper plate (e.g., Leeman 1983; Mantle and
Collins 2008; Chiaradia 2015).

GEOLOGICAL SETTING

The North American Cordilleras and the Andes (henceforth
collectively referred to as “Cordilleras,” “Cordilleran orogen,”
“Cordilleran arc,” or “Cordilleran margin”) extend along the
western edge of the North and South American continents,
respectively, and together form a long (ca. 15000 km), nearly
continuous belt of magmatic arc assemblages generated by the
persistent convergence and interaction between lower oceanic
and upper continental plates (Dewey and Bird 1970; Dickinson
1970; Armstrong 1974). Following the break-up of Rodinia,
subduction along the North American Cordilleran margin initi-
ated in the Middle-Late Devonian (Burchfiel and Davis 1972,
1975; Monger and Price 2002; Dickinson 2004, 2009), whereas
the western margin of South America preserves a record of
almost continuous subduction since the Cambrian, with the
inception of the Terra Australis orogen (Rapela et al. 1998a,
1998b; Pankhurst et al. 2000; Ramos and Aleman 2000; Cawood
2005; Chew et al. 2007; Collo et al. 2009). Despite having
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formed under one geodynamic regime, the Cordilleran orogen
is segmented, i.e., features along-strike tectonic, structural, and
morphological variations (Sempere et al. 2008; Ramos 2009).
For the sake of the analysis in this paper, the Cordilleran margin
is divided into eight sectors, from north (British Colombia) to
south (Patagonia): (1) the Coast Ranges; (2) the Sierra Nevada;
(3) the Peninsular Ranges to Mojave; (4) southeastern Mexico
and Central America; (5) the northern Andes; (6) the Peruvian
Andes; (7) the south-central Andes; and (8) the southern Andes.
In some cases, the boundaries of these sectors coincide with the
spatial limits of tectono-magmatic provinces. In other cases the
division is arbitrary and simply a matter of choosing sectors
large enough to incorporate a statistically meaningful amount
of data, and small enough to account for local differences in
the geological evolution. In the following sections, the tectonic
and magmatic history of the individual Cordilleran arc sectors
are briefly summarized. Age compilations and analyses of arc
processes presented in this paper are limited to a time frame be-
tween 400 and 80 Ma, hence these summaries focus on the late
Paleozoic and early Mesozoic geological history, with particular
emphasis on subduction initiation and evolution.

Coast Ranges (55-43° N)

The most northern sector is defined as the region between 55
and 43° N and includes magmatic activity in British Columbia,
Washington, Oregon, Idaho, and Montana. The pre-Cretaceous
geological history of this region includes the accretion of several
oceanic arc terranes, such as the Stikinia, Quesnellia, Wrangel-
lia, and Triassic Chelan Mountains terrane (Tabor et al. 1989;
Miller et al. 1994; Matzel et al. 2004). Subsequent continental arc
magmatism in this region is preserved in the ca. 1500 km long
Coast Plutonic Complex (e.g., Monger et al. 1982; Tabor et al.
1989), which records continental magmatic arc activity between
ca. 170 and ca. 50 Ma with flare-ups at 160-140, 120-78, and
55-48 Ma (Gehrels et al. 2009). Magmatism was accompanied
by crustal extension until the mid-Cretaceous, when the accre-
tion of the Alexander-Wrangellia terrane to the western margin
of Laurentia caused local contraction, crustal thickening and
thrusting (Gehrels et al. 2009). The Late Cretaceous to Early
Tertiary marks a transition to dextral transpressional tectonics
in the Coast Mountains sector, attributed to changing plate ki-
nematics, which resulted in a dramatic reduction of magmatic
production (Gehrels et al. 2009). During the Late Cretaceous to
Early Tertiary, arc magmatism in the Coast Mountains Batholith
migrated eastward. From ca. 50 Ma onward, the temporal and
spatial evolution as well as the geochemical characteristics of
arc magmatism within the forearc areas from Alaska to Oregon
are complex due to the interaction of several spreading ridges
and oceanic transforms with the subduction zone (Haeussler et
al. 2003; Madsen et al. 2006; du Bray and John 2011).

Sierra Nevada (43-35° N)

The Sierra Nevada section of the Cordilleran magmatic arc
is located in central and eastern California and western Nevada,
U.S.A., between approximately 43° and 35° N (Barton et al.
1988; Bateman 1992; Van Buer et al. 2009; Van Buer and Miller
2010). After the breakup of Rodinia in the Late Neoproterozoic,
this part of the Cordilleran margin remained passive until the mid-
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dle to late Devonian, when an intraoceanic arc complex formed in
the eastern Klamath and northern Sierra terranes (Bradley 2008;
Dickinson 2009; Colpron and Nelson 2011). These subduction
complexes subsequently collided with the Pacific margin during
Late Devonian to Early Mississippian Antler orogeny, which
involved thrusting the Roberts Mountains Allochthon onto
Neoproterozoic to Paleozoic miogeoclinal rocks (Schweickert
and Cowan 1975; Stevens and Greene 1999; Gehrels et al. 2000;
Chapman et al. 2012). Late Devonian to Early Carboniferous ex-
tensional tectonics that gave rise to a marginal ocean basin called
the Slide Mountain Ocean Basin (Davis et al. 1978; Nokleberg
et al. 2000; Nelson et al. 2006; Saleeby and Dunne 2015). This
ocean basin closed in the Middle Permian as a consequence of a
subduction zone jump and polarity reversal, which led to the ac-
cretion of additional fringing oceanic island arc complexes (e.g.,
the Golconda Allochthon) onto the Laurentian platform during
the Late Permian—Early Triassic Sonoma orogeny (Riley et al.
2000; Dickinson 2009). The Early Triassic marks the inception
of'a continental magmatic arc along the Sierran sector of the Cor-
dilleran orogen (Barth and Wooden 2006; Paterson et al. 2014).
Continued subduction of Pacific lithosphere culminated in the
construction of the voluminous Sierra Nevada batholith, which
records episodic magmatic activity between ca. 250 and ca. 80
Ma with peaks occurring in Triassic (ca. 230-210 Ma), Middle to
Late Jurassic (ca. 180—160 Ma), and mid-Cretaceous (ca. 115-85
Ma) time (Stern et al. 1981; Ducea and Barton 2007; Ducea 2011;
Paterson et al. 2014). Latest Cretaceous pluton crystallization
ages become progressively younger toward the east, which has
been associated with gradual slab flattening (Chen and Moore
1982; Silver and Chappell 1988). The ensuing episode of flat-
slab subduction is commonly linked with the Laramide orogeny
(Dickinson and Snyder 1978; Miller et al. 1992; Saleeby 2003),
and eventually led to the cessation of magmatism in the Sierras
at ca. 85 Ma (Chen and Moore 1982; Lipman 1992).

Peninsular and Transverse Ranges, Mojave, and northern
Mexico (35-20° N)

This sector extends from the southern limit of the Sierra
Nevada at approximately 35° to about 20° N, and includes the
morphotectonic domains of the Peninsular Ranges, Transverse
Ranges, Mojave Desert, and restored batholithic rocks in Salinia
in the U.S. as well as Baja California and the Cordillera Oc-
cidental in Mexico. The plutonic record of this region includes
overlapping continental arc segments of Permian to Cretaceous
age (Barth et al. 2008). Mesozoic (Triassic to Cretaceous)
plutonic suites are distributed in this region along three NNW-
trending belts (Barth et al. 1997; Kistler et al. 2014). Early to
Late Cretaceous magmatism is manifested by the numerous
plutons of the ca. 128-86 Ma Peninsular Ranges Batholith that
records a west to east progression of subduction transitioning
from an oceanic to a continental arc setting (Morton et al. 2014;
Hildebrand and Whalen 2014b).

Southeastern Mexico and Central America (25-15° N)

Southeastern Mexico and Central America are composed
of several fault-bounded crustal blocks with different geo-
logical histories. These blocks were juxtaposed in the course
of Pangea amalgamation and dispersal in the Paleozoic and
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Mesozoic (Campa and Coney 1983; Sedlock et al. 1993; Dick-
inson and Lawton 2001; Keppie 2004). Processes attributed
to the subduction of (Paleo-)Pacific oceanic lithosphere have
affected the region at least since the Carboniferous (Proenza
et al. 2004; Keppie et al. 2008, 2010, 2012; Galaz et al. 2013).
Continental arc magmatism was particularly abundant during
the Carboniferous—Permian, as suggested by the detrital zircon
record and an abundance of Carboniferous—Permian igneous
rocks in the Mixteca and Oaxaquia terranes (Torres et al. 1999;
Kirsch et al. 2012; Ortega-Obregon et al. 2014) as well as the
Chiapas Massif of the Maya block (Schaaf et al. 2002; Weber et
al. 2007; Solari et al. 2009). In the Acatlan Complex, which forms
the Paleozoic basement of the Mixteca terrane, basin formation
and the intrusion of calc-alkaline plutons was associated with
local intra-arc extension, interpreted as a result of oblique, east
dipping Pacific subduction (Ramos-Arias et al. 2008; Keppie et
al. 2012; Kirsch et al. 2013). The Middle-Late Triassic history
of southeastern Mexico is characterized by subdued magmatic
arc activity and local shortening and uplift, which have been
attributed to transient flat-slab subduction (Kirsch et al. 2014).
Magmatic arc activity was re-established by the Early—Middle
Jurassic and continued into the Cretaceous (e.g., Barboza-Gudifio
et al. 2004, 2008; Campa-Uranda et al. 2004; Fastovsky et al.
2005; Zavala-Monsivais et al. 2009, 2012; Godinez-Urban et
al. 2011). During the Late Triassic to Early Jurassic, peripheral
(back-arc?) ocean basins formed at the western margin of conti-
nental Mexico (Centeno-Garcia et al. 1993; Martini et al. 2010),
accompanied by the deposition of siliciclastic rocks with a pas-
sive margin signature (Silva-Romo et al. 2000; Centeno-Garcia
2005) and the intrusion of mafic rocks with a back-arc geochemi-
cal signature (Grajales-Nishimura et al. 1999; Valencia-Moreno
etal. 2001; Keppie et al. 2006; Helbig et al. 2012a, 2012b). These
basins were subsequently closed in the Early Cretaceous, when
a Middle Jurassic—Lower Cretaceous arc assemblage known as
the Guerrero Composite Terrane accreted to mainland Mexico
(Martini et al. 2011, 2013; Palacios-Garcia and Martini 2014).

Northern Andes (12° N-5° S)

The sector referred to as the Northern Andes comprises the
western margin of South America between 12° N and 5° S, i.e.,
Colombia and Ecuador, and western Venezuela. The southern
boundary of this sector coincides with the Huancabanga deflec-
tion, which marks a change in strike orientation of the Andean
orogen. Due to the paleogeographical location of this region (i.e.,
proximal to the Ouachita-Marathon suture), the Paleozoic to
Mesozoic tectonic and magmatic history of the Northern Andes,
recently summarized by Spikings et al. (2014), is to a large part
influenced by processes related to Pangea assembly and break-
up. The earliest evidence of a continental arc in the northern
Andes includes arc-derived Ordovician schists and gneisses in
the Eastern Cordillera of Ecuador and the Central Cordillera of
Colombia (Litherland et al. 1994; Carmona and Pimentel 2002;
Chew et al. 2007). Magmatic rocks of age 290-240 Ma occur
in the Santa Marta Massif and the Guajira Peninsula, as well as
in the Cordillera Central in Colombia (Litherland et al. 1994;
Cardona et al. 2010; Villagomez et al. 2011; Laya and Tucker
2012; Van der Lelij et al. 2016) and are interpreted to have
formed above an east dipping Pacific subduction zone during the
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final stages of Pangea formation. Based on plate reconstructions
(Elias-Herrera and Ortega-Gutiérrez 2002; Weber et al. 2007) and
the occurrence of similarly aged arc-related igneous rocks, the
basement terranes of southern Mexico and Central America are
interpreted to have formed the conjugate margin to NW South
America (Cochrane et al. 2014). Crustal anatectites and juvenile
mafic suites with ages of 240-216 Ma may record the oblique
rifting of these Mexican terranes from the NW South American
margin. The ensuing passive margin stage was superseded by
renewed active margin magmatism that initiated diachronously
along the North Andean margin between 213 and 185 Ma (Co-
chrane et al. 2014; Van der Leljj et al. 2016) and continued into
the Cretaceous (Villagomez et al. 2011; Boekhout et al. 2012;
Reitsma 2012; Villagomez and Spikings 2013; Cochrane et
al. 2014). A period of back-arc extension marks the period of
145-114 Ma, which led to the emplacement of juvenile igneous
rocks in the Cordillera Real, Cordillera Central, and the Santander
Massif (Litherland et al. 1994; Romeuf et al. 1995; Bustamante
et al. 2010; Cochrane et al. 2014; Van der Lelijj et al. 2016)
and may have resulted in the detachment of continental slivers
[Chaucha and Tahami terranes, Spikings et al. (2014) and refer-
ences therein]. These slivers are inferred to have been accreted
back to the margin during a switch to compressional tectonics
at ca. 115 Ma (Ruiz et al. 2007; Villagébmez et al. 2011). Arc
magmatism is scarce between ca. 115 and 100 Ma due to highly
oblique convergence between the newly formed Caribbean plate
and the South American plate (Pindell and Kennan 2009). The
origin of felsic magmatism at 100-75 Ma, e.g., represented by
the 95-85 Ma Antioquia batholith (Villagomez et al. 2011; Vil-
lagomez and Spikings 2013), is currently debated (Pindell and
Kennan 2009; Spikings et al. 2014). Mafic igneous rocks occur-
ring in the Western Cordillera of Ecuador and Colombia that have
ages between ca. 100 and 85 Ma belong to the Caribbean Large
Igneous Province, parts of which amalgamated to northwestern
South America at 75-70 Ma (Spikings et al. 2001, 2010; Kerr
et al. 2002; Vallejo et al. 2006; Villagomez and Spikings 2013).

Peruvian Andes (6-18° S)

In the Peruvian Andes, located between 6° S (the Huanca-
bamba deflection) and 18° S (the Arica deflection, or Bolivian
orocline), continental arc magmatism initiated in the Ordovician
as part of the Famatinian orogenic cycle (Mukasa and Henry
1990; Von Gosen and Prozzi 1998; Pankhurst et al. 2000; Cawood
2005; Vaughan and Pankhurst 2008; Bahlburg et al. 2009). The
Silurian and Devonian mark a hiatus in the magmatic arc record
(Chew et al. 2007; Bahlburg et al. 2009), possibly due to changing
plate kinematics of the detachment of a segment of the Arequipa-
Antofalla block, which is a Precambrian basement block that
underlies much of the coastal region of southern Peru (Loewy et
al. 2004). Magmatic activity resumed in the Early Mississippian
(ca. 345 Ma: Chew et al. 2007; Miskovi¢ et al. 2009) and was
followed by Late Permian to Late Triassic lithospheric thinning,
accompanied by metamorphism and deformation, as well as the
emplacement of partially migmatized granitoids at 285-223 Ma
(Sempere et al. 2002; Miskovi¢ et al. 2009). Easterly subduction
of Pacific lithosphere and associated calc-alkaline magmatism in
the Western Peruvian Cordillera was re-established by the Late
Triassic (Boekhout et al. 2012; Demouy et al. 2012), but was
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interrupted by a period of back-arc extension and bimodal igne-
ous activity in the Jurassic (Ramos and Aleman 2000; Sempere
etal. 2002; Boekhout et al. 2012; Demouy et al. 2012), which is
attributed to a global change in plate kinematics (Ramos 2010).
The Cretaceous marks the intrusion of the Coastal batholith, a
large, linear composite pluton emplaced in the periods 105-101,
91-82, and 73—-62 Ma (Pitcher et al. 1985; Mukasa 1986; Hil-
debrand and Whalen 2014a).

South-central Andes (18—40° S)

The Cordilleran sector defined here as the south-central An-
des includes the Andean Range of Bolivia, northern Chile, and
west-central Argentina from the Arica deflection, at 18—40° S.
The basement of the south-central Andes is classically interpreted
to be composed by several parautochthonous and allochthonous
crustal fragments, namely the Pampia, Antofalla, Cuyania, and
Chilenia terranes, which accreted to the South American mar-
gin at various times throughout the Late Neoproterozoic and
Early Paleozoic (Ramos 2009 and references therein). However,
based on more recent data, the existence of Pampia, Cuyania
(or Precordillera), and Chilenia are contentious (Vaughan and
Pankhurst 2008; Alasino et al. 2012; Rapela et al. 2016). Evi-
dence for early magmatic activity in the south-central Andes is
found in the Famatinian orogen, a continental magmatic arc
active between ca. 505 and 420 Ma (Bahlburg et al. 2009). The
Devonian is marked by magmatic and tectonic quiescence along
the south-central Andean margin (Bahlburg and Hervé 1997,
Chew et al. 2007; Bahlburg et al. 2009; Cardona et al. 2009),
but locally, such as in the Sierras Pampeanas in NW Argentina,
Middle—Late Devonian A-type granitoids occur (Dahlquist et al.
2013). Continental arc magmatism was widespread during the
Late Paleozoic to Early Mesozoic, for example represented by the
Chilean Frontal Cordillera Batholith that shows magmatic pulses
during the Mississippian, Early Permian, Late Permian—-Middle
Triassic, and Upper Triassic (Hervé et al. 2014; Maksaev et al.
2014). After another gap in arc magmatic activity during the
Late Permian to Late Triassic, subduction was re-established
and persisted into the present day in what is referred to as the
Andean cycle (Ramos and Aleman 2000; Haschke et al. 2006).
During the Jurassic to Early Cretaceous, extensional tectonics
characterized the south-central Andean margin, which led to the
development of a magmatic arc located along the present-day
coastal Cordillera, and a series of back-arc basins to the east
(e.g., Oliveros et al. 2012; Rossel et al. 2013).

Southern Andes (39-55° S)

The southern Andean sector coincides with the tectonic prov-
ince known as Patagonia, which extends from about 39-55° S.
The Paleozoic geological history of Patagonia is not agreed upon
in every aspect, but is generally interpreted to have involved the
collision of an (para-)autochthonous northern block, and an al-
lochthonous southern block in the Carboniferous (Pankhurst et
al. 2006; Ramos 2008; Rapalini et al. 2010; Ramos and Naipauer
2014). Subduction-related magmatic rocks of Early Devonian to
Carboniferous age occurring in the North Patagonian Massif are
interpreted to reflect the destruction of the ocean basin between
these blocks (e.g., Hervé et al. 2013). In the southern block,
east-dipping subduction may have commenced at ca. 390 Ma
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and continued into the Mesozoic (Kato et al. 2008; Chernicoff
et al. 2013). Voluminous and regionally extensive Mesozoic to
Cenozoic continental magmatic arc activity in the southern Andes
is evidenced by the Patagonian batholith that is subdivided into a
Late Cretaceous to Late Miocene northern part (Pankhurst et al.
1999), a Late Triassic central part (Rapela and Pankhurst 1992;
Zaftfarana et al. 2014), and a Late Jurassic to Neogene southern
part (Rolando et al. 2002; Herv¢é et al. 2007).

METHODS

Age compilations

Age spectra between 400 and 80 Ma were constructed on the basis of ~1300
(bulk) U/Pb crystallization ages of igneous bedrocks, and 15575 detrital zircon
U/Pb ages from published and unpublished sources (see appendix' for complete
list of references). The compilation contains U-Pb analyses only, because Rb/Sr,
K/Ar, and “Ar/*Ar analyses may yield erroneous ages due to daughter isotope
loss brought about by low-grade metamorphism, and/or hydrothermal activity post-
dating volcanic and plutonic rock emplacement, even in young volcanic rocks (e.g.,
Montecinos et al. 2008). The age compilation combines thermal ionization mass
spectrometry (TIMS), laser ablation-inductively coupled plasma-mass spectrometer
(LA-ICP-MS), sensitive high-resolution ion microprobe (SHRIMP), and second-
ary ion mass spectrometry (SIMS) analyses. Coordinates were extracted for each
bedrock and detrital zircon sample to enable the division of age data into predefined
sectors along the Cordilleran arc. To constrain data collection and analyses, we
focused on age data between 400 and 80 Ma only. These limits are arbitrary, but
were chosen because: (1) magmatic arc activity started in the Early Paleozoic in
many places along the Cordilleran orogen and terminated at around 80 Ma in the
Sierran sector, and (2) the number of available Cenozoic igneous and detrital U/Pb
ages is inadequate due to the fact that young igneous arcs are commonly dated with
the **Ar/* Ar method and there are less detrital zircon studies of Cenozoic deposits.

Each bedrock age represents a multiple or bulk zircon age of analyses from
three or more single zircon grains (or domains therein) that were calculated by
the original author. This does not apply for the Sierran sector, for which single
zircon bedrock ages have been compiled. The dated rocks summarized as “bedrock
ages” comprise chiefly plutonic rocks with a predominantly felsic to intermediate
composition and only a few volcanic rocks.

Detrital zircon samples of different depositional age were included in the
compilation to sample the maximum number of sources exposed at various times in
the geological past. The detrital zircons are interpreted to represent magmatic ages.
Zircon ages identified to have a metamorphic origin (mostly based on U/Th ratios)
by the original investigators are excluded from the compilation. The concordance
of each zircon grain was calculated from 2*Pb/>**U and *"Pb/**U ages to ensure
that only concordant grains, i.e., with <10% normal and <5% reverse discordance,
were included in the age compilation.

For igneous and detrital zircon data, respectively, age data (Fig. 1) are plotted
as: (1) histograms with a 10 m.y. bin width, and (2) kernel density estimates (KDE;
Vermeesch 2012), which are overlain on the histograms. The histograms allow
visual evaluation of the number of samples forming age peaks and enable inter-
sample comparison, but are constructed using a constant bin size, which may not be
appropriate for zircon age distributions that are neither smooth nor unimodal (e.g.,
Vermeesch 2012). The calculated KDE, on the other hand, are based on adaptive
kernel density estimation, in which the bandwidth is varied according to the local
density. As a smooth and continuous alternative to the discrete and discontinuous
histogram, KDE facilitate the automatic extraction of peaks and other time series
parameters and allow normalization and thus the combination of bedrock and de-
trital zircon age data. KDE were chosen as a statistical technique to visualize age
populations rather than probability density plots (PDP) because KDE are considered
statistically more robust than the more commonly used PDP, especially when data
quantity and/or precision is high (Vermeesch 2012). Furthermore, because the kernel
density estimate does not take into account analytical uncertainties, the different
levels of precision of the compiled TIMS, LA-ICP-MS, SHRIMP, and SIMS age
data have no effect on the shape of the KDE. KDE calculation was accomplished
using an open-source Java application developed by Peter Vermeesch (Density
Plotter, http://www.ucl.ac.uk/~ucfbpve/densityplotter/). Composite KDE functions,

'Deposit item AM-16-105718, Appendix: Data references. Deposit items are free
to all readers and found on the MSA web site, via the specific issue’s Table of
Contents (go to http://www.minsocam.org/MSA/AmMin/TOCY/).
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in which bedrock and detrital age spectra are combined by summing the respec-
tive normalized KDE values for each age interval, are plotted in a space-contour
plot (Fig. 2a) to visualize along-arc variation in magmatic activity. Using Gauss
fitting, statistical parameters such as peak location, height, prominence, width, and
skewness were calculated from these composite KDE functions. Furthermore, a
time-series spectral analysis was performed using the Lomb-Scargle method (Lomb
1976; Scargle 1982) to establish whether or not the zircon age spectra exhibit cyclic
behavior. The term “cyclic” in this paper is used synonymously with “periodic,”
and is defined as a repetition of an event or a sequence of events at regular time
intervals. The terms “episode” and “episodic,” on the other hand, refer to unique
or randomly repeated events. The Lomb-Scargle method is based on a fast Fourier
transform, in which the individual composite KDE functions (containing both
bedrock and detrital zircon ages from each Cordilleran sector) are decomposed
into a combination of sinusoids of different frequencies, amplitudes, and phases.
Magnitudes in the resulting Lomb-Scargle periodogram (Fig. 2b) represent the
contribution of a frequency or period to the original time series. A periodic event
or cycle in the data will create a distinct spike in the periodogram. Frequencies or
periods with a high spectral magnitude can be attributed to a periodic event, but
only if the sampling interval supports at least three periods of that frequency (e.g.,
Telgarsky 2013). Hence, only periods up to 100 m.y. are considered.

Geochemical data

To investigate how changes in geochemical composition of arc-related igneous
rocks correlate with magmatic arc activity, geochemical data are currently being
compiled by the authors for all eight arc domains. In this paper, the three data sets
from the: (1) Sierra Nevada; (2) Peninsular Ranges, Transverse Ranges, Mojave,
and northern Mexico; and (3) southeastern Mexico and Central America are pre-
sented. Flare-up events, identified on composite KDE functions of the individual
arc sector by visual gauging of peak distribution, width, and height, were used as
a reference for description of trends in geochemical data. The geochemical prox-
ies include SiO, to evaluate extent of differentiation, eNd; and *’Sr/*°Sr; to assess
the relative roles of crustal and mantle components in arc magmas (e.g., DePaolo
and Wasserburg 1979; DePaolo 1981a), and Sr/Y and (Sm/Yb), (normalized to
chrondrite values) for a measure of magma source depth and crustal thickness
(e.g., Gromet and Silver 1987; Mamani et al. 2010; Chapman et al. 2015; Chiara-
dia 2015; Profeta et al. 2015). Due to the scarcity of available geochemical data
with U/Pb zircon ages in the Peninsular Ranges and the southern Mexican sector,
U-Pb-zircon constrained data were supplemented by geochemical data with ages
constrained by other means in these sectors, including “Ar/*Ar, K/Ar, Rb-Sr, and
Sm-Nd geochronology, and ages estimated using (bio-)stratigraphic evidence.
Apart from the data points, median values =10 were plotted for a moving 10 m.y.
average to allow a better evaluation of trends and degree of scatter (Fig. 3). In the
case of Sr/Y and (Sm/Yb),, only rocks with <70 wt% SiO, are plotted to exclude
the effect of plagioclase fractionation, affecting St/Y, and to exclude garnet bearing
granites (e.g., Zhang et al. 2012), affecting both St/Y and (Sm/Yb),.

Kinematic data

To investigate the relationship between continental magmatic arc activity and
plate kinematics, rates of: (1) trench-orthogonal convergence and (2) trench-parallel
displacement between subducting oceanic and upper continental plates, as well as
(3) slab age were compared.

We obtained relative plate motion from a recent plate kinematic model
for the interval of 200-0 Ma (Shephard et al. 2013) by using the Python script
convergence.py written by Nathaniel Butterworth, EarthByte Group, School of
Geosciences, University of Sydney, and based on the pyGPlates application pro-
gramming interface for Gplates (http://www.gplates.org/) (Boyden etal. 2011). The
relative movement of the upper plate was sampled at 24 selected locations (three
per arc domain) in the vicinity of the subduction zone vertices in 1 m.y. intervals
using GMT (http://gmt.soest.hawaii.edu/). To account for changes in plate motion
rate within individual arc domains, these three sets of plate motion values per arc
domain were used to calculate and plot average values together with minimum and
maximum values (Figs. 3 and 4). The slab age, i.e., the age of the plate entering
the trench, was extracted for 200-0 Ma in 5 m.y. intervals from paleo-age grids
used by Seton et al. (2012) and released in Miiller et al. (2013) by applying the
same procedure as described above.

To statistically evaluate the link between kinematic parameters and magmatic
activity, the Pearson product moment correlation coefficient, which reflects the
extent of a linear relationship, was calculated for each parameter pair after reducing
the variables to evenly spaced values (Fig. 5). Age spectra for arc sectors D-H were
extended to 50 Ma to allow for a more rigorous evaluation of patterns.
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FIGURE 1. Igneous and detrital zircon U-Pb age spectra providing a temporal record of Cordilleran arc magmatism between 400 and 80 Ma.
Individual diagrams include TIMS, LA-ICP-MS, SHRIMP, and SIMS age data presented as histograms with a 10 m.y. bin width and adaptive
KDE functions (see text for details). For bedrock ages (BA), the number of analyses (1) given in each plot represents the number of crystallization
ages, which are composite ages calculated from three or more single zircons. Exception: igneous ages from the Sierra Nevada represent single
zircon ages. In detrital zircon spectra (DZ), n refers to ages of single zircon grains (or a domain therein). On the right-hand side, a map shows the
extent of defined arc sectors and sample locations. Geological map data from Bouysse et al. (2010). Abbreviations in the age plots are as follows:
PR = Peninsular Ranges, TR = Transverse Ranges, Moj = Mojave Desert, N Mex = Northern Mexico, SE Mexico = Southeastern Mexico. See
Appendix' for data sources. (Color online.)
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RESULTS

Age compilation

The number of age data for each Cordilleran arc sector varies
between a minimum of 112 (SE Mexico and Central America)
to a maximum of 257 multiple zircon bedrock ages (Peruvian
Andes) or 1678 single zircon bedrock ages (Sierra Nevada), and
between 757 (Peruvian Andes) and 5869 (Sierra Nevada) detrital
zircon ages. Detrital zircon age spectra are complex, exhibiting
many peaks (from 10 in the Sierra Nevada to 29 in the Northern
Andes), whereas the igneous spectra are characterized by fewer
peaks (from 3 in the Sierra Nevada to 11 in SE Mexico and Cen-
tral America) of comparatively larger wavelength. KDE based
on bedrock and detrital zircon ages, generally show a similar
distribution of peaks, but these peaks may have different rela-
tive amplitudes (Fig. 1). In a few cases, maxima in the bedrock
age data coincide with minima in the detrital zircon data and
vice versa (e.g., at ca. 130 and 275 Ma in F, and at ca. 150 Ma
in H), which may be an artifact of relatively low data density
in these sectors. The Pearson product moment correlation coef-

FIGURE 2. (a) Color contour plot of composite KDE functions,
highlighting the spatial and temporal distribution of age populations
(i.e., magmatic arc activity) along the Cordilleran arc. Labels of y-axis
indicate the latitudinal centers of each Cordilleran arc sector along an
along-arc profile. Letters A—H refer to the following arc sectors from
north to south: A = Coast Ranges; B = Sierra Nevada; C = Peninsular
and Transverse Ranges, Mojave, and northern Mexico; D = Southeastern
Mexico and Central America; E = Northern Andes; F = Peruvian Andes;
G = South-Central Andes; H = Southern Andes. (b) Color contour plot
showing results of a fast Fourier transform (FFT) based time series
analysis to evaluate periods of dominant frequencies in Cordilleran arc
age data. (Color online.)
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ficient, evaluating the similarity between bedrock and detrital
age KDE functions, ranges between 0.14 (Peruvian Andes) and
0.87 (Coast Ranges). Correlation coefficients show a bimodal
distribution—nhigh values (0.62—0.87) correspond to the North
American sectors, whereas the Andean sectors are characterized
by low values (0.14-0.42).

The spatial and temporal distribution of maxima and minima
of composite KDE along the Cordilleran arc, displayed in the
color contour plot of Figure 2a, shows bull’s-eye-features reflect-
ing high-amplitude variations of zircon age populations of limited
spatial and temporal extent (e.g., ca. 130 Ma minimum in B-C;
134 Ma maximum in D; 200 Ma maximum in E). The figure
also shows subtle, along-arc striking linear features of variable
length, such as a 105-90 Ma band of high values along A-B-C,
a 280-265 Ma band of high values along D-E-F-G-H, and a
175-165 Ma band of high values and 220-210 Ma band of low
values along the entire Cordilleran orogen. The Lomb-Scargle
periodogram (Fig. 2b) shows relatively high-power values at
periods of ca. 60—90 m.y. across most of the Cordilleran orogen.
In the Coast Ranges, the Peninsular Ranges, and the Peruvian
Andes, a periodic signal of 8085 m.y. is particularly pronounced,
and periods of ca. 62—68 m.y. have the highest magnitudes in the
Sierra Nevada, the South-central and Southern Andes. Smaller,
ca. 44-46 m.y. periods are identified in the Coast Ranges, the
southeastern Mexican sector and the northern Andes. Other, sub-
ordinate, peaks occur at periods of ca. 31 m.y. (Sierra Nevada),
52 m.y. (Peninsular Ranges), 39 m.y. (southeastern Mexico), and
36 m.y. (Northern Andes). Other statistical parameters derived
from the composite KDE time series show a high variability,
but with increasing age peak height and prominence decreases,
and peak width normalized to peak height increases for most
of the data sets, as a result of a decrease in analytical precision
with increasing age inherent to the geochronological data sets.
Peak symmetry also varies within any given arc sector, but is
predominantly positively skewed (i.e., has a longer right tail)
in the Sierra Nevada, and negatively skewed in the Peninsular
Ranges sector.

Geochemical data

Sierra Nevada (sector B). For Cordilleran sector B (Fig.
3a), flare-up events (F) occur during the Triassic at ca. 234-213
Ma (Fy), during the Jurassic, at ca. 170—150 Ma (F)), and during
the Cretaceous, at ca. 103—88 Ma (F(). These flare-up events are
separated by periods of low-zircon production, i.e., magmatic
lulls. Overall, the number of available age-constrained geochemi-
cal data in the Sierra Nevada sector is high, ranging between
392 samples (eNd;) to 3808 samples (SiO,). The following
trends can be observed (Fig. 3a): SiO, exhibits higher median
values during Fy than during lulls prior and following Fy. From
ca. 180 to 90 Ma, median SiO, values fluctuate between 60 and
70 wt%, independent of age relative to a flare-up or lull. SiO,
increases further from ca. 90 Ma to the end of the observation
period. eNd; exhibits similar median values of ca. -3 during Fr
and F,. Between these two flare-up events, there is a data gap.
Subsequent to F;, eNd; increases to median values of up to +5,
and then decreases back to values around —5 during F¢, and keeps
decreasing after Fc. Approximately the inverse trend of that for
eNd, is observed for ¥’Sr/*Sr;, i.e., relatively high values during
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flare-ups, and low values during lulls. ’Sr/*Sr; data density and
scatter are generally lower during lulls than during flare-ups.
There is an increase in ¥’Sr/**Sr; above average values during
the last 10 m.y. of the observation period. Sr/Y and (Sm/Yb),
show almost identical patterns, with highly variable values dur-
ing flare-ups, but with lower median values than during lulls. At
the end of Fc. to 80 Ma, both proxies increase to median values
above average.

Peninsular Ranges, Transverse Ranges, Mojave, and
northern Mexico (sector C). The number of compiled age-
constrained geochemical data in Cordilleran sector D ranges
between 221 samples (eNd;) and 1522 (SiO,). Flare-up events
are recognized within the following approximate limits (Fig.
3b): 260-237 Ma (Fyy), 175-160 Ma (F;), 110-94 Ma (F;), and
86—80 Ma (F(,). Median SiO, values are lower during Fpr and F
than during periods following these respective flare-up events.
From about 120 Ma onward, SiO, fluctuates only slightly around
a median value of ca. 67 wt%. In terms of eéNd;, data density is
low for ages up to 180 Ma, but eNd; seems to decrease from a
median of ca. +5 during Fpr to a median of ca. —7 in the follow-
ing lull. Median values form a “plateau” between ages of 180
and 140 Ma. Halfway through the lull between F; and F,, eNd;
increases, before decreasing steadily through F, and F, until
the end of the observation period. There is little ¥’Sr/**Sr; data
for the time up to ca. 130 Ma, but median *’Sr/*Sr; values are
relatively high at the end of Fpr and shortly prior to F;. Follow-
ing F;, median ¥Sr/*Sr; increases from values around 0.705, to
about 0.713 halfway through the following lull, before it drops
back to 0.705 at the beginning of F,, and then increases steadily
until 80 Ma. Thus, from ca. 130 Ma onward, the ¥Sr/*Sr; signal
is approximately inverse to the eéNd; signal. Data density is low
for Sr/Y in the time prior to 180 Ma. Median St/Y values either
decrease (Fpr, Fy, Fe,) or increase (Fc;) during flare-up events.
Short-lived excursions of median Sr/Y values toward higher val-
ues are observed during magmatic lulls. The peak at ca. 220 Ma
up to median St/Y values of ca. 100 is particularly pronounced.
(Sm/YDb), shows a similar trend as St/Y, with a decrease (Fpr, F,
Fe,) or increase (F,) in median values through flare-up events,
and short-lived excursions to higher values during lulls. The peak
in (Sm/Yb), during F, is only based on four values. Data scatter
is high during F, and the following lull.

SE Mexico and Central America (sector D). The oldest
flare-up event that can be identified in the Cordilleran arc sec-
tor D (Fig. 3¢) is a Carboniferous, ca. 312-302 Ma event (Fc,),
which is followed by a Permian, ca. 272-250 Ma event (Fp), a
Jurassic, ca. 177-155 Ma event (F,), and two Cretaceous events
at ca. 141-128 Ma (F¢,) and 102-94 Ma (F,), respectively.
Within an observation period of 400-80 Ma, the amount of
age-constrained geochemical data for southeastern Mexico is
only a fraction of that available for sectors B and C, i.e., ranges
between only 67 samples (*Sr/*Sr;) to 274 samples (SiO,).
Despite overall low data density and occasional data gaps, the
following trends are discernable: SiO, increases more or less
steadily from values around 50 wt% to values of 70 wt% that
are reached shortly after the end of Fp. The Triassic lull marks a
drop in SiO, values, before peaking again during F,. This pattern
of low SiO, during lulls and high SiO, during flare-up events is
maintained throughout the next two sets of flare-ups and lulls.
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During Fc,, SiO, remains low, but increases toward the end of
the observation period. Initial éNd values decrease up to F; and
then oscillate two times between median values of ca. +7 and
—2 prior to F,. Data density is low in the following period, but
the lull between F¢, and F¢, seems to be dominated by high
eNd;, whereas the subsequent flare-up event is accompanied
by a decrease in €éNd; values. There is little ’Sr/*Sr; data in the
period prior to ca. 230 Ma, but the data suggest that there is an
increase in ¥Sr/*Sr; values in the period leading up to Fp. During
the Triassic lull, 8’Sr/%Sr; fluctuates inversely to the eéNd, pattern,
reaching extremely high median values at the beginning of F.
Data are absent during the following lull. The lull between F¢,
and F, marks an increase in ¥’Sr/**Sr; from low to moderately
high values. Both St/Y and (Sm/YD), patterns are similarly dis-
playing an increase up toward Fp, a fluctuation about low values
through most of the Mesozoic (with intermittent data gaps), and
finally an increase in the period leading up to Fc,.

Kinematic data

Trench-orthogonal convergence rates vary in a non-steady-
state manner. Rates are predominantly positive for all Cordilleran
arc sectors (Fig. 4), i.e., associated with advancing slabs, but
small negative values are present during the intervals 200160
Ma in sector A, 140-130 Ma in sector E, 140-110 Ma in sector F,
98-58 Ma in sector G, and 120-50 Ma in sector H indicating mi-
nor episodes of slab retreat. The variation of orthogonal conver-
gence rates within an individual arc sector is usually <50 mm/a.
Higher variation is exhibited by: (1) sector A at 160140 Ma due
to the accretion of the Wrangellia Superterrane and associated
closure of the Cache Creek Ocean (Shephard et al. 2013); (2)
sector D at 120-110 and 72—65 Ma as a result of changes in the
position of the trench leading to a ca. 2000 km offset of the points
from the active subduction trench; and (3) sector E at 200-185
Ma that is due to a combination of the geometry of the subduction
zone of the northern Andean sector and highly oblique (sinistral)
convergence, leading to positive convergence in the north, and
negative convergence in the southern part. The Pearson product
moment correlation coefficient (r), providing a statistical means
of evaluating the likeness of the composite zircon age spectra
and trench-orthogonal plate convergence velocities, shows values
between —0.38 (sector D) to 0.62 (sector G) (Fig. 5).

Trench-parallel displacement rates fluctuate between positive
(right-lateral) and negative (left-lateral) values in most arc sec-
tors (Fig. 4). Sectors B and C predominantly exhibit right-lateral
tectonics throughout the observation period, whereas mainly left-
lateral movement is observed in the northern Andean domain.
The variation of lateral displacement within an individual arc
sector is generally <80 mm/a. Larger variations are observed in
certain intervals due to points getting caught on the other side
of trenches as a result of changes in the shape and position of
the subduction zones as defined in the plate models. Composite
zircon age spectra and trench-parallel displacement rates exhibit
r values between —0.24 and 0.52 (Fig. 5).

Slab age data exhibit large wavelength fluctuations that
are poorly correlated with the composite KDE age spectra (r
= —0.53-0.54). Up to 50 m.y. variations of slab ages within
individual arc sectors can be explained by the different temporal
resolution of the kinematic data sets (1 m.y. for plate polygon
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data, 5 m.y. for age grids). Larger variations occur in certain LIMITS, BIASES, UNCERTAINTIES, AND ARTIFACTS
intervals of sectors B, F, and H as a result of two different
oceanic plates subducting beneath the same arc domain, i.e.,
Farallon—Kula in B, Farallon—Phoenix/Chasca in F, and Ant- Preservation bias. The underlying premise of this study
arctica—Phoenix in H. is that the observed distributions of U-Pb ages reflect relative

Age compilations

FIGURE 4. Compilation of kinematic data for the Cordilleran orogen for the time between 200 and 50 Ma. Letters A—H refer to the following
arc sectors from north to south: A = Coast Ranges; B = Sierra Nevada; C = Peninsular and Transverse Ranges, Mojave, and northern Mexico;
D = Southeastern Mexico and Central America; E = Northern Andes; F = Peruvian Andes; G = South-Central Andes; H = Southern Andes. Each
diagram contains: (1) kernel density estimates of combined bedrock and detrital zircon age data; (2) trench-orthogonal convergence rates; (3) trench-
parallel displacement rates between down-going oceanic and upper continental plates; and (4) slab age. Black dots in 2—4 are average values and
gray envelopes represent minimum—maximum ranges from a set of three values extracted per arc domain.
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changes in the vigor of subduction-related magmatic activity in
the Cordilleran arc. However, rather than measuring additions
of new crustal material, peaks in zircon age spectra have been
argued to reflect times of reduced destruction by subduction
erosion (Condie et al. 2009, 2011; Hawkesworth et al. 2009,
2010, 2013; Belousova et al. 2010; Cawood et al. 2012). We use
a combination of bedrock ages and detrital zircon ages (from
samples with different depositional age) to compensate for the
fragmentary preservation record of arc magmatism. Hence,
although the igneous suite of a certain age may no longer be

FIGURE 5. Covariance matrix showing Pearson correlation coefficients
for parameters of magmatism and plate kinematics. Letters A—H refer
to the following arc sectors from north to south: A = Coast Ranges; B
= Sierra Nevada; C = Peninsular and Transverse Ranges, Mojave, and
northern Mexico; D = Southeastern Mexico and Central America; E =
Northern Andes; F = Peruvian Andes; G = South-Central Andes; H =
Southern Andes. Red is strong positive correlation; blue is strong negative
correlation. (Color online.)
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preserved in situ due to recycling processes occurring at sub-
duction zones, such as subduction erosion (Clift and Vannucchi
2004; Hawkesworth et al. 2009; Scholl and von Huene 2009),
detrital zircons from sediments in arc-flanking basins may
provide a record of the magmatic activity represented by the
obliterated crust. Intrinsic factors, such as erodibility and zircon
abundance of the source rock, as well as extrinsic factors, such
as erosion (climate, relief, etc.) and transport processes (wind
and drainage patterns, distance of source to sink, etc.) determine
to what degree an igneous source is represented in the detrital
zircon record (Cawood et al. 2012). These factors and the issue
of preservation likely bias the observed abundance relative to the
true abundance in the source area. Hence, the age spectra cannot
be used to quantitatively evaluate the mass balance of igneous
rocks, but can only be used as a general, qualitative indicator of
magmatic arc activity.

Sampling bias. Igneous rocks that are only exposed in remote
or logistically challenging areas will be under-represented in
the bedrock age spectrum, whereas intense sampling of igneous
rocks from small geographic areas can bias the relative signifi-
cance of a peak in the age spectrum. Furthermore, arc-parallel
drainage systems or wind trajectories may potentially introduce
zircons from adjacent sectors, yielding extraneous peaks in the
detrital zircon spectra of a certain arc domain. Trench-parallel
displacements of crustal blocks along strike-slip faults may be
another way of introducing external material to any given arc
sector. Since the boundaries of the eight arc domains are based
on present day geographic location, trench-parallel displace-
ments of crustal fragments, either during or subsequent to the
400-80 Ma observation period, such as those documented in
southern California (Luyendyk et al. 1980; Jackson and Molnar
1990; Nicholson et al. 1994), southern Mexico (e.g., Dickinson
and Lawton 2001; Elias-Herrera and Ortega-Gutiérrez 2002;
Pindell et al. 2012), the south-central Andes (Brown 1993;
Taylor et al. 1998), and the southern Andes (Cembrano et al.
2002; Rosenau et al. 2006), may distort age spectra of these or
adjacent arc domains. Considering that along-arc translations of
the mentioned crustal blocks are usually in the range of a few
hundred kilometers at the most, and that the geographic limits of
individual arc domains mostly coincide with tectonic boundaries,
the effects on age spectra imposed by lateral displacements of
crustal fragments should be relatively minor.

Tectonic setting bias. Our study is concerned with conti-
nental arc magmatism, so we want to compare rocks from the
same tectonic setting. The compiled zircon ages, both igneous
and detrital, are believed to represent magmatic ages, as zircon
ages identified as metamorphic ages by the original investiga-
tors, have been excluded. However, apart from being produced
in continental arc magmas, igneous zircon can also be generated
due to continental collision or rifting (e.g., Hawkesworth et al.
2009). Collisional processes associated with plate reorganizations
during Pangea assembly particularly influence the Northern and
Peruvian Andean sectors at 300-230 Ma (Miskovic et al. 2009;
Spikings et al. 2014), whereas notable episodes of extensional
tectonics are documented in sector D at 215-185 (Centeno-
Garcia et al. 1993; Martini et al. 2010), in sector E at 240-216
Ma (Spikings et al. 2014), in sector F in the Permo-Triassic
(Sempere et al. 2002; Miskovi¢ et al. 2009) and Jurassic (Ramos
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2010), and in sector G at 200-140 Ma. However, magma vol-
umes generated as a result of continental collision are typically
low, and igneous rocks associated with extensional tectonics are
predominantly mafic (Storey 1995) and are thus not expected to
yield large amounts of zircon (Cawood et al. 2012). Island arcs,
which after their formation have collided with the continental
margin, potentially represent additional sources of magmatic
zircon, and can lead to spurious peaks in the zircon age spectra.
Oceanic terranes and island arcs with ages between 400 and 80
Ma are documented in: (1) the Coast Ranges, i.e., the Triassic
Chelan Mountains terrane (Tabor et al. 1989; Matzel et al. 2008);
(2) the Sierra Nevada, i.e., Early Paleozoic and Jurassic intraoce-
anic arc complexes in the eastern Klamath and northern Sierra
terranes (Colpron and Nelson 2009, 2011; Dickinson 2009) and
the Late Paleozoic Golconda Allochthon (Riley et al. 2000); (3)
northern Mexico, i.e., the Early Cretaceous Alisitos arc terrane
(Busby 2004); and (4) southeastern Mexico, i.e., the Middle Ju-
rassic—Lower Cretaceous Guerrero Composite Terrane (Martini
etal. 2011, 2013; Palacios-Garcia and Martini 2014). Accumulat-
ing evidence indicates that both the Alisitos and the Guerrero
Composite Terrane are not far-traveled island arc terranes, but
peripheral arc systems that formed due to subduction-related
extension at the Mexican continental margin (Busby 2004;
Centeno-Garcia et al. 2011 and references therein). In that sense,
magmatism relating to these respective terranes is not exotic with
respect to the continental arc to which these terranes subsequently
accreted, but a result of “accordion” tectonics characteristic of
convergent continental margins (e.g., Collins 2002). However,
the Alisitos and Guerrero fringing arc terranes are not underlain
by continental crust, but by transitional to oceanic crust (Busby
2004; Centeno-Garcia et al. 2011). Hence, compositional data
derived from these domains have to be interpreted with care,
as there can be a bias toward more juvenile compositions. The
contribution of Devonian-aged island arc-derived zircons in the
Sierra Nevada arc domain seems to be only minor, as apparent
from the age compilation (Fig. 1).

Methodological bias. Plutons in continental arcs are often
assembled incrementally (e.g., Barboni et al. 2013; Klemetti and
Clynne 2014). The longevity of silicic magmatic systems can lead
to complex growth of zircon, which may impart a positive age
bias. Furthermore, age analyses acquired by techniques in which
zircons are not treated by chemical abrasion may be affected by
lead loss (e.g., Crowley et al. 2015; Schaltegger et al. 2015),
possibly imparting a negative age bias. For the compilation of
bedrock ages, which are multi-zircon ages (except for Sierra
Nevada bedrock ages) we blindly accept the interpretation of the
original authors that these represent the true crystallization age
of the igneous rock. For detrital zircon data, the statistical ad-
equacy, i.e., to what degree the observed age abundance matches
the corresponding abundance in the sediment, is influenced by
the number of grains analyzed and by the sample preparation
procedure. An artificial bias introduced during sample prepara-
tion and an insufficient number of zircon grains analyzed per
sample may cause certain age populations to go undetected, or
result in spurious peaks in the age spectra (e.g., Dodson et al.
1988; Sircombe 2000; Vermeesch 2004; Andersen 2005). As with
the bedrock data, we have compiled detrital zircon data with no
regard for the statistical robustness of the individual data sets,

KIRSCH ET AL.: TEMPORAL HISTORIES OF CORDILLERAN CONTINENTAL ARCS

thus accepting the methodological choices made by the original
investigators. An additional factor that may influence the distri-
bution of peaks in the age spectra concerns the representation
of age frequency data. For histograms of this study, a constant
bin size of 10 Ma, which corresponds to the average value of
“ideal” bin widths as calculated for every data set using Sturge’s
or Rice’s rule, was chosen to allow a comparison between data
sets. However, because zircon age distributions are neither
smooth nor unimodal, choosing a constant band- or bin-width to
visualize age frequency data may not be appropriate (e.g., Ver-
meesch 2012). Hence, in addition to histograms, kernel density
estimates (KDE) are used for statistical analyses of the age data.
For the calculation of KDE, bandwidths are varied according to
local density, i.e., where data density is low, a large bandwidth
is used resulting in a smoothed distribution, and in parts with
abundant data, a narrower bandwidth is used providing a higher
resolution (Vermeesch 2012). The resulting KDE of the detrital
zircon data sets, each based on 757 data points and more, locally
exhibit frequency variations on the order of ca. 3—5 Ma, whereas
generally low data density in bedrock data results in relatively
large-scale temporal variations in the KDE at a resolution of
ca. 2040 Ma. Hence, the temporal resolution of bedrock data
only allows the identification of large-scale temporal variations
in arc-magmatism.

Geochemical data

Preservation bias. Geochemical data may be biased by the
ages of the material preserved and sampled, so they underlie the
same biases and uncertainties that apply for the age compilations.

Sampling bias. The Alisitos and Guerrero fringing arc ter-
ranes of Triassic to Jurassic age, which cover a substantial area
in arc domains C and D, respectively, are not underlain by con-
tinental crust, but by transitional to oceanic crust (Busby 2004;
Centeno-Garcia et al. 2011), which causes a bias toward more
juvenile compositions in this age interval. Hence, caution should
be used in interpretations concerning crustal vs. mantle compo-
nents in arc magmas as well as estimates of crustal thickness. Slab
window formation, slab tearing or cracking, and slab detachment
may cause upwelling of hotter asthenospheric mantle and associ-
ated adakite-type igneous activity in certain arc segments (e.g.,
Yogodzinski et al. 2001). Compositional data may furthermore
be affected by inboard or outboard migration of the continental
arc due to changes in the angle of the subducting slab, episodes
of subduction erosion, or accretion of terranes. Spatial migra-
tion of the arc may shift the focus of magmatism to areas where
the crust exhibits differing thermal or compositional properties,
potentially introducing artifacts into the compositional data. The
location of continental arcs may be traced by the distribution of
currently exposed igneous rocks, and to a lesser degree by the
distribution of detrital zircon populations. In southeastern Mexico
and Central America, for example, the Carboniferous—Permian
arc seems to spatially coincide with the Jurassic (Nazas) arc,
whereas the Cretaceous arc is located further outboard, due to
the accretion of the Guerrero Composite Terrane in the Early
Cretaceous (Fig. 6).

Tectonic setting bias. In this paper, we intend to compare the
compositions of igneous rocks that are a product of continental
arc magmatism only. Whereas excluding data associated with
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other tectonic settings is difficult for zircon age data, composi-
tional data can be filtered using suitable proxies and threshold
values. For instance, according to Pearce et al. (1984), Yb+Ta
values allow an effective separation of igneous rocks of volcanic
arcs (Yb+Ta < 6) from those of within plate settings and ocean
ridges (Yb+Ta > 6). However, applying this constraint to major
element and isotopic data results in a reduction in the number
of samples by up to 80% (e.g., SiO, values in the Sierra Nevada
sector), caused not by a within-plate signature of the samples,
but predominantly due to the fact that major element and isotopic
data are rarely accompanied by Yb and Ta values. Overall, the
Yb+Ta filter yields negligible changes in the general pattern of
the compositional data. Hence, in Figure 3, the complete and
unfiltered data sets are presented.

Methodological bias. Mafic rocks are notoriously difficult
to date by U-Pb zircon methods, hence, mafic rocks may be
underrepresented in the geochemical data set. However, U-Pb-
zircon constrained data were supplemented by geochemical data
with ages constrained by other means, including *Ar/*°Ar, K/Ar,
Rb-Sr, and Sm-Nd geochronology, and ages estimated using
(bio-)stratigraphic evidence. These dating techniques should
not be greatly affected by magma chemistry. A problem with
DOAr/¥Ar, K/Ar, Rb-Sr, and Sm-Nd geochronology, however, is
an increased risk of daughter isotope loss brought about by low-
grade metamorphism and/or hydrothermal activity post-dating
volcanic and plutonic rock emplacement. This may result in
erroneous ages, i.e., affect the position of data points along the
x(time)-axis, and in the case of Nd and Sr isotopic data, also
along the y-axis, as ages are used to calculate the initial Nd and
Sr compositions. Plotting median values =10 for a moving 10
m.y. average allows for a fast evaluation of trends and degree
of scatter. However, the median and standard deviation of the
compositional data are strongly influenced by the size of bins. A
bin size of 10 m.y. has been chosen for all geochemical proxies
of this study (independent of sample size, to allow comparison
between data sets), as this seems appropriate for an analysis on
this temporal scale, but this precludes the recognition of smaller-
scale compositional variations.

Uncertainties concerning magma source. Continental arc
magmas reflect variable contributions from mantle, crustal,
and subducted reservoirs (e.g., Hildreth and Moorbath 1988;
Hawkesworth et al. 1993; Jones et al. 2015). In this paper the
geochemical proxies Sr/Y and Sm/YDb are in this paper primar-
ily used to estimate magma source depth and crustal thickness
(e.g., Mamani et al. 2010; Chapman et al. 2015; Chiaradia 2015;
Profeta et al. 2015). Magmas of thicker arcs evolve at deeper
average levels, stabilizing amphibole + garnet at the expense
of plagioclase in the mineral assemblage of residual magmas
and partial melts (e.g., Kay 1978; Defant and Drummond 1990;
Mahlburg Kay and Mpodozis 2001). Given the marked affinity of
YD for garnet, Y for garnet and amphibole, and Sr for plagioclase,
higher St/Y and Sm/Yb values arguably indicate amphibole and
garnet-dominated melts sources (either lower crustal residue
or deep mantle), and thus, a thicker crust. However, there are
several additional processes that can have an impact on the Sr/Y
ratio, such as: (1) a contribution of slab melts (e.g., Defant and
Kepezhinskas 2001; Konig et al. 2006; Chiaradia 2015); (2)
plagioclase fractionation; and (3) crustal anatexis producing
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garnet-bearing granites (e.g., Zhang et al. 2012). While adakitic
rocks derived from slab melts are relatively rare in continental
arcs, only rocks with <70 wt% SiO, are plotted for Sr/Y and
(Sm/Yb), to exclude the effect of plagioclase fractionation, and
to exclude highly felsic garnet-bearing granites.

Kinematic data

Our analysis implicitly accepts the respective plate motion
models and the geodynamic concepts upon which these are
based. However, due to the progressive destruction of oceanic
lithosphere by subduction, uncertainties associated with paleo-
geographic reconstructions increase with age. For example, the
link between South America and the subducting Farallon Plate
must be determined indirectly by a series of intermediate rota-
tions, called plate circuits, because subduction has consumed
most of Panthalassa’s oceanic plates (e.g., Seton et al. 2012).
The Farallon-South America plate circuit involves five “hops”
via the Farallon, Pacific, West and East Antarctic, African, and
finally, South American Plates. The link through the Pacific
Plate is only possible for times since the Late Cretaceous, when
seafloor spreading between the Pacific and West Antarctic Plates
was established (e.g., Eagles et al. 2004; Wobbe et al. 2012).
For the time prior to the Late Cretaceous, a hotspot reference
system must be used for the Pacific Plate (Seton et al. 2012). The
Early Cretaceous separation of Patagonia from Africa involved
substantial intracontinental extension, which led to misfits in the
South Atlantic plate reconstruction. Several models have been
proposed to minimize uncertainties in the block rotation between
Patagonia and South America (e.g., Eagles 2007; Torsvik et al.
2009; Heine et al. 2013), but they show large discrepancies.
Similar problems exist for other portions of the Cordilleran
margin. Plate kinematic parameters used in this paper must thus
be considered with care and applied to first-order processes only.

DISCUSSION

Testing of models

There are two schools of thought on what governs the epi-
sodic behavior of arc systems. One set of models invokes events
outside the arc, such as plate reconfigurations and changes in
mantle flow and/or magma production as the ultimate driver of
magmatic activity in arcs (e.g., Armstrong 1988; Hughes and
Mahood 2008; Zellmer 2008; de Silva et al. 2015), whereas
another set of models is based on arc-internal feedback processes
involving magmatic/tectonic crustal thickening, crustal melting,
and delamination (Karlstrom et al. 1993; Ducea 2001; DeCelles
et al. 2009, 2015; Karlstrom et al. 2014; Chin et al. 2015; Cao
et al. 2016). These sets of models predict differences in terms
of the spatial distribution and the temporal scale of magmatic
activity as well as the relationship between magmatic activity
and magma composition, and kinematic parameters, respectively.
More specifically, if arc systems were externally controlled,
i.e., governed by parameters of the down-going plate, such as
convergence rate, age, and subduction angle, flare-ups and lulls
in magmatic activity would likely be widely distributed along
the arc and occur as distinct (random) events that may coincide
with periods of global plate reorganization. In contrast, models
invoking an internal forcing should be independent of plate
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parameters, and are often characterized by cyclic behavior, i.e.,
events recurring at regular intervals. Flare-ups and lulls would
also be spatially limited, because, depending on the crustal
architecture of the arc sector, different parts may be at different
stages in the cycle at any given time. Furthermore, arc-internal
processes, such as crustal thickening, delamination, etc., predict
changes in arc chemistry that should correspond to variations in
magmatic activity, whereas no such correlation is expected in
the case of an external forcing. These criteria are discussed in
the following sections.

Spatial and temporal pattern

The distribution of U/Pb bedrock and detrital zircon ages,
used as a proxy for the timing of magmatic accretion, shows a
great variability in the spatial scales of Cordilleran magmatic arc
activity (Fig. 2). Some minima and maxima are nearly synchro-
nous for thousands of kilometers along the arc. Other peaks and
troughs, although the period may be the same, are “shifted” by
up to 30 m.y. from one sector to the next (e.g., Permo-Triassic
flare-up and lull in sector B and C). On one hand, these features
suggest an external, i.e., plate tectonic influence on Cordilleran
arc magmatism; on the other, they highlight the importance of
internal feedback processes operating independently in different
sectors due to distinct crustal properties.

Previous studies in Cordilleran magmatic arcs suggest that
flare-up events occur with a periodicity of 25-45 m.y. in the
Central Andes (Haschke et al. 2006), and 20—-50 m.y. in different
parts of the North American Cordilleras (Barton 1996; Ducea
2001; Gehrels et al. 2009; Mahoney et al. 2009; Paterson et
al. 2011; Barth et al. 2013; DeCelles et al. 2015). Our analysis
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shows that while periods between 20 and 50 m.y. are present in
the data set, a period of ca. 60 to 80 m.y. is more prominent in
the Cordilleran orogen, although the relative magnitude of this
periodicity is highly variable for different sectors. In models
advocating internal feedback processes in the upper plate as
a control of arc magmatism, the periodicity signal is often at-
tributed to a cyclic development and subsequent removal of a
crustal arc root (e.g., Ducea 2001; DeCelles et al. 2009, 2015;
Karlstrom et al. 2014; Chin et al. 2015). According to a recent
numerical model (Lee and Anderson 2015), which does not factor
in tectonics or erosion, these processes have a period of 10-30
million years. The presence or absence of a periodic component
in itself may be diagnostic of either an internal or an external
control on arc magmatism, respectively. Although supercontinent
formation, too, has been suggested to be cyclic (Nance et al. 2014
and references therein), it exhibits a period of 250-320 m.y. and
hence it is not directly apparent in the lifetime of Cordilleran
arcs. However, processes associated with the fragmentation and
assembly of supercontinents may register as distinct events in
the record of magmatic activity that may be superimposed on
any cyclicity, or even cause cycles to become interrupted or (re-)
initiated. The observed variability in period and magnitude are
likely a consequence of a superposition of different processes,
both cyclic and random.

Relationship with magma chemistry

Annen et al. (2006) state that although melt production in the
lower crust strongly depends on emplacement rate of mantle-
derived basalt, crustal melting is limited by the availability
of fertile crust that can be partially melted. In the model by

FIGURE 6. Tectonic map showing the principal geologic features of southeastern Mexico and Central America (Keppie 2004; Dowe et al. 2005;
Helbig et al. 2012b). Colored squares indicate the location and age of igneous rocks. Pie-charts show detrital zircon age populations between 400

and 80 Ma. (Color online.)
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DeCelles et al. (2009, 2015) the availability of fertile crustal
material is the driving force of magmatic episodicity. Accord-
ing to this model, periods of high arc magma production in the
continental arc are fueled by underthrusting of forearc and/or
retroarc lithosphere, which may also be brought about by slab
shallowing (Chapman et al. 2013) or increased plate conver-
gence (DeCelles et al. 2015). Hence, the correlation between
convergence rates and continental arc magmatism apparent in
our data can also be interpreted to reflect a relationship between
convergence rates and the rate at which melt-fertile continental
lithosphere is fed into the zone of high heat flux and melting
(DeCelles et al. 2015). In terms of arc magma geochemistry,
this crustal thickening model predicts SiO,, ¥’Sr/*Sr;, St/Y, and
(Sm/Yb), to be proportional, and eNd; inversely proportional,
to arc magma production (DeCelles et al. 2009). The presented
geochemical data in this paper generally shows a good corre-
lation between geochemistry and arc magma production, but
with notable limitations: (1) In the Sierra Nevada, the expected
increase in ¥Sr/*Sr;, Sr/Y, and (Sm/YDb), during flare-ups is
not as pronounced for the Triassic and Jurassic flare-up event
as for the Cretaceous event. Accordingly, numerical modeling
suggests that crustal thickening was not as pronounced for the
pre-Cretaceous flare-up events (Cao et al. 2016). Furthermore,
the Early Cretaceous marks a period of high variation in St/Y
and (Sm/Yb), ratios that finds no expression in the age spec-
trum. (2) The Peninsular Ranges and northern Mexico sector
shows an anti-correlation between SiO, and zircon age density
estimates for the time prior to ca. 130 Ma. Moreover, there
are short periods of elevated Sr/Y and (Sm/YDb), ratios during
magmatic lulls. (3) Southeastern Mexico and Central America
exhibit relatively low SiO,, high éNd,, and low (Sm/Yb), during
the Carboniferous flare-up event. In addition, the Triassic lull
is characterized by low eNd; and high ¥Sr/*¢Sr;.

These observations suggest that not every flare-up event
is associated with thick crust, and not every lull is associated
with thin crust, so other factors apart from a periodic modula-
tion of crustal thickness may be important in governing the
rates of magma production in continental arcs. Even if age
and geochemical patterns show the correlation predicted by
crustal thickening and ensuing delamination of arc roots, these
mechanisms may not be the only explanation. Instead, increases
in Si0,, ¥’Sr/*Sr;, Sr/Y, and (Sm/YDb), and a decrease in eNd;
may reflect a migration of the arc through crust with differ-
ent properties. In the Peninsular Ranges Batholith, where the
Cretaceous flare-up event is marked by a west—east progression
from an oceanic arc to a continental arc setting (e.g., Morton et
al. 2014), overall chemical changes within this corridor (Fig.
3b) are likely the result of an associated increased proportion
of assimilated continental material. Hence, the flare-up event
may not have been triggered by crustal thickening, but by an
increase in mantle input (Paterson et al. 2016).

Relationship with plate parameters

The source region for arc magmas is located in the mantle
beneath the arc, where melts are generated as a result of fluid
release from the subducted slab (e.g., Gill 1981; Arculus 1994;
Tatsumi and Eggins 1995) and mantle decompression caused
by subduction-induced corner-flow (e.g., Elkins Tanton et al.
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2001; England and Katz 2010). Next to lithospheric thickness
of the overriding plate, which may determine the length of the
melting column in the mantle wedge (e.g., England et al. 2004;
Karlstrom et al. 2014; Chin et al. 2015), subduction parameters
such as convergence rate or slab age have also been proposed
to influence the wedge thermal structure and extent of melting
beneath arcs (Peacock 1990; Iwamori 1998; Hebert et al. 2009;
England and Katz 2010; Turner and Langmuir 2015a, 2015b).
Higher convergence rates have been shown to: (1) lead to more
vigorous hydration of the mantle wedge causing increased melt-
ing (e.g., Cagnioncle et al. 2007; Plank et al. 2009), and/or (2)
increase the flux of hot mantle into the wedge corner, raising the
temperature and causing increased melt formation beneath the arc
(England and Wilkins 2004; England and Katz 2010; Turner and
Langmuir 2015a, 2015b). In terms of the age of the ocean floor,
two competing processes may invoke magma formation in the
mantle: fluid fluxing (proportional to age; e.g., Leeman 1996;
Hebert et al. 2009) and thermal gradient (inversely proportional
with age; e.g., England et al. 2004).

Igneous rocks with mafic-ultramafic composition that are
in equilibrium with the mantle wedge are scarce in exposed
portions of continental arcs due to density filtering and internal
modification processes of ascending magmas in the continental
crust, mainly by a combination of fractional crystallization of pri-
mary magmas, and partial melting and/or assimilation of crustal
material (DePaolo 1981b; Hildreth and Moorbath 1988; Tatsumi
and Stern 2006). The majority of models for the generation of
intermediate melts characteristic of continental arcs invokes
processes occurring at lower crustal depth, such as underplating,
or the intrusion of mafic magma in the form of'sills and/or dikes
(Huppert and Sparks 1988; Bergantz 1989; Petford and Gallagher
2001; Annen and Sparks 2002; Jackson et al. 2003; Annen et al.
2006; Otamendi et al. 2009, 2012; Jagoutz 2010). The extent
to which magma production in the mantle influences the rate
at which magmas migrate to upper crustal levels is an issue of
much controversy (e.g., de Silva et al. 2015). Numerical models
show that, to a first order, a higher basalt emplacement rate into
the lower crust leads to an increase in the production of residual
melts (due to crystallization of basalt) and partial melts (Bergantz
1989; Barboza et al. 1999; Barboza and Bergantz 2000; Dufek
and Bergantz 2005; Annen et al. 2006), although it is known that
magma transfer rates through the crust are also dependent on
other second-order factors, such as the initial geotherm as well
as crustal thickness, stress state, density, and composition (e.g.,
Lima et al. 2012; Chaussard and Amelung 2014).

If convergence rates and plate ages governed melt production
in the mantle wedge, and if the magma transferred to the middle
and upper crust was proportional to the magma advected from
the mantle wedge (e.g., Zellmer and Annen 2008), there should
be a correlation between plate parameters and magmatic arc
activity. Although some studies (e.g., Armstrong 1988; Hughes
and Mahood 2008; Zellmer 2008) provide evidence of such
a correlation, others (e.g., Ducea 2001; DeCelles et al. 2009,
2015; Cao et al. 2016) have negated such a link, because flare-up
events in some parts of the Cordillera are seemingly out of sync
with peaks in convergence rates. However, the latter studies are
based on spatially and temporally limited geochronological and
plate motion data (e.g., Engebretson et al. 1985; Pardo Casas
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and Molnar 1987; Somoza 1998; Sdrolias and Miiller 2006).
Our compilation of geochronological data and plate parameters
extracted from a modern global plate motion model (Seton et al.
2012) that extends back to 200 Ma allows us to re-evaluate the
strength of this relationship on a broader scale. The data show
that the degree of correlation between orthogonal convergence
rates and age spectra is generally poor, but highly variable from
one Cordilleran arc sector to the next. However, if variable lag
times (up to 10 m.y.) are introduced to account for an incubation
period or thermal lag as the system adapts to a new configuration
between magmatic episodes (e.g., Annen et al. 2006; de Silva
et al. 2006; Mamani et al. 2010; Paterson and Ducea 2015), it
leads to a notable increase (up to 2.0 times) in the correlation
coefficient for several sectors, resulting in a moderate (0.3 <r <
0.5) to high (0.5 <r < 1.0) degree of correlation for all sectors
but the southeastern Mexican (Fig. 7). For pre-Jurassic times,
no plate parameters can be extracted due to the lack of a reliable
plate model, but certain maxima and minima in the along-arc age
correlation chart (Fig. 2) coincide with known tectonic events
along the Pacific margin of Pangea, such as: (1) the onset of the
Pan-Pacific Gondwanide Orogeny at ca. 300 Ma (e.g., Cawood
2005; Cawood and Buchan 2007); (2) the closure of the Pan-
thalassan Gondwana suture at ca. 250 Ma (Scotese 1997; Cocks
and Torsvik 2002; Stampfli and Borel 2002; Murphy and Nance
2008); and (3) the opening of the central Atlantic and dispersal of
Gondwana at ca. 200 Ma (Nance et al. 2012; Seton et al. 2012;
Keppie 2015). These events are associated with global plate
kinematic reorganization, affecting the direction and speed of
plate convergence along the Cordilleran orogen. A major plate
reorganization event also occurred at ca. 100 Ma (Matthews et
al. 2012), which may have triggered the Cretaceous flare-up
events in the Northern Cordilleran sectors (Fig. 2). Together,
these data suggest that a possible link between arc-external events
and magmatic episodicity should be re-evaluated and once again
explored as larger and more precise geochronological and plate
kinematic data sets become available.

Future research

The geochronological, geochemical, and plate kinematic
database that form the foundation of this study are a work in prog-
ress. Increasing the sample size as more data become available,
adding more geochemical/isotopic proxies, and amplifying the
temporal and spatial range will allow more rigorous interpreta-
tions of these large data sets in terms of characterizing episodic
arc magmatism and testing model predictions. To minimize the
sampling bias, time-dependent magma addition rates need to be
determined from retro-deformed surface areas of magmatic rocks
and geobarometric data (Matzel et al. 2006; Paterson et al. 2011;
Memeti et al. 2014; Paterson and Ducea 2015). Lithospheric
stress state is a crucial parameter in models of arc magmatism
(e.g., DeCelles et al. 2009, 2015) and a controlling factor for
magma ascent; hence establishing structural databases is essential
to estimate rates of tectonic shortening. Another critical aspect
concerns the temporal record of island arc magmatism. Lack-
ing the density filter of thick continental crust, oceanic arcs can
provide a simpler, more direct way of studying cause and effect,
so obtaining large temporal records for island arcs would be de-
sirable. However, this is a difficult task, because island arcs are
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often short-lived, usually poorly preserved, and predominantly
mafic, the latter of which makes them harder to date by zircon
geochronology. Preliminary age records from the Talkeetna,
Aleutian, and Kohistan island arcs (Paterson and Ducea 2015),
however, show a certain degree of episodicity, suggesting that
plate parameters and the availability of mantle melts play a big
part in governing arc magmatism, irrespective of the thickness
and composition of the upper plate. Oceanic arcs can also be used
to estimate the background magma production rate of continental
arcs. Recent studies have shown that magma production rates
in intraoceanic arcs are comparable to the volumes of magma
produced during flare-ups in continental arcs (Jicha and Jagoutz
2015). This means that instead of finding a process to explain
increased magma production during flare-ups, a mechanism is
needed to temporarily suppress magma production in continental
arcs, such as flat slab subduction (e.g., McGeary et al. 1985;
Gutscher et al. 2000; Stern 2004).

IMPLICATIONS

We examine large geochronological, geochemical, and ki-
nematic data sets for the Cordilleran orogen as a means to test
existing models for episodic magmatism in continental arcs.
Bedrock and detrital U-Pb zircon age distributions, which have
been shown to be qualitative indicators of magmatic activity
within the arc, show a clear non-steady-state pattern of vari-
able temporal and spatial scales. Whereas most flare-up events
are discrete in time and space, some are synchronous for many
thousand kilometers along arc-strike, and a moderate periodic-
ity between 60 and 80 m.y. is apparent in certain portions of the
Cordilleran orogen. Covariations between arc magma chemistry
and magmatic arc activity suggest crustal thickening during
flare-up events, but arc migration poses a challenge, as it can
produce similar geochemical patterns. Kinematic data based on
recent global plate reconstructions provide a means of evaluating
mantle heat input. The correlation between orthogonal conver-
gence rate and Cordilleran arc activity as well as the coincidence
between certain flare-up events and lulls with global events of
plate tectonic reorganization demonstrates that an external con-

FIGURE 7. Effect of lag time on Pearson correlation coefficients
between age composite and orthogonal convergence rate. Letters A-H
refer to the following arc sectors from north to south: A= Coast Ranges;
B = Sierra Nevada; C = Peninsular and Transverse Ranges, Mojave, and
northern Mexico; D = Southeastern Mexico and Central America; E =
Northern Andes; F = Peruvian Andes; G = South-Central Andes; H =
Southern Andes. Arc sectors represented by bold lines show an increase
in correlation coefficients with variable lag times.
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trol of continental arc magmatism should be reevaluated. Our
results suggest that the driving mechanisms for flare-ups/lulls
vary along this Mesozoic arc and that second-order effects vary
between flare-ups and arc segments.
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