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Abstract

Continental arcs in Cordilleran orogenic systems display episodic changes in magma
production rate, alternating between flare ups (70-90 km® km™ Myr™!) and lulls (< 20 km? km!
Myr!) on timescales of tens of millions of years. Arc segments or individual magmatic suites
may have even higher rates, up several 100s of km?® km™ Myr’!, during flare ups. These rates are
largely determined by estimating volumes of arc crust, but do not reflect melt production from
the mantle. The bulk of mantle-derived magmas are recycled back into the mantle by
delamination of arc roots after differentiation in the deep crust. Mantle-derived melt production
rates for continental arcs are estimated to be 140-215 km? km™ Myr™! during flare ups and < 15
km? km™ Myr! during lulls. Melt production rates averaged over multiple magmatic cycles are
consistent with independent estimates for partial melting of the mantle wedge in subduction
zones, however, the rates during flare ups and lulls are both anomalously high and anomalously
low, respectively. The difference in mantle-derived melt production between flare ups and lulls
is larger than predicted by petrologic and numerical models that explore the range of globally
observed subduction parameters (e.g., convergence rate, height of the mantle wedge). This
suggests that other processes are required to increase magmatism during flare ups and suppress
magmatism during lulls. There are many viable explanations, but one possibility is that
crystallized melts from the asthenospheric mantle wedge are temporarily stored in the deep
lithosphere during lulls and then remobilized during flare ups. Basaltic melts may stall in the
mantle lithosphere in inactive parts of the arc system, like the back-arc, refertilizing the mantle
lithosphere and suppressing melt delivery to the lower crust. Subsequent landward arc migration
(i.e., toward the interior of the continent) may encounter such refertilized mantle lithosphere

magma source regions, contributing to magmatic activity during a flare up. A review of
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continental arcs globally suggests that flare ups commonly coincide with landward arc migration
and that this migration may start tens of millions of years before the flare up occurs. The region
of magmatic activity, or arc width, can also expand significantly during a flare up. Arc
migration or expansion into different mantle source regions and across lithospheric and crustal
boundaries can cause temporal shifts in the radiogenic isotopic composition of magmatism. In
the absence of arc migration, temporal shifts are more muted. Isotopic studies of mantle
xenoliths and exposures of deep arc crust suggest that that primary, mantle-derived magmas
generated during flare ups reflect substantial contributions from the subcontinental mantle
lithosphere. Arc migration may be caused by a variety of mechanisms, including slab anchoring
or slab folding in the mantle transition zone that could generate changes in slab dip. Episodic
slab shallowing is associated with many tectonic processes in Cordilleran orogenic systems, like
alternations between shortening and extension in the upper plate. Studies of arc migration may
help to link irregular magmatic production in continental arcs with geodynamic models for

orogenic cyclicity.

1. Introduction

Despite up to hundreds of millions of years of relatively stable plate margin
configurations (e.g., North and South American Cordillera), magma production in continental
arcs is highly episodic with repeated intervals of increased magma production, called flare ups,
alternating with intervals of decreased magma production, called lulls (Armstrong, 1988; Ducea
et al., 2015a; Paterson and Ducea, 2015; Kirsch et al., 2016). The pattern or pace of this episodic
behavior is called an “arc tempo” and occurs at spatial and temporal scales ranging from

individual volcanic buildups to the assembly and dispersal of supercontinents (de Silva et al.,
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2015; Ducea et al., 2015a; Paterson and Ducea, 2015; Cao et al., 2017). In this contribution, we
focus on magmatic flare ups that occur at intervals of a few 10s of millions of years to several
10s of millions of years (Ducea et al., 2015a; Paterson and Ducea, 2015; Kirsch et al., 2016) and
affect large segments of continental arc systems, up to 1000s of km along strike. What causes
flare ups and episodic behavior in subduction systems is among the most fundamental,
outstanding questions in the Earth Sciences (Huntington et al., 2018; Yoder et al., 2020).
Understanding the origin of flare ups is consequential for many reasons, including evaluating the
causes of long-term climate change (e.g., Lee and Lackey, 2015; McKenzie et al., 2016; Cao et
al., 2017; Ratschbacher et al., 2019), explaining the distribution of natural resources (e.g., Yang
and Santosh, 2015; Sillitoe, 2018), and deciphering the geodynamics of convergent margins
(e.g., DeCelles et al., 2009).

Mesozoic and younger examples of continental arc systems that exhibit episodic
magmatic behavior include the Coast Mountains batholith (e.g., Gehrels et al., 2009; Beranek et
al., 2017; Cecil et al., 2018), North Cascades arc (e.g., Shea et al., 2018), Sierra Nevada batholith
(e.g., Ducea, 2001; Attia et al., 2020), Peninsular Ranges batholith (e.g., Kistler et al., 2003;
2014; Jiang and Lee, 2017), Trans-Mexican belt (e.g., Ferrari et al., 2002; Cavazos-Tovar et al.,
2020), Panama-Colombian arc (e.g., Cardona et al., 2018; Rodriguez et al., 2018), Ecuadoran arc
(e.g., Schiitte et al., 2010), Peruvian Coastal batholith (e.g., Martinez-Ardila et al., 2019), central
Andean arc (e.g., DeCelles et al., 2009; 2015), Chilean Coastal batholith (e.g., Martinez-Ardila et
al., 2019), North Patagonia batholith (e.g., Gianni et al., 2018), Antarctic Peninsula to Marie
Byrd Land (e.g., Riley et al., 2018), Median batholith in New Zealand (e.g., Schwartz et al., in
press), Sumatran arc (e.g., Zhang et al., 2019), Wuntho-Popa arc in Myanmar (e.g., Licht et al.,

2020); Gangdese batholith (e.g., Ji et al., 2009; Kapp and DeCelles, 2019), South Pamir batholith
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(e.g., Chapman et al., 2018); Urumieh—Dokhtar belt in Iran (e.g., Sepidbar et al., 2018;
Chaharlang et al., 2020), Anatolian volcanic province (e.g., Schleiffarth et al., 2018), South
China continental arc (e.g., Li et al., 2012), Korean Peninsula (e.g., Cheong and Jo, 2020), and
Kamchatka arc (e.g., Akinin et al., 2020). Many Paleozoic (e.g., Famatinian arc, Argentina;
Otamendi et al., 2012; the Anti-Atlas; Triantafyllou et al., 2020) to Late Proterozoic (e.g.,
Cadomian arc, Iran, Moghadam et al., 2017; West Gondwana, Ganade et al., 2014, 2021)
examples also exist. These examples are chiefly associated with strongly convergent or
advancing Cordilleran orogenic systems, which distinguishes them from retreating or extensional
subduction zones that are characterized by long-term slab rollback, upper plate extension, and
the formation of new oceanic crust (e.g., Tasmanides; Cawood et al., 2009; Kemp et al., 2009).
Often referred to as “accretionary orogens” (Glen, 2013: Rosenbaum, 2018), these systems
exhibit increased magmatic activity during periods of slab rollback and extension, but “flare up”
terminology is generally not used when describing them (Collins, 2002; Collins and Richards,
2008).

The term “flare up” is commonly used to describe two different magmatic processes in
strongly convergent Cordilleran orogens that both operate on similar time scales, a few millions
of years to several tens of millions of years, leading to confusion. The original usage of “flare
up” describes the eruption of large volumes of silicic ignimbrites in orogenic interiors, far inland
from the plate margin (Lipman et al., 1971; Noble, 1972). In this scenario, the distinction
between arc and back arc is lost and magmatic activity occurs across a very broad area, up to
several hundred km inland from the trench (Best et al. 2016). These flare ups are often
associated with continental plateau formation, slab roll-back, delamination, and/or extension

(Ferrari et al., 2002; Farmer et al., 2008; Best et al., 2009). The Neogene ignimbrite flare up in
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the Altiplano-Puna orogenic plateau (e.g., de Silva and Kay, 2018) and the mid-Cenozoic
ignimbrite flare up in North America (e.g., Best et al., 2016) are well-known examples. The
second type of flare up, and the focus of the present review, occurs in the primary or frontal arc
of Cordilleran orogens and is thought to lead to the development of large coastal batholiths and
mafic-to-ultramafic residual assemblages (e.g., Ducea, 2001). The term “high-flux episode” or
“high-flux event” is sometimes used to help distinguish arc flare ups from ignimbrite-type flare
ups (DeCelles et al., 2009), but the terms all continue to be used interchangeably throughout the
literature. Despite the geodynamic differences between the two types of flare ups, there may be
petrogenetic similarities, which are discussed in Section 8.

Episodic patterns of magmatic activity have long been recognized in Cordilleran orogenic
systems (e.g., Coira et al., 1982; Armstrong, 1988), but there was a resurgence of interest in
continental arc tempos when flare ups were observed to coincide with a shift to more evolved
radiogenic isotopic compositions, which was hypothesized to have been caused by
underthrusting of melt-fertile continental lithosphere into the arc source region (Ducea, 2001;
Haschke et al., 2002; Ducea and Barton, 2007). This hypothesis was subsequently developed
into a conceptual model, called the “Cordilleran cycle,” that links arc flare ups with a series of
upper plate processes in Cordilleran orogens, including contractional to extensional deformation
of orogenic interiors, propagation of the retroarc thrust belt, foreland basin development, arc root
delamination, crustal thickening, surface uplift, forearc subsidence, and accretionary wedge
exhumation (DeCelles et al., 2009; 2015; DeCelles and Graham, 2015; Ducea et al. 2015a). This
model, and its emphasis on the feedbacks between magmatism, tectonics, and lithospheric
evolution, is highly influential in the tectonics community, but has been challenged by a number

of recent studies that present new or evolving views on the causes and nature of arc flare ups and
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magmatic lulls (Cope et al., 2017; Decker et al., 2017; Ducea et al., 2017; Cecil et al., 2019;
Chapman and Ducea, 2019; Martinez-Ardila et al., 2019; Attia et al., 2020; Klein et al., 2020;
Yang et al., 2020; Schwartz et al., in press).

Besides the Cordilleran cycle model, few studies have presented physical processes or
mechanisms that can explain what causes episodic behavior across multiple arc systems. A
commonly cited alternative is that semi-episodic changes in plate convergence rates may cause
flare ups and magmatic lulls (Hughes and Mahood, 2008; Zellmer, 2008), although where
available, data do not support this hypothesis (e.g., Ducea, 2001; DeCelles et al., 2009; Kirsch et
al., 2016; Cecil et al., 2018; Zhang et al., 2019). Other alternatives include underplating related
to subduction erosion (e.g., Kay et al., 2005; Chapman et al., 2013; 2014), arc migration
(Chapman and Ducea, 2019), and punctuated melt extraction from the lower crust (Ducea et al.,
2020b). Many additional factors affect magma production rates in subduction systems, including
volatile release from the slab, mantle convection rates, and the height of the mantle wedge above
the slab (e.g., Plank and Langmuir, 1988; Turner and Langmuir, 2015). These factors have been
listed as possibilities to explain flare ups and lulls (e.g., Chapman and Ducea, 2019; Martinez-
Ardila et al., 2019), but they have not been rigorously evaluated as a driver of arc tempos.

All magmatic flare ups are unique on some level and there are numerous processes that
have been proposed to explain individual arc flare ups. We focus on commonalities between arc
systems and the mechanisms that can explain flare ups in multiple continental arcs. Perhaps all
flare ups are singular, “one-off,” events in Earth history, but temporal patterns and shared
characteristics suggest that many flare ups could have a common cause. In the first part of this
review, we examine convergent continental arcs globally to evaluate what that common cause

may be. In the second part of this review, we investigate the role of arc migration in modulating
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magma production rates. Flare ups may also occur in stationary, non-migrating, continental arcs
(e.g., Jurassic Sierra Nevada arc; Chen and Moore, 1982; Cecil et al., 2012), in which case
additional processes may be needed, which are not explored here. The paper concludes with the
presentation of a conceptual model that explores how flare ups and magmatic lulls could be
related to arc migration and discusses how this concept can be integrated into existing

geodynamic models.

2. Definitions and characteristics of flare ups

There is no universally agreed-upon definition or threshold for a magmatic event to be
called a “flare up,” in large part because episodic magmatic activity in continental arcs occurs at
a wide range of spatial and temporal scales (de Silva et al., 2015) and is never steady-state. In
this review, we focus on flare ups that are approximately synchronous for 100s to 1000s of km
along strike in continental arc systems (e.g., Cretaceous flare up in the Peninsular Ranges
batholith; Kistler et al. 2014). Detailed studies of smaller arc segments reveal greater variation
in periods of increased magmatic activity that may be unique to that segment or be temporally
offset from neighboring segments (e.g., Coast Mountains batholith; Cecil et al., 2018). This
suggests that flare ups are rarely ever truly synchronous over long distances and helps to explain,
in part, the difficulty in comparing the duration of flare ups from one arc system to the next, or
from one study to another. This also suggests that reported flare up duration should scale with
the length of the arc segment considered. For example, Zhang et al. (2019) estimated the
Paleogene flare up event for the entire Neo-Tethyan margin (ca. 6,000 km) to have lasted ~25
Myr, whereas the same flare up event in Sumatra (ca. 500 km arc length) lasted ~5 Myr. On

average, studies of continental arc systems that have produced flare up events report flare up



185  durations from 10-25 Myr (see Fig. 1 for a compilation). Detailed geochronological studies
186  (e.g., zircon U-Pb CA-TIMS) of flare ups in arc segments suggest that the bulk of flare up

187  magmatism is emplaced within even shorter time scales (< 5 Myr) (e.g., Median batholith,

188  Schwartz et al., 2017; Famatinian arc, Ducea et al., 2017). However, the methods employed to
189  define flare up duration varies from study to study and there is no standardized method for

190  constraining how long flare ups last. Most of the studies examined as part of this review report
191  flare up duration based on a range of ages in which the majority of age data are located (e.g.,
192  using histograms or density functions). Mathematically, this is roughly equivalent to reporting
193  standard deviation from normally distributed age populations, which does not include age

194  distribution “tails” within the reported flare up duration. In addition, the method used to define
195  the “majority” of age data (e.g., 1o or 20) is rarely reported. Similar to flare ups, the durations of
196  magmatic lulls are ill-defined, and have been reported to last anywhere from 5-70 Myr in arc
197  systems that experienced multiple flare ups (Fig. 1). Future research into the duration of flare
198  ups and lulls, scaled with the length of arc segments, will be a fruitful avenue of inquiry.

199 Continental arcs that have experienced multiple flare ups generally exhibit episodic

200  behavior at intervals of 25-80 Myr (Fig. 1), which is a slightly larger range than reported in

201  previous compilations (30-70 Myr, DeCelles et al., 2009; Paterson and Ducea, 2015). Unlike
202  flare up duration, the interval between flare ups is more easily defined using peak positions in
203  age populations. Some previous studies have suggested that repeated flare ups may be truly
204  periodic, occurring at regular intervals of time, which has also been called cyclical magmatism
205  (DeCelles et al., 2009). However, more recent studies have shown that repeated flare up events
206  are rarely, if ever, periodic, and are more accurately described as episodic, reoccurring at

207  irregular intervals of time (Paterson and Ducea, 2015; Kirsch et al., 2016; this study). The term
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“cyclical” to describe repeated flare ups is problematic because it implies periodicity and the
term is now widely used to describe a chain of events or processes that may lead to an arc flare
up (e.g., the Cordilleran cycle, Andean cycle, Wilson cycle), but which do not necessarily
produce periodic arc behavior. Thus, we reserve the term cyclical to describe tectonic or
geodynamic models that incorporate a repeating series of linked processes and use the term
episodic to describe arc tempos in general.

Continental arc flare ups are generally defined using either age data alone or magmatic
addition rates. In this study, we employ magmatic addition rates to compare flare ups and
exclusively report “bedrock” igneous rock ages (i.e., not detrital geochronological data). The
term magmatic addition rate has been defined in various ways in the past (see review in Paterson
and Ducea, 2015), but is used here as an all-inclusive term for any calculation that combines
volumetric and age data. There are four main types of magmatic addition rates in common usage
(Table 1). The first is an areal addition rate, which has the units km? My and is calculated
using the areal (map-view) extents of arc rocks. Cecil et al. (2018) provide a comprehensive
description on the methodology for this method. The second type is a volume addition rate that
has units of km* My and is calculated using both areal and depth extents (or estimates) of arc
rocks. Constraints on depth extents can be estimated from tilted arc crustal sections, geophysical
data, or other independent datasets (e.g., Crisp, 1984). The third and fourth types of magmatic
addition rates normalize volume addition rates using arc length (parallel to trench) alone or using
both arc length and arc width (perpendicular to trench). Volume addition rates normalized by arc
length have the units km?® km™ My!, are the most widely reported type of magmatic addition rate
(Reymer and Schubert, 1984; Gehrels et al., 2009; Jicha and Jagoutz, 2015; Paterson and Ducea,

2015; deSilva and Kay, 2018), and is used throughout this paper. Rates reported in previous
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publications with different units are converted for comparison purposes. The units km? km'!
Myr! are sometimes referred to as an Armstrong unit (AU), and for arc crust production, 1 AU =
30 km?® km™ Myr! (DeCelles et al., 2009). Ratschbacher et al. (2019) recognized that arc width
is not constant throughout the life of an arc system (e.g., Cao et al., 2017) and normalized
volume addition rates by arc length and arc width, with the units km® km? My!. Arc width
varies from arc to arc and throughout time, but the global average is ca. 100 km (de Bremond
d'Ars et al., 1995).

Regardless of the type of magmatic addition rate employed, the most robust estimates
consider the effects of erosion and deformation — resulting in changes in arc dimensions,
magmatic activity from the forearc to the backarc, and contributions from both volcanic and
intrusive magmatism (e.g., Jicha and Jagoutz, 2015; Ratschbacher et al., 2019). For continental
arc flare ups, magmatic addition rates are most commonly used to describe all igneous arc rocks,
regardless of whether the rocks were produced from the mantle or reworking of pre-existing
crust (e.g., Paterson and Ducea, 2015). We refer to this usage as arc crust production rate (see
Section 6 and Table 1). Arc crust production is different from continental crust formation (e.g.,
Jagoutz and Kelemen, 2015), which only considers mantle-derived additions to the crust. The
fraction of arc crust produced by the mantle has been called a mantle-derived magmatic addition
rate (e.g., Ratschbacher et al., 2019). We introduce a new term, mantle-derived melt production
rate (see Section 7), to describe the amount of melt produced in the mantle wedge, inclusive of
the asthenospheric and lithospheric mantle. This term is different from mantle-derived magmatic
addition rate because it includes all melt/magma generation, not just the fraction of that
melt/magma that becomes a “permanent” part of the continental crust. The most significant

difference between the two terms is the inclusion of arc rocks that are recycled back into the
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mantle, chiefly by delamination of arc roots, in mantle-derived melt production rates. This value
(mantle-derived melt production rate) was called magmatic addition/production for intraoceanic
island arc systems by Jicha and Jagoutz (2015), but we avoid that term to prevent confusion with

other magmatic addition rate terminology.

3. Radiogenic isotopes and the role of the mantle

Changes in the radiogenic isotopic composition of magmatism during arc flare ups have
been one of the most closely examined aspects of the Cordilleran cycle model. A key tenet of
the model is that continental arc magmatism shifts to more evolved isotopic compositions (e.g.,
more negative eNd and eHf, more positive 3’Sr/*®Sr) during flare ups, which is attributed to
retroarc underthrusting and introduction of isotopically evolved, melt-fertile continental crust or
lithosphere into the arc source region (Ducea, 2001; Ducea and Barton, 2007; DeCelles et al.,
2009; 2015; DeCelles and Graham, 2015; DePaolo et al., 2019). Arcs constructed on juvenile
lithosphere, like young accreted terranes (e.g., Coast Mountains batholith; Wetmore and Ducea,
2011; Girardi et al., 2012; Cecil et al., 2019), are not expected to exhibit the same isotopic shift.

As more isotopic and geochronologic data becomes available, it is apparent that there is
great variability in the temporal radiogenic isotopic patterns associated with flare ups. While
some studies suggest that flare ups coincide with shifts to more evolved isotope ratios (e.g.,
Cretaceous Sierra Nevada batholith, Cretaceous Peninsular Ranges batholith, Cretaceous Median
batholith, Jurassic and Triassic arcs in the Korean Peninsula, Eocene Gangdese batholith,
Paleogene Coast Mountains batholith) (Fig. 1), other flare ups occur with little to no change in
isotopic composition (e.g., Cretaceous and Jurassic Coast Mountains batholith, Cretaceous

Peruvian Coastal batholith, Cretaceous North Patagonia batholith; Jurassic Peninsular Ranges
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batholith) (Fig. 1). Some temporal isotopic shifts are observable throughout the entire arc, while
others may only affect certain arc segments (e.g., Jurassic flare up in the Sierra Nevada batholith;
Cecil et al., 2012; Ardill et al., 2018; Fig. 1A). Flare ups are often associated with an increase in
the range of measured isotope ratios, but the average isotopic composition may not significantly
change, indicating that there may be isotopic excursions toward both more evolved and more
juvenile values during a flare up (e.g., Fig. 1A). These data suggest that melting of ancient,
highly evolved crustal material may not be required to produce a flare up.

Even if melt-fertile crustal material was necessary to produce a flare up, it is uncertain if
that material can be introduced into the melt source region rapidly enough. Yang et al. (2020)
modeled lower crustal melting at a constant rate of retroarc underthrusting and concluded that
not enough magma is produced to explain the high rates of magma addition observed during
flare ups in Cordilleran orogenic systems analogous to the Cretaceous Sierra Nevada arc and
Sevier retroarc thrust belt. Besides retroarc underthrusting (e.g., DeCelles et al., 2009), sediment
subduction/accretion has been proposed as a mechanism to deliver crustal material into an arc
system and produce a flare up and isotopic shift (Kay et al., 2005; Chapman et al., 2013; Ducea
and Chapman, 2018; Straub et al., 2020). Sediment subduction can introduce large volumes of
crustal material into the subarc mantle at comparatively rapid rates (Clift and Vannucchi, 2004).
One issue with this hypothesis is that trench and forearc sediments may be too juvenile to explain
the shift to more evolved isotopic compositions (Ducea et al., 2015b; Chapman et al., 2017). For
example, an isotopically evolved component < -10 eNd) in the source region is required to
explain the composition of the Cretaceous Sierra Nevada batholith (Ducea and Saleeby, 1998;
Ducea, 2001), but trench, accretionary complex, and forearc rocks are predominantly > 0 €éNd

(Linn et al., 1992; Nelson, 1995; King et al., 2006). Nevertheless, sediment subduction remains
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an underexplored possibility to explain many arc flare ups. Another possibility is that downward
flow within the arc could introduce isotopically evolved crustal rocks into the source region
(Paterson and Farris, 2008; Cao et al., 2016). Studies of inherited volcanic zircon in deeply
emplaced (~5 kbar) intrusive rocks in the Sierra Nevada suggest that downward flow may be
relative rapid, on the order of 1 Myr (Saleeby, 1990), although the volume of magma generated
by this process remains to be rigorously evaluated.

Several recent isotopic studies have documented continental arc flare ups (e.g., Sierra
Nevada batholith, Andean coastal batholiths, Gangdese batholith, North China arc, Median
batholith, Famatinian arc) that do not require extraordinary assimilation of continental crust or
sediments and are instead, chiefly derived from the mantle (Zhu et al., 2009; Cope et al., 2017;
Decker et al., 2017; Ducea et al., 2017; Cecil et al., 2019; Martinez-Ardila et al., 2019; Alasino
et al., 2020; Attia et al., 2020; Dafov et al., 2020; Klein et al., 2020; Schwartz et al., in press).
These findings are largely based on assimilation and crystallization models that require an
isotopically juvenile component to explain the range of isotopic compositions produced during a
flare up and geochemical data that suggests the juvenile component is the mantle (e.g., Martinez-
Ardila et al., 2019). The juvenile component in the source could be the depleted mantle (i.e.,
asthenospheric mantle wedge; Schwartz et al., 2017; Martinez-Ardila et al., 2019; Attia et al.,
2020) or the mantle lithosphere (Chapman et al., 2017; Chapman and Ducea, 2019). We propose
that the mantle lithosphere is an important source of mantle-derived melts during flare ups.

Even the least differentiated (e.g., high Mg #, low SiO») continental arc rocks produced
during flare ups do not exhibit depleted mantle isotopic compositions (e.g., eHfo) = +15, eNd) =
+10, 87Sr/%6Sr(9) = 0.703; where the subscript (o) indicates present-day values) in arcs where the

upper plate is continental and relatively old, which has been interpreted to reflect a lithospheric
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mantle source for flare up magmas (Chapman et al., 2017). For example, 87Sr/*®Sr() ratios of
Jurassic to Paleogene age intrusive rocks from the Coast Mountains batholith are higher (more
evolved) than depleted mantle values, show no correlation with SiO», and do not significantly
change with increasing depth in the arc (Girardi et al., 2012; Ducea, unpublished data) (Fig. 2).
Tilted crustal sections in the Famatinian arc, Salinian arc, and southern Sierra Nevada batholith
also expose deep arcs rocks and the most primitive rocks, mafic cumulates and gabbro, are 5-20
eNd or ¢Hf units more evolved than depleted mantle values (Pickett and Saleeby, 1994; Kidder et
al., 2003; Otamendi et al., 2012; 2017; Chapman et al., 2014; Alasino et al. 2016; 2020; Ducea et
al., 2017; Klein et al., 2020; Klein and Jagoutz, 2021). Likewise, garnet pyroxenite xenoliths
interpreted as residual assemblages, “arclogites,” from the Sierra Nevada have relatively evolved
(eNd( < 0) compositions (Ducea and Saleeby, 1998; Ducea, 2002; Ducea et al., 2020a). These
observations support a mantle lithosphere source for several Cordilleran arc magmas, which can
subsequently assimilate pre-existing crust. Many generalized models for arc magmatism focus
exclusively on the role of the asthenospheric mantle wedge (e.g., Grove et al., 2012), but the
isotopic data are most consistent with a primary origin for continental arc magmas in the
lithospheric mantle during flare ups (Fig. 3). Importantly, the roots of four main arcs, where
mafic rocks with low SiO; and high MgO are available (Sierra Nevada, Salinia, Famatinia, and
Coast Mountains) all show similar radiogenic isotopic compositions from gabbros to granites,
from the deepest exposed to the shallowest levels of the crust, which suggests that the mantle
source region for these rocks is not chiefly depleted asthenospheric mantle. This is a major
problem for models that envision melting in the asthenospheric mantle wedge is the primary
driver of mantle-derived magmatism in arc systems (Davies and Stevenson, 1992; Katz et al.,

2003; Grove et al., 2012).
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Chapman et al. (2017) proposed that the shift to more evolved radiogenic isotopes that is
commonly associated with flare ups is related to landward arc migration (see Section 10 below)
and a change from asthenospheric mantle sources near the trench to more lithospheric mantle
sources away from the trench (landward). The complementary trend — more juvenile magmas
produced during trenchward migration is also observed in arcs (e.g., mid-Cretaceous Kohistan
arc; Bouilhol et al., 2011), but not discussed here. The more evolved isotopic values located
farther from the trench reflect more ancient lithospheric provinces, including older mantle
lithosphere. Recent studies from the Median batholith, Sierra Nevada batholith, and Coast
Mountains batholith have tested this idea (Attia et al., 2020; Decker et al., 2017; Cecil et al.,
2019; Schwartz et al., in press). These batholiths exhibit shifts to more evolved radiogenic
isotope ratios during a flare up, concurrent with landward arc migration (Ducea, 2001; DeCelles
et al., 2009; Gehrels et al., 2009; Girardi et al., 2012; Milan et al., 2017). However, when
magmatism is examined from a more narrowly defined geographic region within the arc, isotopic
ratios remain unchanged or even become slightly more juvenile during flare ups (Cecil et al.,
2019; Attia et al., 2020; Schwartz et al., in press), inconsistent with the batholith-wide trends.
For example, apart from a few clusters of analyses, igneous rocks from the Ritter Range pendant
in the Sierra Nevada batholith have a narrow range of isotopic compositions (0 to +5 zircon
eHf(y)) throughout the Mesozoic with slightly more juvenile isotopic compositions toward the
present (Attia et al., 2020) (Fig. 4). This is in contrast to data compiled from the entire batholith,
which reveal larger isotopic shifts (+5 to -10 eNd)) between flare ups and lulls (Ducea, 2001;
Ducea and Barton, 2007; Kirsch et al., 2016) (Fig. 4). One possibility is that the larger data
compilations are averaging batholith-wide variations and the comparisons to geographically

focused regions are not appropriate. Another possibility is that this discrepancy between
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geographically focused studies and batholith-wide studies indicates that shifts to more evolved
isotopic compositions observed during flare ups are a function of the position of the arc axis
relative to the upper mantle and deep lithospheric architecture at that position, rather than
changes in the magma source region (e.g., Kistler, 1990). The model of Chapman et al. (2017)
predicts that when magmatism is only considered from a single position in the arc/batholith, the
isotopic composition of magmatism will not significantly change through time. This model is
supported by studies of crustal sections through arcs, which show limited isotopic variation from
the arc root (arclogites) to the upper crust (Ducea, 2002; Girardi et al., 2012; Otamendi et al.,
2012; 2017; Klein et al., 2020). Additional support for the role of arc migration in producing
temporal isotopic trends comes from detailed studies that show the shift to more evolved
radiogenic isotopic compositions can begin 10s of Myr before a flare up starts (e.g., Korean

Peninsula, Cheong and Jo, 2020) (Fig. 5).

4. Oxygen isotopes and crustal contributions

Radiogenic isotopes can help distinguish between asthenospheric mantle and lithospheric
mantle sources, but stable oxygen isotopes are better suited to identifying crustal and mantle
contributions to arc magmatism (Taylor, 1978). Partial melting of the mantle produces mafic
melts with §'0 values of 5-6 %o, which remain near constant during crystal fractionation (Eiler,
2001; Bucholz et al., 2017). Zircon that crystallized in equilibrium with a mantle melt has
similar 'O values, 5-6 %o, and quartz that crystallized after some amount of fractionation has
slightly elevated values of 6-7 %o (Valley, 2003), due to isotope fractionation. There does not
appear to be a systematic change (i.e., common to multiple arc systems) in §'30 during flare up

events, however, more detailed studies comparing trends in bulk rock, zircon, quartz, and other
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minerals are needed. For example, the Peninsular Ranges batholith exhibits a shift toward higher
bulk rock §'*0O during the Late Cretaceous flare up (Silver and Chappell, 1988; Kistler et al.,
2014), the Sierra Nevada batholith exhibits a shift toward lower bulk rock and zircon §'*0 during
the Late Cretaceous flare up (Lackey et al., 2008), and the Coast Mountains batholith does not
exhibit any clear temporal shift in quartz §'%0 during the Late Cretaceous to Paleogene flare up
(Wetmore and Ducea, 2011) (Fig. 6A-C). Many continental arcs, including the Median
batholith, Peninsular Ranges batholith, and Sierra Nevada batholith, also exhibit pronounced
across-arc spatial trends in §'®0, which have been interpreted to reflect lithospheric provinces
and basement terranes at the largest spatial scales (Lackey et al., 2008; Kistler et al., 2014;
Schwartz et al., in press). This suggests that the temporal §'30 trends in these arcs are at least
partially controlled by arc migration across lithospheric boundaries.

In detail, however, the temporal record of !0 in these arcs reflect a variety of processes
and diverse petrogenetic mechanisms. For instance, the shift towards higher zircon §'%0 in the
Median batholith (Fig. 6D) has been interpreted to reflect landward arc migration from
hydrothermally altered accreted terrane basement to peri-cratonic Gondwanan lithosphere
(Schwartz et al., in press). Superimposed on that trend is a pulse of sediment subduction and
melting during the mid-Cretaceous flare up that further increased zircon §'0 (Decker et al.,
2017; Schwartz et al., in press). In addition to basement composition, the landward decrease in
the spatial §'®0 trend from the Sierra Nevada batholith was interpreted by Lackey et al. (2008) to
be caused by increased melting of lithospheric mantle, coincident with the Late Cretaceous flare
up. In some cases, it is difficult to determine whether temporal §'%0 shifts have any relationship

to flare ups at all. The Late Paleozoic to Early Mesozoic Chilean Coastal and Frontal batholiths
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display a long-term (> 100 Myr) temporal trend toward lower §'*0 that encompasses multiple
flare up events (Hervé et al., 2014; del Rey et al., 2016) (Fig. 6E).

Irrespective of temporal §'%0 trends, O isotopes are useful to evaluate the possibility of
crustal material (e.g., underthrusted or subducted) in the source region during flare ups. Studies
of tilted crustal sections indicate that the deepest, and generally least differentiated, arc rocks
have 8'%0 values higher than mantle values. Whole rock §'*0 from the deep crust in the tilted
Famatinian arc is 8-9 %o (Alasino et al., 2020) and zircon 8'30 from deep arc crust in the
southern Sierra Nevada is 7-9 %o (Lackey et al., 2005). Elevated §'%0 values in the deepest and
least chemically evolved part of the crust suggest that the arc rocks acquired their isotopic values
in the mantle source region, which was interpreted to primarily be (meta)sediment-contaminated
lithospheric mantle in studies of the tilted arc sections (Lackey et al., 2005; Alasino et al., 2020).
Pyroxenite (arclogite) xenoliths from the Sierra Nevada sample an even deeper part of the arc
system (ca. 40-70 km), the residual arc root, and have reconstructed whole rock §'30 values of
6.5-8.5 %o (Ducea, 2002; Lackey et al., 2005). Garnet peridotite xenoliths from the deepest parts
of the Sierra Nevada arc root (90-105 km) have mantle-like, reconstructed whole rock §'%0
values of 5-6 %o (Chin et al., 2014). Combining data from the tilted crustal section and mantle
xenoliths from the Sierra Nevada shows how §'30 varies throughout the arc column (Fig. 7).
The low 8'%0 values for the deepest parts of the Sierra Nevada arc system suggest that the
introduction of high §'*O material did not come from the slab (e.g., subducted sediments,
sediment diapirs/melts). It is important to keep in mind that constraints on the %0 composition
of Sierran mantle lithosphere come from a relatively small number of samples from
geographically restricted areas (e.g., Big Creek locality) within the central Sierra Nevada where

the garnet peridotite xenoliths were collected (Chin et al., 2012; 2014). Along-strike increases in
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zircon 8'%0 in the southern Sierra Nevada and Mojave region have been associated with
sediment subduction (Chapman et al., 2013) and an isotopically stratified lithosphere may not be
universally present. Other possibilities for introducing upper crustal material with high §'%0 into
the upper mantle/arc root include underthrusting from the back-arc (retroarc) side (e.g., DeCelles
et al., 2009), underthrusting from the forearc side (Ducea and Chapman, 2018), and downward

flow within the arc (e.g., Saleeby, 1990; Paterson and Farris, 2008; Cao et al., 2016).

5. Geochemistry and melt fertility

There are relatively few bulk rock geochemical trends consistently observed in arc rocks
during flare ups. The most commonly cited trends are increases in Sr/Y and La/Yb, which has
been interpreted to reflect an increase in crustal thickness (Haschke et al., 2002; Girardi et al.,
2012; Ducea et al., 2015; Profeta et al., 2015; Kirsch et al., 2016; Decker et al., 2017). Studies
that relate Sr/Y and La/Yb to crustal thickness (e.g., Chapman et al., 2015; Profeta et al., 2015)
focus on crystal fractionation at high pressure, which favors the crystallization of amphibole and
garnet (removing HREE+Y from the melt) and suppresses plagioclase crystallization, resulting in
elevated Sr (Ridolfi et al., 2010; Farner and Lee, 2017; Ducea et al., 2020a). Where geochemical
indicators of crustal thickening are apparent, they are supported by patterns of intra-arc strain
and from mass balance calculations (Cao et al., 2015; 2016).

However, temporal trends in St/Y and La/Yb in many arcs do not correlate neatly with
flare up events and may be interpreted in multiple ways. For example, crustal thickness doubled
during the Cretaceous Sierra Nevada flare up (Profeta et al., 2015; Cao et al., 2016), but the
earlier Jurassic and Triassic flare ups in the Sierra Nevada batholith record lower La/Yb values

and lack prominent changes in REE ratios (Fig. 8). Deposition of marine sediments in the Sierra
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Nevada has also been interpreted to reflect thinner crust during the Jurassic flare up, assuming
isostatically supported elevation (Cao et al., 2015).

Spatial and temporal trends of decreasing Dy/Yb have been recognized during the
landward migration and flare up in the Cretaceous Sierra Nevada (Ardill et al., 2018).
Decreasing Dy/YDb in arc rocks during flare ups suggests that amphibole, rather than garnet, is
the most important early crystallizing phase for most arcs (e.g., Davidson et al., 2007). However,
Dy/Yb progressively increases across multiple flare up events (Fig. 8 A). Whether this signal is
spatially or temporally controlled at the arc scale remains an important question to study.
Another way to stabilize amphibole + garnet and to suppress plagioclase crystallization is to
increase water content in a melt (Miintener et al., 2001). Water saturation increases with
pressure so that the role of water versus crustal thickness in producing Sr/Y and La/Yb trends
cannot be completely separated (Baker and Alletti, 2012). Chapman and Ducea (2019)
hypothesized that increases in La/YDb, St/Y, and oxygen fugacity during the Late Cretaceous flare
up in the Sierra Nevada batholith could be related to partial melting of fluid-metasomatized
portions of the mantle lithosphere.

Lithospheric mantle metasomatism may take the form of stalled basaltic magmas (e.g.,
clinopyroxene- and orthopyroxene-rich pyroxenite veins), crystallization of hydrous minerals
(e.g., phlogopite), increasingly hydrated nominally anhydrous minerals (e.g., olivine, pyroxene,
garnet), and hydrous silicate melts from the slab (e.g., slab and sediment melt). Storage and
accumulation of these metasomatic products refertilizes the mantle lithosphere, increasing its
melt-fertility (O’Reilly and Griffin, 2013). Mantle lithosphere xenoliths from the Sierra Nevada
exhibit evidence for modal metasomatism (Ducea and Saleeby, 1996; Lee, 2005; Chin et al.,

2012; 2014) and contain veins of garnet websterites (Ducea et al., 2020a), representing stalled
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mafic magmas that are demonstrably older (by ca. 40 Myr) than the arclogites of the MASH
zone (Ducea and Saleeby, 1998). Similarly, exhumed continental mantle lithosphere from
beneath the Median batholith in southwest New Zealand, the “Anita peridotite,” shows evidence
for extensive metasomatic enrichment consisting chiefly of clinopyroxene—plagioclase
aggregates that reacted with hydrous fluids to form amphibole (Czertowicz et al., 2016). The
timing of enrichment of the Anita peridotite is estimated to have occurred between 100-250 Ma,
an age range that includes the Median batholith flare up at ~120 Ma (Czertowicz et al., 2016;
Schwartz et al., 2017). The metasomatic enrichment of the mantle lithosphere in these examples
was interpreted to be caused by infiltration of hydrous basaltic melts originating in the
asthenospheric mantle wedge (Chin et al., 2014; Czertowicz et al., 2016). Evidence for
subduction-related, metasomatic melt-rock interactions in the mantle lithosphere beneath
continental arcs is widespread and has been interpreted to be related to asthenosphere-derived
melts (e.g., Canadian Cordillera, Peslier et al., 2002; Korean arc, Whattam et al., 2011) and slab-
derived melts (e.g., Trans-Mexican arc, Blatter and Carmichael, 1998; Kamchatka arc, Halama et
al., 2009). Metasomatism of the mantle lithosphere via the addition of sediment-derived fluids
and/or melts is also common, which is commonly thought to be associated with syn-collisional,
high-K magmatism (e.g., Tibet; Turner et al., 1996; Anatolia, Ersoy et al., 2010). Irrespective of
the type of metasomatism, melting of refertilized mantle lithosphere can contribute to
asthenospheric mantle melt production and could help explain increased magma production
during flare up events. Lithospheric mantle sources are expected to be exhausted relatively
quickly (e.g., Harry and Leeman, 1995), which may also help explain the limited duration of
many flare ups. Volumes and rates of melt produced from the asthenospheric and lithospheric

mantle are discussed below in Sections 7 and .
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Refertilization of previously melt-depleted mantle lithosphere can cause it to become
even more melt-fertile than asthenospheric mantle wedge peridotite (Lambart et al., 2012; 2016).
To demonstrate the melt-fertility of metasomatized mantle lithosphere we used pMELTS
(Ghiorso et al., 2002) to model hydrous partial melting of refertilized lithospheric mantle (Fig.
9). For our starting composition, we used a lithospheric mantle xenolith from the central Sierra
Nevada (Big Creek locality) that was refertilized by the addition of asthenospheric mantle-
derived melts (Lee, 2005; Chin et al., 2012; 2014). We conservatively assumed 2 wt. % H>O in
the starting composition, which is consistent with water content expelled from the deepest (ca.
125-150 km depth), hottest parts of a dehydrating slab (Schmidt and Poli, 1998; Grove et al.,
2012). Seismic studies estimate that water contents in shallower parts (ca. 50-125 km depth) of
the mantle wedge are 3-6 wt. % (Carlson and Miller, 2003). We calculated melt fractions at 1-3
GPa and temperatures up to 1400 °C (Fig. 9), which is intended to represent a ~60 km thick
mantle lithosphere layer located beneath continental crust of normal thickness (30-40 km) and
the thermal structure of the mantle wedge (e.g., Schmidt and Poli, 1988). The pMELTS
modeling suggests 15-30 % melt in the deep lithosphere (2-3 GPa, 1300-1400 °C), which is
about twice as large as melt fractions predicted for hydrous melting of the asthenospheric mantle
wedge at similar temperature and pressure conditions (e.g., 5-15 %; Grove et al., 2012). Chin et
al. (2014) estimated that the lithospheric mantle beneath the Sierra Nevada was refertilized by up
to 30% basaltic additions, which makes the high melt fractions unremarkable — these
metasomatic additions will readily melt once they are subjected to mantle wedge temperatures.

Besides asthenospheric mantle-derived basaltic melt (e.g., garnet websterite), hydrous
silicate slab-melts or sediment-melts may refertilize the mantle lithosphere. An experimental

melting study by Lara and Dasgupta (2020) produced ~20 % melt from a peridotite + slab-melt
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529  mixture at 2-3 GPa, 1250 °C, and with 3.5 wt. % H>O. Experimental melting studies of

530 peridotite + sediment-melt at 2-3 GPa, 1150-1300 °C, and with 2-4 wt. % H>O generated 25-35
531 % melt (Mallik et al., 2015; 2016; Grove and Till, 2019). Similar peridotite + sediment-melt
532  experiments at lower pressures (1.5-2 GPa) yielded higher melt percentages, up to ca. 45 %

533  (Mitchell and Grove, 2015). Regardless of the exact metasomatic agent (e.g., saline and CO»
534  fluids can be important in some cases; Newton and Manning, 2010), these experiments suggest
535 that melting of refertilized continental mantle lithosphere can contribute a significant amount of
536  melt to arc systems and, when combined with asthenosphere-derive melt volumes, can help

537  explain the enormous amounts of magma generated during flare ups.

538

539 6. Arc crust production rates

540 Arc crust production refers to all igneous arc rocks, regardless of their derivation from
541  the mantle or pre-existing crust. Average arc crust production rates during flare ups are 70-90
542 km?® km™! Myr! compared to <20 km* km! Myr"! during magmatic lulls (Ducea et al., 2015;
543  Paterson and Ducea, 2015; Ratschbacher et al., 2019). Detailed studies of individual intrusive
544  suites that formed during flare ups indicate rapid construction (< 5 Myr) and high arc crust

545  production rates of 250-400 km? km™ Myr! (Ducea et al., 2017; Klein et al., 2020; Otamendi et
546  al., 2020). By comparison, recent estimates for crust production rates in island arcs are generally
547 30-90 km® km! Myr! (Dimalanta et al., 2002; Jicha and Jagoutz, 2015; Ratschbacher et al.,

548  2019), which were revised upward from previous estimates (Crisp, 1984; Reymer and Schubert,
549  1984).

550 The average arc crust production rate during flare ups in continental arcs is similar to, or

551  marginally higher than, long-term arc crust production rates from ocean island arcs that do not
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involve continental lithosphere or exhibit flare ups. This suggests that flare ups are not the only
“abnormal” arc activity; magmatic lulls may be equally anomalous (Jicha and Jagoutz, 2015).
Models attempting to explain episodic to periodic behavior in Cordilleran orogenic systems have
generally sought to explain the causes of flare ups, but new models are needed to also explain
suppressed arc crust production (i.e., magmatic additions to the crust) during magmatic lulls. We
propose that accumulation of mantle-derived melts and slab-derived fluids in the mantle
lithosphere is a viable mechanism to suppress the delivery of magmas to the arc during magmatic
lulls and account for the voluminous magmatic additions during flare ups. This metasomatic
accumulation may take place immediately outside of melt-pathways (i.e., the active magmatic
“plumbing system”) beneath the arc, including in the back-arc. Subsequent melting of this
metasomatized lithosphere can add to background levels of asthenosphere-derived melt and can
explain higher crustal production rates during flare ups (Chapman and Ducea, 2019). In this
hypothesis, the mantle lithosphere acts as a temporary storage container for some mantle-derived

melt products (e.g., clinopyroxene-rich dikes).

7. Mantle-derived melt production rates

It is instructive to compare arc crust production rates to melt production estimates from
the mantle wedge beneath the arc, referred to as mantle-derived melt production rates. This
entity is different from mantle addition rates to the crust because it is concerned with the amount
of melt produced in the mantle wedge, rather than the preservation of that melt/magma as part of
the crust (Table 1).

The chemical composition of both intraoceanic island arcs and continental arcs cannot be

directly produced by melting the upper mantle and requires additional processes like
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fractionation and partial melting of basaltic rocks that will generate large mafic to ultramafic
residues consisting of restite and cumulate assemblages (Ducea, 2002; Jagoutz, 2014).
Continental arcs experience magmatic and tectonic thickening during flare ups (Cao et al., 2015)
and the residual assemblages to felsic batholith rocks can be an eclogite facies rock, named
arclogite in thick arcs, that can founder or delaminate into the mantle and help explain the
intermediate composition of continental crust created at arcs (Ducea et al., 2021a; 2021b).
Arclogite and arc roots that have delaminated into the mantle are not included in long-term arc
crust production rates (e.g., Ratschbacher et al., 2019), but represent a substantial crustal volume
that needs to be accounted for in order to calculate mantle-derived melt production rates. The
ratio of arclogite/residual assemblages to felsic arc crust is approximately 2:1 (Ducea, 2002;
Jagoutz and Schmidt, 2013). The amount of arc material lost to delamination can be estimated
based on chemical and mass-balance calculations when information is available on the
composition of the deep arc crust, usually obtained from seismic studies or tilted crustal sections
(Ducea, 2002; Saleeby et al., 2003; Lee et al., 2006; Jagoutz and Schmidt, 2013). Long-term
estimates (across flare ups and lulls) for the flux of arc roots into the mantle from both
intraoceanic arcs and continental arcs are 10-100 km?® km™! Myr'! (Ducea et al., 2015a; Jagoutz
and Kelemen, 2015). For example, Ducea (2002) suggested a long-term rate of 25-40 km® km'!
Myr’! for the Sierra Nevada batholith.

Arclogitic arc roots are chiefly produced during arc flare up events (Ducea, 2001) and the
volume of delaminated arc roots can be added to arc crust production rates and combined with
models for the degree of (pre-existing) crustal assimilation to estimate mantle-derived melt
production rate. The ratio of crustal to mantle contributions for preserved arc crust is up to 1:1

for continental arcs (Lackey et al., 2005; Kay et al., 2010; Ducea et al., 2015; Freymuth et al.,
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2015; Schwartz et al., in press). Stable isotope studies indicate that arclogites also contain a
crustal component and Ducea et al. (2020a) suggested that the entire arclogite-batholith system
in continental arcs contains at least 15-25% of recycled lower crustal material. Assuming a 2:1
arclogite to felsic crust ratio, 20% recycling of preexisting crustal material, and average flare up
arc crust production rates of 70-90 km?® km™ Myr!, the mantle-derived melt production rate for
continental arcs during flare ups is 170-215 km? km™ Myr'!. The same calculation with a 1.5:1
arclogite to felsic crust ratio suggests mantle-derived melt production rates of 140-180 km? km'!
Myr!. These values compare favorably to mantle-derived melt production rates for intraoceanic
island arcs (160-290 km?® km™! Myr™!) that exhibit limited crustal assimilation (Jicha et al., 2006;
Jicha and Jagoutz, 2015; Ratschbacher et al., 2019). Klein et al. (2020) recently performed
similar calculations for the Bear Valley intrusive suite in the Sierra Nevada batholith and
suggested that the mantle-derived melt production rate was > 750 km® km™! Myr™!, which may be
the highest rate ever reported for subduction-related magmatism.

Continental arcs that have not experienced delamination would preserve thicker sections
of mafic lower crust and yield higher estimates of mantle-derived melt production. For example,
it is unclear if the relatively thin (~30 km) Famatinian arc experienced delamination because it
preserves ~15 km of mafic lower crust complementary to the felsic upper crust (Otamendi et al.,
2012). Even without the loss of an arc root, however, the Famatinian arc is estimated to have had
a maximum mantle-derived melt production rate of ~180 km?® km™! Myr'! and an average mantle-
derived melt production rate of ~125 km?® km™! Myr™! during the Ordovician flare up (Ducea et
al., 2017; Otamendi et al., 2020). Setting aside the high estimate of Klein et al. (2020) that
focused on a single intrusive suite, the range of mantle-derived melt production rates during flare

ups in convergent continental arcs is 140-215 km® km™ Myr!. Mantle-derived melt production

27



621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

rates for continental arcs during magmatic lulls are < 15 km® km™ Myr™! assuming limited arc
root production (1:1 residual assemblage to felsic crust ratio) and 20 % recycling of crust for the
arc root-batholith system. Crustal assimilation and the development of arc roots is thought to be
less efficient during magmatic lulls (Ducea, 2001; Ducea and Barton, 2007). To get a sense of
what these rates imply for long-term mantle-derived melt production, consider a 60 Myr periodic
pattern with 10 Myr-long flare ups with production rates of 180 km? km™! Myr™! and 50 Myr-long
lulls with 10 km?® km™ Myr! production rates. The long-term mantle-derived melt production
rate would be 40 km? km™! Myr!. Extending the duration of flare ups and shortening the
duration of magmatic lulls will increase this rate. As an end-member example, if we perform the
same hypothetical calculation as above, but assume that flare ups and lulls have the same
duration (30 Myr each in the 60 Myr cycle example), the long-term mantle-derived melt
production rate is 95 km® km™! Myr!.

How do our calculated mantle-derived melt production rates compare to other
independent estimates of melt production from the mantle wedge? Numerical models of
subduction zones that are coupled to mantle melting models (e.g., Katz et al., 2003; Portnyagin et
al., 2007; Kelley et al., 2010) suggest mantle-derived melt production rates of 10-70 km* km'!
Myr! (Cagnioncle et al., 2007; Hebert et al., 2009; Gerya and Meilick, 2011; Vogt et al., 2012;
Zhu et al., 2013; Cerpa et al., 2019). Mantle-derived melt production rates based on water
outgassing and the water content in primary magmas range from ~30 km® km™! Myr! for
individual arcs (e.g., Cascade arc; Ruscitto et al., 2012) to 125 km? km™ Myr! based on global
averages (Bekaert et al., 2020). Mantle-derived melt production rates calculated using regional
heat flow data are 10-35 km? km™! Myr! (Ingebritsen et al., 1989; Guffani et al., 1996; Manga et

al., 2012). Mantle-derived melt production rates < 50 km> km™ Myr'! have also been estimated
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by modeling the enthalpy of mantle-derived intrusions required to match a given amount of
crustal assimilation (Grunder, 1995). These independent estimates suggest that melt production
rates from the mantle wedge are < 125 km?® km™ Myr™!, and mainly 10-70 km?® km™ Myr™!, which
is similar to the range of estimates for long-term mantle-derived melt production rate in our
hypothetical 60 Myr example (40-95 km® km™ Myr ™).

It is important to keep in mind that these rates are not new continental crust production
rates. Assuming a 1:1 ratio of mantle to crustal sources for new arc crust and considering the
same hypothetical 60 Myr-long example (10 Myr-long flare ups, 50 Myr-long lulls), the long-
term production rate for generating new continental crust is 9-16 km® km™ Myr’!, based on our
estimates of arc crust production rates discussed in Section 6. This matches the long-term
estimates for growth of continental crust since ~3 Ga (0.6-0.9 km?/yr; Hawkesworth et al., 2019),

which is 11-16 km? km™ Myr'! spread out over the modern total length of trenches (55,000 km).

8. Variable melting in the mantle wedge

Considering flare ups in terms of melt production in the mantle wedge is useful because
melt fraction or melt volume is an output of some numerical and petrologic models of subduction
zones. There are a variety of ways that changes in subduction parameters could influence melt
production in the mantle wedge including changes in temperature, water flux, slab dip, and
mantle convection. These parameters are all interrelated and often associated with changes in
convergence rate. An increase in plate convergence rate has been proposed to increase the
degree and amount of melt produced in subduction zones (e.g., England and Katz 2010; Turner
and Langmuir 2015) and may be a possible trigger for flare ups in Cordilleran systems (e.g.,

Hughes and Mahood, 2008). There are two reasons why changes in plate convergence rate are
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unlikely to trigger flare ups. First, there is either no correlation or a poor correlation between the
timing of flare ups and changes in plate motion and convergence rate (Ducea, 2001; DeCelles et
al., 2009; Cao et al., 2016; Kirsch et al., 2016; Zhang, X., et al., 2019; Ducea et al., 2020b). This
correlation can be improved if variable “lag times” are added, but the duration of these lag times
and the physical processes they represent are not well constrained (e.g., Kirsch et al., 2016).
Among the many possibilities, lag times could represent incubation periods in the deep crust or
the time it takes the arc system to respond to tectonic perturbations (see Section 9 below).
Second, the magnitude of the increase in melt production required to match the difference
between magmatic lulls and flare ups (ca. 100-200 km® km™! Myr™), is outside the range of
modeled values.

Cagnioncle et al. (2007) modeled melt production rate in the mantle wedge as a function
of convergence rate and observed a linear increase of 2 km® km™ Myr™! for every 10 mm/yr
increase in convergence rate (Fig. 10). Zhu et al. (2013) performed similar modeling and
observed a ~5 km® km™! Myr! increase in mantle melt production for a 10 mm/yr increase in
convergence rate. These models incorporated both fluid-flux melting and
decompression/dehydration melting in the mantle wedge and explored the effects of increases in
mantle hydration, temperature, and availability of melt-fertile mantle rocks as a result of
increased convergence rate. Most continental arcs experience changes in convergence rate
throughout their lifetime, but they generally do not experience the extreme variations needed to
produce a flare up predicted by the modeling studies. For example, for the Sierra Nevada
batholith, Farallon-North American convergence rates were 50-90 mm/yr during the mid-
Cretaceous magmatic lull and were 60-100 mm/yr during the Late Cretaceous flare up (Torsvik

etal., 2019). Using the most extreme estimates, this suggests that ca. 25 km® km™ Myr! more
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mantle-derived melt was produced during the Late Cretaceous flare-up as a result of increased
convergence rates. This is too low to explain the differences observed in the Sierra Nevada
batholith (Fig. 10). If the modeling results are applicable to arcs globally, it suggests that
subduction parameters related to increasing convergence rate (e.g., temperature, water flux,
mantle convection, etc.) are not what drives flare ups and lulls in convergent Cordilleran
orogenic systems. Another way to state this is that the difference in mantle-derived melt
production between flare ups and lulls cannot be explained by variations within the range of
subduction parameters considered “normal” (i.e., the global range of observed values) according
to existing models. Something extraordinary must occur.

Water flux from the slab is a good example to illustrate this point. Additional water, or
volatiles more broadly, released from the slab will increase melting of the mantle wedge (Ulmer
et al., 2001; Grove et al., 2006) and could potentially spark flare ups in continental arcs. The
global range of water flux released from slabs to 200 km depth in subduction zones is 6-28 Tg
Myr! m™! (van Keken et al., 2011). Assuming a water density of 1000 kg/m?* and ignoring
density variations associated with changing pressure and temperature conditions, this is
equivalent to a volumetric flux (6-28 km® km™ Myr!). The modeling results of Cagnioncle et al.
(2007) suggests that the difference in melt production from the mantle wedge over the global
range of slab water flux is ca. 30 km?® km™ Myr™!, which is too low to explain the differences
between flare ups and lulls in continental arcs (Fig. 10). If increased water content in the mantle
wedge is the cause of a flare up, then that water must be supplied in addition to what is
considered within the normal range of water released from the slab.

Results of numerical modeling studies should always be viewed with an open mind, but

the principal issue with relating these studies to flare ups is that the amount of magma added to
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arc systems during major flare ups is so massive that it violates what modeling studies have
considered to be realistic scenarios involving melting of the mantle wedge. Numerical studies
generally do not predict mantle-derived melt production rates > 100 km?® km™ Myr! under
“normal” subduction parameters unless it involves back-arc spreading and the formation of new
oceanic crust (Nikolaeva et al., 2008; Zhu et al., 2009; Gerya and Meilick, 2011; Vogt et al.,
2012). Although fluctuating subduction parameters like convergence rate appear to be unlikely
to explain the difference in melt production between flare ups and lulls, there are many out-of-
the-ordinary mechanisms to increase melting in the upper mantle and deep lithosphere including
processes like slab break-off (e.g., Schwartz et al., 2017; in press), subduction of hydrated
fracture zones (e.g., Manea et al., 2014), or subduction of serpentinized continental mantle
lithosphere preceding continental collision (e.g., Ganade et al., 2021). These types of processes
can explain individual flare up events, but struggle to explain episodic alternations between
magmatic lulls and flare ups.

Another explanation for high mantle-derived melt production rates is that melt is being
generated from the mantle lithosphere in addition to the asthenospheric mantle wedge (Chapman
and Ducea, 2019). Contributions from (refertilized) mantle lithosphere are generally not
included in numerical studies but could help to explain melt production discrepancies and
obviates the need to find extraordinary processes for melting in the asthenospheric mantle
wedge. For example, assuming a 50 km? mantle lithosphere-melt source region beneath a
continental arc and 20 % melting (e.g., Fig. 3), 500 km® km™' of mantle-derived melt will be
generated, or 100 km?® km™ Myr™! distributed over a 5 Myr long flare up event. Unlike the
convecting asthenospheric mantle, melt contributions from the lithospheric mantle are not

replenished unless mantle lithosphere is underthrust into the arc.
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The mid-Cenozoic ignimbrite flare up in the western U.S. Cordillera was not confined to
the frontal arc, but it may be a useful analog when considering melt production from the mantle
lithosphere. The Farallon plate is believed to have hydrated, refertilized, and refrigerated the
Proterozoic North American mantle lithosphere during low-angle subduction as part of the
Laramide Orogeny (ca. 80-40 Ma) (Humphreys et al., 2003). During the middle Cenozoic, the
Farallon slab rolled back or foundered and exposed the metasomatized mantle lithosphere to
upwelling sub-lithospheric mantle that heated the lithosphere and produced voluminous
magmatism, including the Mogollon-Datil and San Juan volcanic fields (Lipman, 1992; Davis
and Hawkesworth, 1993). Using magmatic volumes and isotopic compositions, Farmer et al.
(2008) estimated lithospheric mantle-derived melt volumes of 2 M km? for the Mogollon-Datil
field and 7 M km? for the San Juan field. Based on the range of igneous rock ages in these fields
and the possible radii of the of lithospheric mantle source regions surrounding the fields,
reported by Farmer et al. (2008), these values indicate mantle-derived melt production rates of
~1,150 km? km™ Myr™! for the San Juan volcanic field and ~650 km® km™! Myr™! for the
Mogollon Datil volcanic field. Only a fraction of these estimates is enough to explain the
relatively high mantle-derived melt production rates during flare ups in continental arcs. The
key factors in producing the mid-Cenozoic ignimbrite flare up, and plausibly continental arc flare
ups as well, are metasomatic refertilization of the mantle lithosphere and added heat from the
mantle to melt the refertilized mantle. The source of the heat in the mid-Cenozoic ignimbrite
flare up model is upwelling asthenosphere (Humphreys et al., 2003; Farmer et al., 2008) whereas
added heat may arise from other factors in continental arc systems, including migration of the arc

and attendant mantle wedge (Chapman and Ducea, 2019).
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9. Punctuated melt extraction

The mantle-derived melt production rates calculated above assume that there is minimal
“lag time” between mantle melting and emplacement of (chiefly intermediate) arc magmas in the
middle to upper crust where magmatic addition rates are often determined from. Is this a good
assumption? Investigations of short-lived isotopes indicate that melt extraction from the mantle
wedge is rapid, on the order of 10! kyr or less (e.g., Turner et al., 1997). Analog studies and
numerical models that consider porous flow also suggest that melt migration beneath arcs is
rapid, on the order of 10'-10* kyr once fluid pathways are established (e.g., Connolly et al., 2009;
Wada and Behn, 2015). Numerical models of mantle wedge plumes or diapirs suggest a range of
melt migration velocities, but generally predict that melt extraction occurs in < 1 Myr (e.g.,
Gerya and Yuen, 2003). These studies suggest that if lag times are important for producing flare
ups and lulls, that they are likely related to crustal, rather than mantle, processes. The dominant
paradigm for producing intermediate to felsic arc magmas is that hydrous, mantle-derived
basaltic melts intrude into a MASH (melting, assimilation, storage, homogenization) or deep
crustal hot zone, mix with older intrusions and cumulates, and melt preexisting lower crustal
rocks (Hildreth and Moorbath, 1988; Barboza and Bergantz, 2000; Dufek and Bergantz, 2005;
Annen et al., 2006). It is possible that the episodic nature of flare ups in continental arcs is
related to the time it takes for melt to be differentiated, segregated, and extracted from these deep
crustal hot zones (Annen et al., 2015; Ducea et al., 2020b). This is an alternative to the model
that emphasizes the role of the mantle lithosphere discussed above.

Modeling studies suggest that the intrusion of mantle-derived basaltic dikes into the
lower crust will produce large volumes of intermediate magmas and residual melt at timescales

of 0.1-10 Myr for a wide range of emplacement rates, intrusion geometries, dike compositions,
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and crustal compositions (Petford and Gallagher, 2001; Annen and Sparks, 2002; Dufek and
Bergantz, 2005; Annen et al., 2006). In the modeling studies, these values represent the time
between the start of mantle-derived basaltic intrusion and the creation of intermediate melt
fractions large enough to be extracted. Melt extraction is thought to be controlled by a
rheological transition (e.g., “solid-to-liquid transition;” Rosenberg and Handy, 2005) or melt-
connectivity transition (Brown, 2007) when the melt fraction reaches a threshold (e.g., “critical
melt fraction;” van der Molen and Paterson, 1979). At low strain rates, this threshold is
estimated at 0.4-0.7 melt fraction (Petford, 2003; Rosenberg and Handy, 2005; Costa et al., 2009;
Castrucchio et al., 2010). Modeling studies using these thresholds predict that the timescale for
differentiation, segregation, and extraction of melt from MASH or deep crustal hot zones is ca.
10 kyr to 1 Myr (Solano et al., 2012; Jackson et al., 2018; Riel et al., 2019; Petrelli and Zellmer,
2020). These could be considered maximum estimates for a couple of reasons. First, these
estimates neglect complexities such as pressure gradients from tectonic forces, melt transport
through fraction/channel networks, and melt-assisted decompaction (Sawyer, 1994; Brown et al.,
1995; Rushmer and Miller, 2006; Connolly and Podladchikov 2007). Second, some studies have
suggested that the melt fraction threshold for extraction is much lower (< 0.1) (see review in
Clemens and Stevens, 2016). Field studies of exposed deep crustal MASH zones also indicate
that melt extraction is efficient (Jagoutz et al., 2006; Walker et al., 2015). For example, high-
precision geochronology and isotopic data from an exposed upper mantle to lower crustal section
through the Kohistan arc suggest that changes in the mantle source region were reflected in
crustal arc rocks in <4 Myr (Bouilhol et al., 2011), which implies melt extraction and isotopic

homogenization on similar timescales.
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These studies suggest that the lag time between mantle melting and emplacement of
felsic arc rocks in the middle to upper crust may be < 10 Myr, but these processes are still poorly
understood. The Paleogene and Late Cretaceous flare ups in the southern Coast Mountains
batholith coincide with a shift to higher zircon U/Th (Gehrels et al., 2009), which Ducea et al.
(2021b) interpreted to reflect high-temperature metamorphism in deep arc roots. One possibility
is that basaltic additions from the mantle during magmatic lulls slowly heat up and thicken the
arc root (over 10s of Myr) until it reaches a depth and temperature hot enough to cross a melt
fraction threshold and trigger the rapid evacuation of intermediate magmas into the middle to
upper crust (Ducea et al., 2021b). In this scenario, the initiation of a flare up may depend on the
time it takes to grow an arc root of sufficient size. A similar situation is possible to imagine in
metasomatized mantle lithosphere where veins or pockets of partially molten pyroxenite may be
surrounded by solid peridotite that prevents melt extraction at low degrees of melting (e.g.,

Lambart et al., 2012; 2016).

10. Arc migration

A compilation of arc migration patterns compared to flare up timing for several
continental arcs is presented in Figure 11. The data indicate that many flare ups coincided with
landward arc migration. In these cases, landward arc migration was either concurrent with the
flare up event (e.g., Median batholith, Southern Coast Mountains batholith) or began before the
flare up (e.g., Korean Peninsula, Peruvian Coastal batholith; Sierra Nevada batholith).
Depending on how initiation times are defined, arc migration may start up to several tens of
millions of years before a corresponding flare up occurs. These patterns show that arc migration

may begin during magmatic lulls and that flare ups do not occur until the arc reaches a certain

36



827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

distance away from the trench, which is generally 40-150 km for the examples in Figure 11.
Magmatism tends to wane, or cease, behind the landward advancing arc front. The Gangdese
batholith is an exception to this pattern where only the flare-up centered at 15 Ma shows clear
evidence for magmatism shutting down behind the arc front (Chapman and Kapp, 2017).
Magmatism generally broadens, rather than migrates, for the Gangdese batholith flare ups
centered on 93 and 50 Ma (Fig. 11G). The youngest two flare ups in the Gangdese batholith (ca.
15 and 55 Ma) occurred after India-Asia collision and have been associated with subduction of
continental lithosphere and other collisional orogenic processes (see review in Kapp and
DecCelles, 2019) that may not be applicable to Cordilleran continental arc systems. Regardless,
most continental arcs show evidence for a broadening of the region of magmatic activity during a
flare up. For example, magmatism in the Korean Peninsula was concentrated in a ~100 km wide
region (i.e., arc width) during arc migration, but that region broadened to ca. 200 km during the
Jurassic flare up (Cheong and Jo, 2020), resulting in a “L” shape in the arc migration path that
can be observed in many arcs (pink shaded areas in Fig. 11). Studies examining temporal
changes in the radiogenic isotopic composition of arc rocks show that the range of isotope ratios
can also broaden during flare ups (e.g., Ducea and Barton, 2007) (Fig. 1). Lateral changes in the
age and composition of the lithosphere can explain why the range of isotopic values increases as
the region of magmatic activity expands and begins to reflect melting and assimilation of more
diverse lithospheric and upper mantle domains (Chapman et al., 2017).

The position of a continental arc relative to the fixed interior of the upper plate is rarely
static and usually migrates at semi-continuous rates of 1-5 km/Myr (Ducea et al., 2015). Arcs
can also migrate rapidly (< 25 km/Myr) or “jump” hundreds of kilometers landward, which is

often associated with periods of ultra-shallow low-angle to flat-slab subduction (Ducea and
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Chapman, 2018) where subduction erosion takes and extreme form — large amounts of the
forearc get subducted-accreted (underplated) to the upper plate hundreds of km inland from its
original location (Ducea et al., 2009). For example, the rapid landward arc migration observed
in the North Patagonia batholith (Fig. 11C) is hypothesized to be associated with a regionally
extensive period of shallow subduction (Gianni et al., 2018). Steady-state arc migration is
classically associated with changes in slab dip (Coney and Reynolds, 1977; Dickinson and
Snyder, 1978), but has also been linked to forearc subduction erosion (Kay et al., 2005; Jicha and
Kay, 2018). Periods of increased subduction erosion correlate to periods of shallow subduction,
which makes separating these processes difficult (Keppie et al., 2009; Stern, 2011; Ducea and
Chapman, 2018). Karlstrom et al. (2014) suggested that magmatic thickening of the arc (i.e., arc
root growth) truncates the mantle wedge and shifts corner flow and the locus of melting away
from the trench. Because continental arcs and their complementary arc roots are almost entirely
constructed during flare ups (Ducea, 2001; Ducea et al., 2015), this model predicts that landward
arc migration is driven by flare ups - the growth of the arc root during a flare up deflects the arc
system landward. The data presented in Figure 11 suggest the opposite — that landward arc
migration starts before a flare up and growth of an arc root. Truncation of the mantle wedge by
growth of an arc root may contribute to extinguishing a flare up (e.g., Chin et al., 2014; 2015),
but external processes like slab dynamics seem likely to control long-term or semi-steady-state

arc migration.

11. Slab and orogen dynamics

Changes in slab dip are a common cause of arc migration and, as a result, may be

important for producing arc flare ups. Specifically, decreasing slab dip (i.e., slab shallowing)
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will cause landward arc migration that is correlated to arc flare up events (Fig. 11). Slab
shallowing is also predicted to increase plate coupling and increase upper plate
deformation/shortening (e.g., Guillaume et al., 2009). This property of slab shallowing is a key
component of many Cordilleran geodynamic models including models linking flat-slab
subduction to “Laramide-style” deformation (e.g., Dickinson et al., 1978; Jordan et al., 1983),
accretionary orogen models that experience tectonic switching (e.g., Collins, 2002; Collins and
Richards, 2008; Kemp et al., 2009), and models that relate plate coupling to forearc, hinterland,
and retroarc shortening (e.g., DeCelles et al., 2009; Horton, 2018). The last type of model has
been extensively applied to the Andes, where subduction angle has been proposed to control
periodic alternations between contractional, neutral, and extensional tectonic regimes as well as
periods of increased magmatism (Haschke et al., 2002; Oncken et al., 2006; Ramos, 2009;
Folguera and Ramos, 2011; DeCelles et al., 2015; Horton and Fuentes, 2016). This general class
of geodynamic models are often called orogenic cyclicity models because they predict that the
tectonic processes repeat in a cyclical manner (e.g., Cordilleran cycle model, DeCelles et al.,
2009; Andean orogenic cycle model, Ramos, 2009). These models all differ in detail, but the
importance of periods of slab-shallowing is one unifying similarity. If arc flare up events are
caused by slab shallowing and landward arc migration (e.g., Chapman and Ducea, 2019), then
flare ups could be readily incorporated into, and explained by these existing orogenic cyclicity
models.

There are many factors that can cause slab dip to shallow and, in terms of generating a
magmatic flare up, it may not matter what the specific mechanism is (Fig. 12A). In the
following section, we discuss a small subset of possible mechanisms that can produce singular,

“one-off,” arc migration events (Fig. 12B), short-period cyclical arc migration (Fig. 12C), and
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long-period cyclical arc migration (Fig. 12D). These processes, among many others, may
combine and result in a cumulative arc motion record (Fig. 12A). Interested readers are referred
to Gianni and Lujan (2021) for a recent, and more comprehensive, review on the myriad causes
of arc migration. First, singular, “one-off,” events may cause slab shallowing. One of the most
common events of this type is subduction of relatively buoyant oceanic lithosphere, including
subduction of oceanic plateaus, seamount chains, and spreading ridges (Fig. 12B). Subduction
of buoyant oceanic lithosphere is well-documented in many Cordilleran orogens and has been
correlated with some arc flare ups (Haschke et al., 2002; Kay et al., 2005; Folguera and Ramos,
2011; Chapman et al., 2013; Gianni et al., 2018). Conversely, cases of extreme slab-shallowing
— flat-slab subduction — are generally characterized by magmatic lulls or the complete cessation
of magmatism (e.g., Pampean flat-slab segment; Ramos et al., 2002).

Some arc flare ups occur across very large segments of plate margins and require less
localized processes. For example, a ~6,000 km long segment of the Neo-Tethyan continental arc
(southern Lhasa-west Burma-Sumatra) exhibits concurrent magmatic lulls and flare ups during
the Cretaceous to early Paleogene, which have been attributed to repeated periods of slab
steepening and shallowing (Zhang, X., et al., 2019). Likewise, a ~5,000 km long segment of the
western Gondwana continental arc (Patagonia-Antarctic Peninsula-Marie Byrd Land) exhibits
concurrent flare ups during the mid-Cretaceous (Tulloch and Kimbrough, 2003; Riley et al.,
2018) and a > 3,000 km long segment of the North American Cordilleran arc (southern Coast
Mountains-Sierra Nevada-Peninsular Ranges) exhibits concurrent flare ups during the Late
Cretaceous (ca. 100-90 Ma) (Paterson and Ducea, 2015). Not all flare ups are correlated over
such large distances (Kirsch et al., 2016), but these cases do raise the possibility that some flare

ups may be related to large-scale geodynamic mechanisms. Below, we discuss a couple of
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mechanisms that have been proposed to influence slab dip at large-scales and allow periodic
changes in slab dip, which could cause periodic arc migration.

Mantle tomography models indicate that subducted slabs tend to penetrate, stagnate, and
fold in the mantle transition zone, particularly across the 660 km discontinuity where mantle
viscosity increases and density increases due to phase transitions (Fukao and Obayashi, 2013;
Goes et al., 2017). These observations have led to the development of geodynamic models that
use slab behavior in the lower mantle to explain orogenic processes at strongly convergent plate
margins, including changes in slab dip and plate coupling. There are two main, interrelated
mechanisms that have been proposed to cause periodic slab-shallowing and could lead to an arc
flare up. First, when a slab becomes anchored in the lower mantle, it may impede lateral
migration and limit trench motion, causing increased convergence and the upper plate to
“override” the trench, which results in a shallower slab dip in the upper mantle (Christensen,
1996; Heuret et al., 2007; Lallemand et al., 2008; Schellart, 2008; Guillaume et al., 2009;
Martinod et al., 2010; Holt et al., 2015; Agrusta et al., 2017; Cerpa et al., 2018). This process
may be enhanced by whole mantle flow following slab anchoring (Husson et al., 2012; Faccenna
et al., 2013; 2017) and by the length of the anchored slab (Schellart, 2017). Slab break-off or
fragmentation may free the anchored slab and restart the cycle (e.g., Haschke et al., 2002; 2006).
The periodicity, if any, of slab anchoring and break-off is unknown, but the Nazca slab
subducting beneath South America may be the best modern analog to gain insight into this
process. The Nazca slab penetrated the lower mantle between 70-35 Ma (Faccenna et al., 2017;
Chen et al., 2019) and presently shows no clear evidence for past break-off events (Portner et al.,
2020; Rodriguez et al., 2020). If slab anchoring ultimately controls magmatic episodicity, it

most likely operates on long time frames (> 50 Myr?), which could explain some long-period
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flare up intervals (Fig. 12D). For example, the average time between flare ups in the North and
South American Cordillera during the Mesozoic is 60-80 Myr (Paterson and Ducea, 2015).

The second process that may explain periodic changes in slab dip near the plate interface
is slab folding in the lower mantle (Ribe et al., 2007; Guillaume et al., 2009; Lee and King,
2010; Stegman et al., 2010; Gibert et al., 2012; Cerpa et al., 2014; Garel et al., 2014; Billen and
Arredondo, 2018). Resistance to sinking across the 660 km discontinuity can cause a slab to fold
back and forth, sometimes over itself, and produce oscillating episodes of slab shallowing and
steepening. This process can act in concert with slab anchoring (e.g., Faccenna et al., 2017).
Most numerical and analog modeling studies indicate that slab folding operates at periods of <
25 Myr (Guillaume et al., 2009; Lee and King, 2010; Gibert et al., 2012; Cerpa et al., 2014;
Garel et al., 2014) although Billen and Arrendondo (2018) produced folding with periods as high
as 50 Myr by increasing plate age (thickness) and mantle viscosity. Many convergent
continental arcs exhibit flare ups separated by < 50 Myr, which could be related to slab folding,
changes in slab dip, and arc migration. For instance, the average time between flare ups in the
Andes during the Cenozoic is 30-40 Myr (Haschke et al., 2002; Paterson and Ducea, 2015;
Pepper et al., 2016). Figure 12C schematically illustrates short-period cyclical arc migration

related to slab folding.

12. A conceptual model for flare ups related to arc migration

We envision a scenario in which the interactions between long-period processes like slab
anchoring, short-period processes like slab folding, and singular, “one-off,” events like
subduction of a submarine ridge or oceanic plateau produce a unique history of slab dip changes

and attendant migrations of the arc (Fig. 12). If landward arc migration is related to flare ups,
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then geologic records of arc flare ups may help to disentangle slab behavior and even deep
mantle geodynamics. Below, we present a conceptual model for the tectonic evolution of
strongly convergent Cordilleran orogenic systems that focuses on the potential role of arc
migration driven by changes in slab dip (Fig. 13). The model has four stages, 1) lull, 2) advance,
3) flare up, and 4) retreat. The model shares many similarities with previous orogenic cyclicity
models that seek to explain periodic geodynamic phenomenon (Collins and Richards, 2008;
DeCelles et al., 2009; Ramos, 2009; Folguera and Ramos, 2011; Horton, 2018; Faccenna et al.,
2021). Figure 13 uses slab anchoring as an example of a long-period cyclical processes to
illustrate what may drive periodic slab shallowing, however, the geologic phenomena predicted
to occur in the upper plate (e.g., flare ups, shortening, extension, uplift) are the same regardless
of the duration of slab shallowing and the mechanisms that may have caused that shallowing.
The model shown in Figure 13 is most applicable to continental arcs that exhibit long-period
magmatic behavior like the Peninsular Ranges batholith that experienced flare ups at ~245 Ma,
~165 Ma, and ~85 Ma, a period of ca. 80 Myr (Paterson and Ducea, 2015).

The first stage in the conceptual model is the magmatic lull. Magmatic activity is
concentrated on the trench side of the arc and the asthenospheric mantle wedge is the dominant
mantle source. If the arc is built upon young, accreted terranes or oceanic basement (e.g.,
western Sierra Nevada batholith), then these arc rocks will have juvenile radiogenic isotopic
compositions. Compared to flare up periods, arc magmas may have lower Sr/Y and La/Yb
values that reflect relatively thin crust and less hydrous melt sources. Thin arc crust may cause
the orogenic wedge to have a low taper (topographic slope + basal decollement dip angle) and to
be in a subcritical state (Davis et al., 1983; Platt, 1986; Dahlen, 1990; DeCelles and Mitra, 1995).

Out-of-sequence, contractional deformation is concentrated in the interior of the orogen
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(hinterland) to rebuild orogenic taper (e.g., DeCelles and Mitra, 1995). The subducting slab dips
at a moderate angle. In terms of slab anchoring, this may represent a time when the slab has a
free edge in the upper mantle (Fig. 13A). In terms of slab folding, this may represent a neutral
interval between periods of landward slab folding and trenchward slab folding (Fig. 12). Fluids
from the dehydrating slab and hydrous basaltic melts are 1) entrained into the magmatic
plumbing system of the active arc and 2) emplaced into the mantle lithosphere in the back-arc
region. The emplacement and storage of some mantle-derived melts in the mantle lithosphere
suppresses arc crust production rates during the magmatic lull. The accumulation of
metasomatic products in the mantle lithosphere also refertilizes the deep lithosphere.

Arc advance is the next stage in the conceptual model. Figure 13B shows the slab
penetrating and anchoring into the lower mantle, which causes increased plate coupling and slab
shallowing in the upper mantle. Landward-directed slab folding in the lower mantle or
subduction of more buoyant oceanic lithosphere (e.g., an oceanic plateau) may produce the same
effects (Fig. 12). The shallowing of slab dip causes the arc to migrate landward and the source
region for mantle-derived melts starts to include parts of the mantle lithosphere in addition to the
mantle wedge. If the lithosphere is sufficiently old, the radiogenic isotopic composition of arc
rocks becomes increasingly evolved during landward arc migration (Chapman et al., 2017).
Otherwise, no significant change in isotopic composition is predicted. Increased plate coupling
causes contractional deformation to intensify throughout the orogenic wedge, including an
increase in shortening in the retroarc thrust belt. Underthrusting of middle to lower crust beneath
the retroarc and downward flow within the arc leads to crustal thickening (DeCelles et al., 2009;

Paterson and Farris, 2008; Cao et al., 2016).
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As the arc migrates farther landward, melting of refertilized mantle lithosphere becomes
increasingly important and adds to melt production from the mantle wedge to produce an arc
flare up event (Fig. 13C). The flare up activates more parts of the arc system and the width of
the active arc increases (Fig. 11). Arc rocks may show a broader range of radiogenic isotopic
compositions that are reflective of the wider arc and the age of the lithospheric provinces
encountered. Repeated refertilization of the subcontinental mantle lithosphere and repeated flare
ups in a single location in the arc system is predicted to produce subsequently more juvenile
radiogenic isotope ratios. High rates of mantle-derived melt production lead to growth of a
mafic to ultramafic arc root that complements felsic igneous rocks emplaced in the middle to
upper crust (Ducea and Saleeby, 1998). Depletion of the mantle lithosphere and growth of this
arc root contributes to extinguishing the flare up (Chin et al., 2015). Crustal thickening is
achieved through a combination of magmatic and tectonic thickening (Cao et al., 2016), which
leads to an increase in orogenic taper and a shift to a supercritical state. Active deformation and
shortening is concentrated at the edge, or “toe,” of the orogenic wedge and new contractional
faults propagate into the foreland, pushing the entire retroarc system (thrust belt + foreland
basin) landward. Intra-arc shortening also reaches a maximum during the magmatic flare up
stage (Paterson and Farris, 2008; Cao et al., 2016). If slab anchoring is driving arc migration, the
flare up stage may end when the connection between the subducting slab and anchored slab is
broken (i.e., slab breakoff; Fig. 13C). If slab folding is driving arc migration, the stage may end
when the slab begins to fold back toward the trench. If subduction of a buoyant feature drives
arc migration, the flare up may end once the slab begins to re-steepen.

The final stage in the conceptual model is the retreat (steepening) of the slab in the upper

mantle and the trenchward migration of the magmatic arc (Fig. 13D). Magma production rates
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drop and the value and range of radiogenic isotopic compositions of rocks returns to pre-flare up
conditions. The depleted mantle wedge becomes increasingly important as the mantle source
region. Slab retreat also reduces plate coupling and decreases horizontal stresses within the
upper plate. The (over)thickened orogenic wedge may undergo extension and gravitational
collapse (Wells and Hoisch, 2008) with extensional basins forming in the hinterland (Horton et
al., 2018). Dense “arclogitic” arc roots may delaminate, leading to isostatic surface uplift that
further increases gravitational potential energy and causes extension (Molar et al., 1993).
Extensional deformation is predicted despite the plate margin being in an overall convergent

tectonic regime.

13. Conclusions

The causes of continental arc flare ups and magmatic lulls in convergent Cordilleran
orogenic systems remains a first-order question in the Earth Sciences. Individual flare ups may
be caused by a wide range of processes, but some arc flare ups share common characteristics,
which suggests that there may be an underlying geodynamic or petrogenetic mechanism that
drives changes in magma production. Continental arc flare ups often occur during landward arc
migration and this migration pattern may start 10s of Myr before the flare up occurs. The
migration of arcs into older, more evolved lithospheric provinces can produce a temporal shift
toward more evolved radiogenic isotopic compositions in arc rocks. Without arc migration, the
radiogenic isotopic composition at a single location within the arc system is predicted to show
less variability. The width of the region of magmatic activity in an arc can expand significantly
during a flare up and the range of radiogenic isotope ratios increases during flare ups as well.

Contemporaneous magmatism across multiple lithospheric provinces or boundaries may help
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explain the wide range of isotope values. Continental arc magmatism is fundamentally related to
melting of the mantle. The radiogenic isotopic composition of mantle xenoliths, exhumed mantle
lithosphere, and of the least differentiated arc rocks located in the deep crust are particularly
important for constraining the mantle source. Isotope studies indicate that primary, mantle-
derived magmas generated during flare up events are often more evolved than the depleted
mantle, which is interpreted to reflect substantial contributions from the mantle lithosphere.
Average arc crust production rates during arc flare ups are 70-90 km?® km™ Myr! and <
20 km® km™ Myr! during magmatic lulls. Arc crust production rates for individual intrusive
suites emplaced during flare ups can be 100s of km?® km™ Myr'!. Part of this arc crust may be
reworked from existing crust (generally ca. 50%), so long-term production rates for new, mantle-
derived, continental crust is lower. However, mantle-derived melt production rates in
continental arcs are appreciably higher than crust production rates because large volumes of
mafic to ultramafic residual assemblages (i.e., arclogites) that were originally derived from the
mantle are recycled, presumably by delamination. We estimate mantle-derived melt production
rates for continental arcs to be 140-215 km® km™! Myr! during flare ups and < 15 km?® km™ Myr!
during lulls. The difference in mantle-derived melt production between flare ups and lulls is
large and difficult to explain simply by varying subduction parameters like plate convergence
rate, slab dip, slab age, water flux from the slab, height of the mantle wedge, etc. Specifically,
the difference is larger than the range of melt production rates predicted by models considering
the full range of subduction parameters observed globally. Compared to independent estimates
for mantle melt production in subduction zones, these values suggest abnormally high mantle-

derived melt production during flare ups and abnormally low melt production during lulls.
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When averaged out across a cycle alternating between flare ups and lulls, however, these rates
are consistent with long-term independent estimates.

Previous studies have not focused on what may suppress magmatism during a lull.
Intrusion and crystallization of mantle-derived melts that stall or pond in the lithospheric mantle
is one mechanism that could reduce the amount of melt intruded into the deep crust. This
process refertilizes the mantle lithosphere, which could become increasingly melt-fertile during
magmatic lulls. Metasomatized mantle lithosphere may become more melt-fertile than primitive
mantle and is capable of producing large volumes of basaltic magmas or even basaltic andesitic
magmas. Partial melting of melt-fertile portions of the mantle lithosphere will significantly
increase the amount of mantle-derived melt produced and may explain magma production rates
during flare ups. Melt exhaustion, due to the large volumes of melt extracted from the mantle
and growth of an arc root may also contribute to extinguishing a flare up.

If landward arc migration is related to flare ups, it is important to consider processes that
cause migration. Slab shallowing is common during subduction of more buoyant oceanic
lithosphere, but it may also be caused by interactions between subducted oceanic lithosphere and
the mantle transition zone, including slab anchoring and slab folding. These processes can cause
episodic changes in slab dip over timescales similar to flare ups and lulls in continental arcs.
Changes in slab dip have been linked to a variety of geodynamic phenomena in Cordilleran
orogenic systems such as alternating periods of contraction and extension. Investigations into
the role of arc migration may help reconcile magmatic records of flare ups and lulls with these
other geologic datasets.

The role of arc migration and the mantle lithosphere in producing continental arc flare

ups was emphasized in this review, but there are many other topics that require further
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investigation. First, many tectonic processes correlate with slab-shallowing and arc migration,
including sediment subduction and crustal thickening, which could generate flare ups. Holistic
studies of interrelated geodynamic phenomenon in Cordilleran orogenic systems are needed to
understand the interconnectedness of these processes. Second, flare ups occur in continental arcs
that do not exhibit arc migration and these flares ups necessitate alternative models to explain
high magmatic addition rates. There is no one-size-fits-all model to explain arc flare ups and
examination of the unique characteristics of individual high-flux episodes are as equally likely to
yield insight as studies of the commonalities. Third, many features of flare ups are yet to be
rigorously scrutinized and/or compared across multiple arc systems, including flare up duration,
changes in the volume of magmatism from one flare up to the next, and geochemical trends.
Fourth, numerical models and experimental studies of mantle melting in subduction zones have
not explored flare-up conditions and tend to focus exclusively on the asthenospheric mantle.
Next, high magmatic addition rates and the episodic nature of flare ups and lulls may be
unrelated to melt-production altogether and instead be caused by processes such as punctuated
melt evacuation from deep crustal MASH zones and/or the mantle lithosphere. These systems
may need to reach a critical melt fraction or connectivity threshold before large-scale melt
extraction can occur. Finally, the differences and similarities between continental arc-type and
ignimbrite-type flare ups in Cordilleran orogens should be explored. These flare ups are
produced by different tectonic scenarios and processes, but the underlying petrologic

mechanisms and conditions may be comparable.
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Figure Captions

Fig. 1. Age-corrected, initial radiogenic isotopic compositions for igneous rocks in continental
arc segments (pink circles). Red lines are running medians of bivariate kernel density estimates
(Sundell et al., 2019). A) Data from the entire Sierra Nevada batholith (pink circles and solid
line; Kirsch et al., 2016) compared to the central Sierra Nevada batholith (37.5-38.13°N latitude,
dashed line), compiled by Ardill et al. (2018). Fc, Fj, and Frr (vertical blue-colored bands) refer
to the Cretaceous, Jurassic, and Triassic flare ups, respectively and are based on flare up intervals
identified in Kirsch et al. (2016). B) Data from the Peninsular Ranges batholith and
northwestern Mexico plotted with the mid-Cretaceous (Fc1), Jurassic (Fy), and the Permian-
Triassic (Fpr) flare ups. Modified from Kirsch et al. (2016). C) Data from southern Mexico and
northern Central America potted with the Early Cretaceous (Fc1), Jurassic (F;), Permian (Fp), and
Carboniferous (Fca) flare ups. Modified from Kirsch et al. (2016). D) Data from the Peruvian
Coastal batholith showing the Cretaceous flare up (Fc), modified from Martinez-Ardila et al.
(2019) and references therein. E) Whole rock eNd;) data and average sample zircon Hf isotope
data, converted to eNd(, using the terrestrial array of Vervoort et al. (1999), for the Median
batholith. Data compilation and timing of the Cretaceous flare up (Fc), is from Milan et al.
(2017), Schwartz et al. (in press), and references therein. F) Data from the North Patagonia
batholith showing the Cretaceous flare up (Fc), compiled from Echaurren et al. (2019) and
references therein. G) Data from the central Gangdese batholith plotted with the Paleogene
(Fpa), Cretaceous (Fc), and Jurassic (F;) flare ups, compiled from Chapman and Kapp (2017).

H) Data from the Korean Peninsula plotted with the Jurassic (Fy) and Triassic (F1r) flare ups,

compiled from Kim et al., (2016; 2020), Cheong and Jo (2020), and references therein. I) Data
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2027

2028

2029

2030

2031

2032

2033

2034

from the central and southern Coast Mountains batholith (Ducea and Barton, 2007; Girardi et al.,
2012) and references therein. Data includes average sample zircon Hf isotope values from Cecil
et al. (2011) converted to eNd(y) using the terrestrial array of Vervoort et al. (1999). The

Paleogene (Fpg), Cretaceous (Fc), and Jurassic (F;) flare ups are adopted from Cecil et al. (2018)

for the southern and central segments of the batholith.

Fig. 2. Initial (age-corrected), whole rock ®’Sr/%®Sr isotope ratios from the Coast Mountains
batholith are relatively constant with pressure/depth (red squares) and show no correlation with
Si0; (blue circles). This suggests that the isotopic values were acquired from the source region,
which is interpreted to be the mantle lithosphere because 3’Sr/*°Sr values are higher than the
depleted mantle. Data is from Girardi et al. (2012) and includes Jurassic to Paleogene intrusive

arc rocks.

Fig. 3. A schematic cross-section of a subduction zone showing how the mantle lithosphere may
be incorporated into the mantle wedge and contribute melt to the arc system. Isotherms and the
region of dehydration are adopted from Schmidt and Poli (1998). Many schematic cross-sections
for mantle melting (e.g., Grove et al., 2012; their Figure 6a) do not distinguish between
lithospheric and asthenospheric mantle. The lithosphere-asthenosphere boundary is blurred

because it is, in-part, thermally controlled (e.g., Niu, 2021).

Fig. 4. A comparison of temporal isotopic trends in zircon eHf(y) data (dashed purple line, based

on 31 rock samples, 654 individual zircon analyses) from the Ritter Range pendant in the Sierra
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Nevada batholith (SNB) with whole rock eNd() data (red solid line, based on 392 rock samples)

from the entire Sierra Nevada batholith. Data from Kirsch et al. (2016) and Attia et al. (2020).

Fig. 5. The shift towards more evolved radiogenic isotopic values in Jurassic arc rocks on the
Korean Peninsula started 20-30 Myr before the magmatic flare up at ca. 175 Ma. The isotopic

shift is concurrent with landward arc migration (Fig. 10D). Data from Cheong and Jo (2020).

Fig. 6. Temporal trends in oxygen isotope ratios (red circles) exhibit a variety of patterns during
arc flare ups (blue shading). A) Peninsular Ranges batholith (modified from Kistler et al., 2014;
Paterson et al., 2017). B) Sierra Nevada batholith (modified from Lackey et al., 2008; Kirsch et
al., 2016). C) Central Coast Mountains batholith (modified from Wetmore and Ducea, 2011;
Cecil et al., 2018). D) Chilean Coastal and Frontal batholiths (modified from Hervé et al., 2014;

del Rey et al., 2016).

Fig. 7. Schematic cross section through the Sierra Nevada arc system showing how oxygen
isotopic compositions vary with depth (modified from Saleeby et al., 2003). Crustal values are
zircon §'80 from the southern Sierra Nevada and arc root values are reconstructed whole rock
5180 for pyroxenite to peridotite xenoliths from the central Sierra Nevada (Ducea, 2002; Lackey
et al., 2005; Chin et al., 2014). Relatively low zircon §'*0 in the upper arc crust in the southern
Sierra Nevada was interpreted by Lackey et al. (2005) to reflect assimilation of juvenile oceanic

host rocks.
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Fig. 8. Summary of (Dy/Yb)n (panel A)and log(La/Yb)n (panel B) ratios for Sierra Nevada arc
rocks. Plots shows running medians of bivariate kernel density estimates (Sundell et al., 2019).
Sierra Nevada-wide data (solid red line) from Kirsch et al. (2016, and references therein) is
compared to data from only the central Sierra Nevada batholith (dashed black line), from Ardill
(2020, and references therein). Rare earth element ratios are normalized to chondrite

composition of Anders and Grevesse (1989).

Fig. 9. Phase diagram for a clinopyroxene-rich (~20 % mode) garnet-bearing spinel peridotite
xenolith from the central Sierra Nevada (sample 1026V; Lee, 2005; Chin et al., 2012; 2014) that
represents part of the deep (ca. 3 GPa) mantle lithosphere that was metasomatized by the
addition of asthenosphere mantle-derived melts. Melt fractions and garnet stability were
calculated with pMELTS (Ghiorso et al., 2002; Smith and Asimow, 2005) at AFMQ = -1 with 2

wt. % added water.

Fig. 10. Numerical modeling studies by Cagnioncle et al. (2007) (long-dashed green line) and
Zhu et al. (2013) (short-dashed green line) showed that mantle-derived melt production rate from
the mantle wedge varies linearly as a function of convergence rate (lower x-axis). Based on this
modeling, the difference in the Farallon-North America convergence rate between the mid-
Cretaceous flare up and the Early Cretaceous magmatic lull (pink shaded areas) is too small to
account for difference in crust production rate (plotted on the same y-axis scale as mantle-
derived melt production rate). Plate convergence rates are from Torsvik et al. (2008; 2019) and
Sierra Nevada data are from Ducea et al. (2015). Cagnioncle et al. (2007) also modeled how

increasing water flux from the subducting plate (solid blue line; upper x-axis) affects mantle-

93



2080

2081

2082

2083

2084

2085

2086

2087

2088

2089

2090

2091

2092

2093

2094

2095

2096

2097

2098

2099

2100

2101

2102

derived melt production rate in the mantle wedge. The global range of water released from slabs

up to 200 km depth is shown by the blue shaded area (van Keken et al., 2011).

Fig. 11. The location of and age of magmatism (red circles) reveals arc migration patterns (pink
shading) and is compared to the age of arc flare ups (blue shading), highlighted by probability
density plots (PDP) of rock ages, kernel density estimates (KDE) of rock ages, or magmatic
addition rates (MAR). In all panels, the distance away from the trench increases to the right. A)
Sierra Nevada batholith, modified from Chapman and Ducea (2019) and Cecil et al. (2012). B)
Peninsular Ranges batholith, modified from Karlstrom et al. (2014) and Paterson et al. (2017). C)
North Patagonia batholith, generated from data compiled in Echaurren et al. (2019) along a ~200
km wide transect with end-points centered at 46°S/75°W and 43°S/70°W. D) Korean Peninsula
arc , modified from Cheong and Jo (2020). E) Median batholith in New Zealand, modified from
Schwartz et al. (2017; in press). F) Peruvian Coastal batholith, modified from Martinez-Ardila et
al. (2019; 2019b). G) Gangdese batholith in Tibet, modified from Chapman and Kapp (2017).

H) Central Coast Mountains batholith, modified from the “Terrace” transect in Cecil et al (2018).
I) Southern Coast Mountains batholith, modified from the “Vancouver” transect in Cecil et al

(2018).

Fig. 12. A schematic diagram showing how multiple processes may influence slab dip and arc
migration. Solid colored lines show changes in arc migration through time with landward
migration directed upward and trenchward migration directed downward on the diagram. Slab
anchoring and breakoff (green line) is shown as an example of a long-period (60 Myr) cyclical

process. Slab folding (pink line) is shown as an example of a short-period (20 Myr) cyclical
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process. Slab folding is inferred to not occur when the slab is not anchored in the lower mantle
(dashed black line in circular cross-sections). Subduction of an oceanic plateau or submarine
ridge (blue line) is shown as an example of a “one-off” event. The cumulative effect of these
processes are shown at the top of the diagram (orange line) with intervals of net landward arc

migration labeled as a flare up.

Fig. 13. A conceptual model illustrating how slab anchoring in the lower mantle can produce

periodic slab shallowing, landward arc migration, arc flare ups, and explain deformation patterns

in the upper plate. See text for details.

95



