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Abstract Episodic magmatic flare-ups are documented in many continental arcs worldwide. Yet,

the causes of such episodicity and the sources feeding the flare-ups are not well-understood. In this
study, we use a 1-D numerical model and scaling analysis to assess the mass balance and thermodynamic
feasibility of generating arc magma as a result of partial melting of underthrusted retro-arc lower

crust. Results show the magma volumetric flux or magmatic thickening rate, is directly correlated with
the crustal underthrusting rate and the relative timescales of heat transfer and underthrusting. For a
continental arc with dimensions similar to the Sierra Nevada arc in California, we show with a constant
underthrusting rate of 5 km/Myr, the magmatic thickening rate is 0.1-0.3 km/Myr. This is slightly below
the baseline of arc magma thickening rate (~0.3 km/Myr) from the mantle wedge and accounts for
10%-30% of the magmatic thickening rate during a flare-up. The cumulative volume of magma generated
from the partial melting of a 20-km-thick underthrusted lower crust is on the order of 10° km?, about
10%-40% of the estimated magma volume generated during a flare-up. Therefore, we argue partial
melting of underthrusted lower crust plays a partial or subsidiary role in driving a magmatic flare-up
event. Additional melts from the mantle and/or other crustal sources are needed to achieve the observed
magmatic output during flare-ups. The arc root developed by partial melting of the underthrusted crust
reduces the time needed to obtain the critical thickness for root foundering, thus influencing the tempo of
arc magmatism.

1. Introduction

Continental arc magmatism is an important process for the formation of continental crust and most ore
deposits (e.g., Condie, 2013; Rudnick, 1995; Stern, 2002). Continental arcs also play a critical role in Earth's
long-term carbon cycle through volcanic and metamorphic degassing and chemical weathering (e.g., Cao
et al., 2017; Chu et al., 2019; Lee et al., 2015a; McKenzie, 2017). There is growing field and geochemical ev-
idence suggesting that magmatism is episodic and nonsteady state in continental arcs worldwide (Figure 1;
e.g., Ardill et al., 2018; Armstrong & Clark, 1988; DeCelles et al., 2009, 2014; Ducea, 2001; Ducea & Barton,
2007; Gehrels et al., 2009; Haschke et al., 2006; Kirsch et al., 2016; Paterson & Ducea, 2015; X. Zhang et al.,
2019; Zhu et al., 2015).

Compilations of U/Pb zircon geochronology from igneous rocks and arc-derived sediments show age peaks
and troughs defining magmatic “flare-ups” and "lulls,” respectively, on the timescales of tens of millions of
years (e.g., Paterson & Ducea, 2015). Typically, these flare-ups or high magma flux events last ~30 Myr and
are separated by magmatic lulls spanning 20-50 Myr (e.g., Kirsch et al., 2016). Magma generation rates dur-
ing the lulls in a continental arc are comparable to the rate of mantle-derived primitive magma generation
in island arcs (DeCelles et al., 2009), representing a baseline for the magma contribution from the mantle
wedge. The Armstrong unit (AU) is used to quantify the baseline magma generation rate, with 1 AU = 30
km®/Myr per kilometer length of arc (DeCelles et al., 2009; Reymer & Schubert, 1984). During a flare-up,
the magma generation rate reaches 3-4 AU in the upper-middle crust (DeCelles et al., 2009). The AU can be
converted to a volumetric flux (km®/km?/Myr or km/Myr) if the arc width is known. Given a characteristic
arc width of 100 km, the baseline 1 AU is ~0.3 km*/km?*/Myr. For flare-ups in continental magmatic arcs,
an estimated volumetric flux of ~1 km®/km?/Myr (~3-4 AU equivalent) is proposed for the main arc and >
0.6 km*/km?/Myr (>2 AU equivalent) for a broader region from the forearc to the retro-arc (Ratschbacher
etal., 2019). This volumetric flux is also referred to as the magmatic thickening rate (km/Myr), representing
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Figure 1. World map in Robinson projection showing the locations of continental arcs where nonsteady state magmatism has been observed. Arc locations
are shown as abbreviations: AN = Antarctica (Paulsen et al., 2016), BM = Bohemian Massif (Hajna et al., 2017), CM = Coast Mountains batholith (Cecil et al.,
2018), GA = Gangdese-Burma-Sumatra arc (X. Zhang et al., 2019), NC = North China (Cope, 2017), NZ = New Zealand (Schwartz et al., 2017), SA = South

American Cordilleran arcs (Kirsch et al.

, 2016; Pepper et al., 2016), SC = South China (Li et al., 2007), NA = North American Cordilleran arcs (Kirsch et al.,

2016; Paterson & Ducea, 2015), TA = Taknar complex (Moghadam et al., 2017). Base map modified from Tsujimori et al. (2006) and Erdman and Lee (2014).

the magmatic contribution to the vertical growth of arc crust (Cao & Paterson, 2016; Jicha & Jagoutz, 2015;
Jiang & Lee, 2017; Lee et al., 2015a).

Previous models explaining nonsteady state magmatism focus on: (1) the convergence rate between the
subducting and overriding plates regulating magma production (e.g., Pilger, 1984); (2) slab dynamics,
including the opening of slab windows and changes in the subduction angle (Z. Zhang et al., 2010); (3)
delamination of an eclogitic arc root (e.g., Kay & Kay, 1993; Lee & Anderson, 2015); (4) temporal filtering
of mantle-lithosphere interactions where the crust modulates mantle input (De Silva et al., 2015); (5)
relamination of material off of the subducting plate and emplacement at the base of the arc crust (e.g.,
A. D. Chapman et al., 2013; Ducea & Chapman, 2018; Hacker et al., 2011); (6) incorporation of fore-arc
sediments into the active arc (Pearson et al., 2017; Sauer et al., 2017, 2018); (7) arc migration into the fertile
retro-arc region (J. B. Chapman & Ducea, 2019); and (8) feedback among linked tectonic processes (e.g.,
DeCelles et al., 2009; Ducea, 2001; Ducea & Barton, 2007).

For North and South America Cordilleran arcs, the temporal correlation between magmatism and plate
convergence rate is weak (e.g., Ducea, 2001; Kirsch et al., 2016). Whole rock Nd isotope data show a cor-
relation with magmatism. There is a decrease in exq toward more evolved compositions during flare-ups
in comparison to increases in eyq during magmatic lulls (e.g., Ducea, 2001). The negative eyq excursion is
interpreted to signify ~50% contribution from crustal materials to a magmatic flare-up (Ducea, 2001; Ducea
& Barton, 2007). Many studies thus hypothesize that magmatism is driven by the repeated incorporation
of underthrusted retro-arc crustal materials beneath the arc, boosting melt generation (e.g., DeCelles &
Graham, 2015; DeCelles et al., 2009; Ducea, 2001).

However, the thermodynamic feasibility of arc magma generation through partial melting of continental
lower crust has not been tested. Quantitative evaluation of such a process requires the inclusion of latent
heat associated with melting, the temperature dependency of thermal diffusivity and heat capacity, as well
as kinematic conditions such as the underthrusting rate of the retro-arc crust. In this study, we use numer-
ical modeling and scaling analysis to address the following questions: (1) What controls the total volume
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Figure 2. Schematic illustration of the numerical model setup, showing model geometry and initial thermal state of
the half-space heating model where the underthrusted slab is 600°C everywhere except for the fixed 1100°C bottom
boundary.

and rate of magma generation during partial melting of underthrusted crust? (2) Is partial melting of un-
derthrusted crust capable of generating enough arc magma in a relatively short period (~30 Myr) to form
a magmatic flare-up? (3) How do the arc root and melts from the mantle interact with the underthrusting
crust and contribute to the magmatic flare-up?

2. Methods
2.1. Initial, Boundary Conditions, and Governing Equation

To investigate arc magma generation during underthrusting, we simulate the 1-D thermal evolution of
the underthrusting crust in a numerical model. The vertical temperature profile of the crustal column is
coupled with lateral motion, approximating a 2-D cross section of the underthrusting crust. To focus on
underthrusting, the model does not include arc root foundering or melting of the mantle. We recognize the
importance of these processes and address them in Section 4.

The model consists of a 20-km-thick retro-arc lower crustal slab that is underthrusting into the sub-arc
mantle (Figure 2). We use a half-space heating model in which the initial temperature of the underthrust-
ing crustal slab is 600°C everywhere, except for the basal boundary where a constant mantle temperature
of 1100°C is enforced. The mantle temperature used in our model is based on the thermal profile of the
modern Chilean Andes where the average thermal gradient of the shallow sub-arc mantle below the Moho
is ~25°C/km, and the Moho temperature is ~600°C (Syracuse et al., 2010). Implementing this thermal
profile into our model, we get 1100°C for the temperature at the base of the underthrusted crust which
is 20 km below the 600°C Moho (600°C + 25°C/km x 20 km = 1100°C). For the purpose of investigating
first-order thermal effects, we take a simple approach that does not include the geothermal gradient in the
underthrusting crust nor cooling of the mantle due to the thickening of the arc crust (Chin et al., 2015). The
simulated results thus represent the upper bound of melt generation and the maximum productivity of arc
magma. The governing heat equation is as follows:

LA B Lk a
a oz oz | c,(r)er o )

L OF oT
x(T) is the temperature-dependent diffusivity and C ol or is for latent heat (e.g., Bergantz, 1989; Lee
P

et al., 2015b), where L is the total latent heat of fusion absorbed between the solidus and the liquidus of
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Table 1
Parameter Definitions and Values Used in This Study
Parameter Symbol  Value Unit
Thickness of underthrusting crust z 20 km
Width of the arc w 125 km
Along strike arc length l km
Temperature of crustal slab - 600 °C
Mantle temperature Tmantle 1100 °C
Total latent heat of fusion® L 400  kJkg!
Temperature-dependent heat capacity Cy(T) Jkg 'K
Reference thermal diffusivity x 10°° m’s™!
Temperature-dependent thermal diffusivity x (T) m?s™!
Thermal diffusivity (latent heat effect included) (T) m*s™
Equivalent thermal diffusivity (advection included) Xeq m*s™!
Characteristic time of heat transfer Tthermal Myr
Melt fraction F
Critical melt fraction Feie 0.25
Critical temperature Terit °C
Volume of melt Vv km’®
Underthrusting rate v km Myr™
Underthrusting distance X km
Melt area A km?*
Characteristic time of underthrusting Tunderthrust Myr
Péclet number Pe
Magmatic thickening rate M km Myr™

“Lange et al. (1994)

the lower crust, C,(T) is temperature-dependent heat capacity, and F is melt fraction. The temperature-melt
fraction relationship (3F/3T) is constrained using a MELTS-modeled phase change for a lower crust compo-
sition (see Section 2.3). Parameters used in the model are listed in Table 1. Equation 1 can be rearranged to:

or ol ,..\or
= a—z{x (T)8—Z:| ®)

where «'(T) is the equivalent diffusivity taking latent heat into account (e.g., Lee et al., 2015b):

- ®
c,(r)er

It is noted that x'(T) < x(T) since the denominator in Equation 3 is larger than 1. Implicit finite difference
method and Picard iteration are used to solve the nonlinear heat equation (Equation 2). The MATLAB script
used for the numerical model is included in the supporting information.

2.2. Effects of Temperature-Dependent Diffusivity and Latent Heat

Studies have shown that rock thermal diffusivity decreases rapidly with increasing temperature (Mottaghy
et al., 2008; Vosteen & Schellschmidt, 2003). Whittington et al. (2009) shows that the thermal diffusivity of
crustal rocks near and above Moho temperatures is about 0.5x10~° m* s, which is approximately half its
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Thickness of crust where T > 900°C (km)

value at temperatures on Earth's surface. The temperature dependence
of diffusivity effectively slows conductive heat transfer within the un-
derthrusting crust, thus reducing the rate of partial melting.

The effects of the temperature dependence of thermal diffusivity and
latent heat are illustrated in Figure 3. In the half-space heating model, a
column of initially isothermal 600°C crust is exposed at one end to man-
tle temperatures of 1100°C. By tracking the propagation of the 900°C
isotherm, heating of the rock column is inhibited when the temperature
dependency of thermal diffusivity or the effect of latent heat is applied.

Constant x
Constant  + latent heat
Temperature dependent « factor of ~3 for the given scenario.

=== Temperature dependent « + latent heat

The combined effects of temperature-dependent thermal diffusivity and
latent heat drastically slows down the rate of thermal conduction by a

Figure 3. Temporal evolution of the underthrusted lower crustal slab
showing the propagation of the 900°C isotherm. Inclusion of temperature-
dependent diffusivity and latent heat significantly reduces the rate of heat

transfer.

20

Forward time (Myr)

30 40 50 60
2.3. Partial Melting of Lower Crust and Formation of Arc Root

To obtain the temperature-melt fraction relationship needed for the cal-
culation of latent heat, we use the MELTS thermodynamic algorithm
(Ghiorso & Sack, 1995) to constrain the temperature-melt fraction re-
lationship (0F/dT) during partial melting. For our generalized model
of continental arc systems, we adopt the temperature-melt fraction re-
lationship using the global average lower crust composition (Rudnick
& Gao, 2003). The MELTS calculations were performed at 1.5 GPa
(lithostatic pressure at ~55 km depth using crustal density of 2,800 kg/m?) and a temperature range of
600°C-1300°C to mimic the conditions at which the underthrusting crust undergoes partial melting. De-
tailed MELTS setup and parameters are presented in the supporting information.

The global average lower crust used in the model is of mafic composition with a silica content of 52 wt. %.
To investigate the effects of water during partial melting of the underthrusting lower crust, our experiments
were performed assuming a range (1, 1.5, and 2 wt. %) of H,O. The bulk source rock composition is listed in
the MELTS setup file in the supporting information. Residual phase diagram and melt silica content for 1,
1.5, and 2 wt. % of H,O is presented in Figure 4.

Ducea (2002) and Ducea et al. (2020) argue that the Sierra Nevada granitoids (arc magma) and the pyroxen-
ite xenoliths (arc root) are complementary melts and residues, respectively, resulting from partial melting
of mafic, amphibolitic lower continental crust, with 0.1-0.5 melt fractions. Segregation of partial melt in
the lower crust begins at the melt connectivity transition, where isolated melt pockets coalesce to form an
interconnected melt network along the grain boundaries, enabling melt permeability at the source region
and allowing melt to migration (e.g., Rosenberg & Handy, 2005; Sawyer, 1994). We assume partial melting
of the lower crust continues until melt of intermediate composition is extracted, and dense restitic minerals
(mostly garnet and pyroxenite) are left over. We define a critical melt fraction (F) as the degree of partial
melting of underthrusted lower crust required to generate melt of intermediate composition.

The value of critical melt fraction is set to F;; = 0.25 because of the following reasons. First, at F;; = 0.25, for
all three choices of different water contents, the restite consists of mostly garnet and pyroxene, an eclogitic
assemblage (Figure 4). This is similar to the characteristic mineralogy of the Sierra Nevada arc root (Ducea
& Saleeby, 1996; Ducea, 2002). The melt produced at F;; = 0.25 is also granitic with a silica content of 65-70
wt. %. Second, after testing different F values ranging from 0.1 to 0.5, we found F; of 0.25 provides the
maximum amount of melt produced in 50 Myr timescales because a higher F; corresponds to a higher
temperature (T, defined in the following paragraph) that makes melting more difficult (see Figure S1).
Third, the 0.25 melt fraction is also similar to that estimated in Betic Cordilleran orogen in southern Spain,
based on Mn growth zoning in peritectic garnets (0.3 melt fraction; Yu & Lee, 2016). In our 1-D model, F_;
also equals the thickness ratio of total partial melt generated to the underthrusted lower crust. An eclogitic
arc root forms after extraction of intermediate melt (Ducea, 2002). With F.;; = 0.25, the thickness of the arc
root resulting from partial melting is three times the thickness of the extracted melt. This arc root could exist
throughout an arc's evolution, but it may also founder into the mantle due to gravitational instability (e.g.,
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Figure 4. MELTS partial melting results of global average lower crust composition (Rudnick & Gao, 2003) containing 1, 1.5, and 2 wt. % H,O. (a-c) Phase
diagram of residual mineral weight percent as a function of melt fraction. (d) Silica content in melt versus melt fraction. F.y is the critical melt fraction
(Faie = 0.25 means 25% partial melting).

Arndt & Goldstein, 1989; Lee, 2014). The eclogitic root undergoes no further melting because of the high
solidus (>1300°C) for eclogitic compositions (Mallik & Dasgupta, 2012).

Finally, we define a critical temperature (T,;) corresponding to F,; = 0.25 (Figure 5). Increased water con-
tent lowers the solidus as well as T, making partial melting more rapid. When the lower crust contains
1.5 and 2 wt. % H,0, the T is lowered by 72°C and 108°C, respectively, compared to the 1 wt. % H,O case
(Figure 5).

2.4. Models of the Underthrusting Rate

Underthrusting of the retro-arc lower crust is initiated at the start of the simulation and terminated when
the lower crust intercepts the cold mantle lithospheric wedge beneath the fore-arc region (Figure 2). Based
on geological estimates of total retro-arc crustal shortening (e.g., Sevier thrust belts and hinterland short-
ening) associated with the Cretaceous Sierra Nevada arc, the average upper crust shortening rate is ~5 km/
Myr and is more or less constant from ~120 to 80 Ma (DeCelles, 2004; Yonkee & Weil, 2015). If the lower
crust experienced the same amount of shortening, the average underthrusting rate of the lower crust would
also be ~5 km/Myr.
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1200 | o :_:"" ) Melt volume is calculated via the product of underthrusting distance x(t),
/ :,:"’ the thickness of the 1-D crustal column undergoing partial melting and
1100} ,;/' 1 melt extraction z(t), the along strike arc length (I), and the critical melt
i 14 fraction (F.;;) (Equation 4). z(t) is determined based on the result of the
2 1000 Tepit = 951°C i . 1-D half-space heating model where the temperature exceeds a critical
=] = £ . .
® il "y temperature (T) (Figure 5). We then apply z(¢) laterally across the entire
S 7]
g 900t ‘ ¥ ] underthrusted crust to obtain the estimated magma volume (Equation 4):
800 o 1 V()= Al Fo = x(1)-2(1) -1+ Fugy )
7. m— Global average, 1% H20
74 lobal 1.5% H
700 [ {1 = — = Global average, 1.5% H20 |, where A is the melt area in the 2-D profile. Since v(f) is underthrusting
,',' """ Global average, 2% H20 rate (Equation 5), we have
600 12 | ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 t
Melt Fraction x(t) = gv(t)dt (5)
Figure 5. Temperature versus melt fraction diagram for the global
average lower crust composition (Rudnick & Gao, 2003) constrained by We assume the arc magma generated through partial melting is uni-
MELTS. Different water content in weight percent is presented. Ter is the formly distributed along the width of the arc. To calculate the magmatic

temperature corresponding to F; = 0.25.

thickening rate M(t), we take the time derivative of Equation 4 and di-
vide it by the 2-D surface area of the arc (w-I) (Equation 6):

av 1
M(t) = — —. 6

( ) dr wl ©
Since we do not solve thermal diffusion in 2-D, the melt area is slightly overestimated. The actual area of
melt can be constrained between the upper limit of x-z (the value we used in the model) and the lower limit

2
of —x - z. The lower limit is calculated via integrating the area of melt assuming only 1-D vertical thermal

diffusion (see Figure S2). In this sense, our simplified method overestimates the melt volume by no more
than ~30%. This approach works together with other assumptions in our model (e.g., constant mantle tem-
perature) yielding the upper limit of magma generation during the underthrusting process.

2.6. Model Limitations

Our numerical model provides first-order estimates on the total magma volume and magmatic thickening
rate associated with the underthrusting process. While we focused on the process of retro-arc underthrust-
ing, the results from our generic model is applicable to fore-arc underthrusting as well. However, this model
is simplified, and there are several limitations: (1) Our approach does not account for the refrigerating effect
on the mantle (Chin et al., 2015) due to the magmatic and tectonic thickening of arc crust (Cao et al., 2016b;
Karlstrom et al., 2014; Lee et al., 2015a) and derthrusting of a relatively colder crust. The refrigerating effect
could gradually lower the temperature of the mantle, hamper heating of the underthrusting crust. (2) We
assume all melts are added to the arc crust as soon as they are generated. There is no lag time associated
with melt transport, and the physical processes of magma ascent and emplacement (e.g., Cao et al., 2016a;
Rummel et al., 2020) are not considered. (3) Magma advection as dikes or diapirs are not included. Advec-
tion could promote heat transfer by increasing the equivalent thermal diffusivity (e.g., England et al., 2007;
Jaupart & Mareschal, 2010); therefore, it may boost the rate of heat transfer within the underthrusted crust.
In Section 4.2 of the discussion, we parameterized thermal advection in a simple, semi-quantitative manner.
More advanced modeling on the actual physical processes of magma advection is needed in future studies.
(4) We do not include any spatial or temporal focusing processes which could boost the local magmatic
thickening rate. For example, the center of the arc front may receive a higher melt flux via arc axial focusing
relative to the peripheral arc region (Ardill et al., 2018). (5) Our model does not include the dynamics of
arc root foundering, mantle flow upwellings, and subsequent partial melting of the lower crust. Some of
the above aspects may have competing effects on melt generation and would require more comprehensive
2-D/3-D modeling.
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Figure 6. Numerical simulation results of Case 1 with 1 wt. % water showing the temporal evolution of three models
with different underthrusting rates. (a) The model results are categorized into three stages based on underthrusting
of the lower crust. The red part of the underthrusted crust refers to the area undergoing partial melting and melt
extraction. (b) Time-dependent underthrusting rate. (c) Total underthrusting distance. (d) Thickness of arc root
generated via partial melting and cumulative melt thicknesses for F;; = 0.25. (e) Cumulative 2-D melt area and 3-D
melt volume for arc width w = 125 km and arc length [ = 600 km. (f) Magmatic thickening rate or volumetric flux.

3. Results

We present two results of numerical simulations with different water contents. In Figure 6, the water con-
tent of the underthrusted crust is set to 1 wt. %, while Figure 7 corresponds to a water content of 2 wt. % to
demonstrate the effect of water on the melt generation rate. For each simulation, we tested three models of
underthrusting rate. The reference model (Model A) has a constant rate of 5 km/Myr representing the most
likely case for the Cretaceous Sierra Nevada arc (e.g., Yonkee & Weil, 2015). Model B has a linearly increas-
ing and decreasing rate which steadily increases to 10 km/Myr during the first half of underthrusting, then
decreases to 0 during the second half. Model C has a linear decreasing rate where v = 10 km/Myr at the start
and decreases to 0 at the end. The purpose of the time-dependent rates in Models B and C is to investigate
how underthrusting rate influences the magmatic thickening rate. These models (Models B and C) do not
reflect the geological constraints on the underthrusting rate. For each case, the average underthrusting rate
is 5 km/Myr. To facilitate discussion, we defined two characteristic times. The characteristic time of under-
thrusting (Tyndertrust) i the timescale of active underthrusting (the ratio between the given arc width, 125
km, and average underthrusting rate). Tynderthrust iS 25 Myr in all models. We also defined the characteristic
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Figure 7. Numerical simulation results of case 2 with 2 wt. % water showing the temporal evolution of three models
with different underthrusting rates. Except for the increased water content, all other parameters are unchanged to
illustrate the effect of water on melt generation. (a) The model results are categorized into three stages. The red part
of the underthrusted crust refers to the area undergoing partial melting and melt extraction (see text for detailed
explanation). (b) Time-dependent underthrusting rate. (c) Total underthrusting distance. (d) Thickness of arc root
generated via partial melting and cumulative melt thicknesses for F.; = 0.25. (¢) Cumulative 2-D melt area and 3-D
melt volume for arc width w = 125 km and arc length [ = 600 km. (f) Magmatic thickening rate or volumetric flux.

time of heat transfer (Tiermar) as the time needed to complete the partial melting of the underthrusted crust

along its vertical dimension.

3.1. Case 1 With 1 wt. % Water

The results of Case 1 containing 1 wt. % water can be categorized into three stages. Below, we summarize

the results for each stage.

3.1.1. Stagel

Active underthrusting with vertical growth of the partial melt layer (t < Tunderthrust)- The lower crust begins
underthrusting from the retro-arc direction, and partial melting occurs. During this stage, melt generation
is sustained by both lateral underthrusting of the lower crust and vertical growth of the partial melt layer.
Stage I ends when the entire sub-arc mantle is occupied by the crustal slab, and it intercepts the mantle

wedge beneath the forearc (Figure 2).
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Models of different underthrusting rates (Figure 6b) result in slightly different underthrusting distances
during this stage, though the final underthrusting distance of 125 km is the same for all cases (Figure 6c).
The cumulative melt thickness increases as the isotherm T, vertically propagates upward through the
crustal column (Figure 6d, pink curve). The thickness scales with ~t"* during this stage because the melt
thickness is controlled by thermal diffusion and is independent of the underthrusting rate. Cumulative melt
thickness and melt volume also increases with time (Figure 6e). At the end of Stage I, melt volume reaches
2x10° km’.

The magmatic thickening rate is sensitive to the underthrusting rate (Figure 6f). For the reference Model
A with the constant 5 km/Myr underthrusting rate, the magmatic thickening rate slowly climbs to a max-
imum of ~0.15 km/Myr when underthrusting ends. For Model B with linearly increasing and decreasing
rates, the magmatic thickening rate mimics the temporal pattern of the underthrusting rate. The maximum
thickening rate of ~0.2 km/Myr is achieved in the middle of the stage when the underthrusting rate reaches
a peak of 10 km/Myr. For Model C with a linear decreasing rate, the maximum thickening rate of ~0.1 km/
Myr occurs within the first half of Stage I, before 10 Myr.

3.1.2. StageII

Vertical growth of the partial melt layer after underthrusting terminates at 25 Myr (Tynderthrust < ¢ < Tthermal)-
Partial melting is sustained by the upward propagation of the isotherm T Even without additional under-
thrusting lower crust, the cumulative melt area and volume still increase during Stage II but at a slower rate
than Stage I (Figure 6e). This behavior is also reflected in the magmatic thickening rate, which decreases
to ~0.05 km/Myr (Figure 6f). Stage II ends when the entire vertical column of the underthrusted slab has
undergone partial melting. In other words, the end of Stage II is marked by the T isotherm reaching the
top of the 20 km-thick underthrusted slab (t = Tiermal)- Tthermat 1S 117 Myt in the Case 1 simulation and Stage
II lasts 92 Myr (117 — 25 = 92 Myr). Once Stage II is complete, no additional melt can be produced because
the entire slab has undergone partial melting. At the end of Stage II, the maximum melt volume has reached
3.75 x 10° km?, and the arc root is completely formed.

3.1.3. Stage III

Cessation of partial melting in the underthrusted crust (f > Tierma)- One complete underthrusting-partial
melting process in Case 1 takes 117 Myr which equals Termar-

3.2. Case 2 With 2 wt. % Water

Similar to Case 1, we defined the same three stages in Case 2, with the increased water content (2 wt. %
H,0). In this case, partial melting along the vertical dimension of the underthrusted crust is completed
shortly after lateral underthrusting terminates. Therefore, the duration of Stage II (3 Myr) is much shorter
in Case 2 (3 Myr compared to 92 Myr in Case 1).

3.2.1. Stagel

Active underthrusting with vertical growth of the partial melt layer (f < Tynderthrust)- Compared to Case 1, the
magmatic thickening rate is higher in Case 2. The three models achieve different maximum rates at differ-
ent times: (1) magmatic thickening rate of ~0.3 km/Myr at the end of Stage I in Model A; (2) ~0.35 km/Myr
at 12.5 Myr when the peak underthrusting rate of 10 km/Myr is reached in Model B; and (3) ~0.25 km/Myr
around 10 Myr in Model C. Stage I ends when the entire sub-arc mantle is occupied by the crustal slab, and
it intercepts the mantle wedge beneath the forearc (Figure 2).

3.2.2. Stage Il

Vertical growth of the partial melt layer after underthrusting terminates at 25 Myr (Tynderthrust < ¢ < Tthermal)-
During this stage, partial melting is sustained by the upward propagation of the isotherm T. Without
the underthrusting of the lower crust, we observe a decrease in magmatic thickening rate to ~0.1 km/Myr
(Figure 7f), roughly twice the value shown in Case 1. Since the characteristic time of heat transfer within
the underthrusted crust (Tyermar) is 28 Myr, Stage II in this case only lasts for 3 Myr (28 — 25 = 3 Myr). No
additional melt can be produced after the end of Stage II because the entire underthrusted crust has under-
gone partial melting. At this point, the maximum melt volume of 3.75 x 10° km” is reached for an assumed
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Figure 8. Steady-state results showing dependency of magmatic thickening rate (colored contours) with various input
parameters. (a) Magmatic thickening rate as a function of underthrusting rates and thermal diffusivity with fixed arc
width w = 125 km. F; = 0.25 is used. (b) Magmatlc thickening rate as a function of arc width and underthrusting
rate. Constant thermal diffusivity x = 10~ ®m?/s and F. = 0.25 is used. Cumulative melt volume for a given arc width
is shown in dashed gray lines for arc length [ = 600 km. Kinks in the dashed gray line of melt volume appear when the
underthrust rate is high and arc width is small which results in incomplete partial melting when the underthrusting
StOPS (Tthcrmal > Tundcrthrusl)-

continental arc whose width w = 125 km and length [ = 600 km (Figure 7e) and the formation of the arc root
for the entire underthrusted crust is complete.

3.2.3. Stage III

Cessation of partial melting in the underthrusted crust (¢ > Tiherma)- The complete underthrusting-partial
melting process in Case 2 takes 28 Myr which equals Termal-

4. Discussion
4.1. Scaling Analysis: Steady-State Model

A simple, idealized steady-state model is presented to illustrate the scaling relationships among the param-
eters controlling arc magma generation as a result of partial melting (Figure 8). This scaling model does not
include the effects of latent heat nor water in the lower crust, and thermal diffusivity is treated as a constant
(x). At steady-state, the lower crust is underthrusted into the sub-arc mantle at a constant rate v, and arc
root is readily removed. Using the characteristic thickness of the conductive thermal boundary (J;t )and a
critical fraction (F.;), we obtain a melt thickness of (Equation 7):

= Fyxt @

In this scaling analysis, the characteristic time of underthrusting, Tungermrust S given by the quotient of arc
width w and underthrusting rate v (Equation 8):

S

Tunderthrust = 7 (8)

The magmatic thickening rate M of the lower crust during steady-state conditions can be obtained by taking
the time derivative of z (Equation 7) and replacing ¢t with Tyngerrust (Equation 9):

dz 1 Ky
=== . F . |—. 9
= Ry~ ©)
Finally, the total volume of arc magma generated within the characteristic time of underthrusting can be
calculated by the product of the arc width w, the along strike arc length [, and the melt thickness (z) at time

Tunderthrust (EquatiOH 10)
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Kw

V=w-l-z=w-lFy,|—. (10)
v

Figure 8 illustrates the magmatic thickening rate and the total magma volume as a function of the underthrust-
ing rate, the thermal diffusivity, and the arc width using F.; = 0.25. At steady-state, the magmatic thickening
rate is positively correlated with the underthrusting rate and thermal diffusivity (Figure 8a) and inversely cor-
related with arc width (Figure 8b). In comparison, cumulative melt volume is largely a function of arc width.
A larger arc width enables more material to be underthrusted, resulting in greater cumulative melt volume.

The magmatic thickening rate only weakly depends on the arc width within a reasonable range of widths
(100-150 km) (Figure 8b).

The upper bound estimates of magmatic thickening rate and cumulative melt volume correspond to an
unlikely scenario of F; = 1, in which the underthrusted lower crust is completely melted and all materials
are added to the arc crust. Using values representative of the Sierra Nevada arc where [ = 600 km, w = 125
km, and v = 5 km/Myr, the magmatic thickening rate is 0.6 km/Myr or ~2 AU equivalent. Also, for the F;
= 1 case, one complete underthrusting event yields a cumulative melt volume of 1.5 x 10° km?. This melt
volume is 67% of the original arc crust (125 km width x 600 km length x 30 km depth). The 0.6 km/Myr
thickening rate and magma volume of 1.5 x 10° km? are close to the lower end of the estimated values of the
Cretaceous flare-up event in the entire Sierra Nevada (M = ~0.6-1 km/Myr and V = ~1-3x10° km®) (e.g.,
Cao & Paterson, 2016; Ratschbacher et al., 2019). However, only a portion of the crust undergoes partial
melting; the rest becomes residue. In the case of F.; = 0.25 (Figure 8), the magmatic thickening rate and
cumulative melt volume will be reduced by a factor of 4, resulting in M = 0.15 km/Myr or 0.5 AU equiva-
lent and V = 3.7 x 10° km®. Volumetrically, it is less than 20% of the original arc crust. This simple scaling
analysis shows that the volume of magma generated by partial melting of the crust and the magmatic thick-
ening rate cannot suffice flare-up events. Magma from additional sources is required to reach the estimated
magma thickening rate and volume.

4.2. Effects of Water and Heat Advection

Higher water content in the underthrusted crust lowers the solidus as well as the T.;; of the crust, increasing
the rate of partial melting (Figure 5). For the top row in Figure 9 (A1, A2, and A3), where the water content
increases from left to right, there is an increase in peak magmatic thickening rate corresponding to higher
water content. The higher water content also reduces the Tierma, €nabling faster partial melting along the
vertical dimension of the underthrusted crust. However, the magmatic thickening rate in the highest water
content case is still much lower than the estimated thickening rate during a flare-up. For the reference mod-
el A (blue curves in A2 and A3 of Figure 9), the addition of water only boosts the peak magmatic thickening
rate to ~0.3 km/Myr. In terms of magma volume, the total amount of melt produced from partial melting
of the underthrusted crust remains unchanged because it is capped by the size of the underthrusted crust
and the given critical melt fraction. Since Tiermal cOrresponding to the 1 wt. % water case is ~117 Myr, only a
portion of the total magma volume is released in timescales of ~30 Myr, typical for an arc flare-up (Figure
6). Whereas for 1.5 and 2 wt. % water, Tiermal iS much shorter (30 and 28 Myr, respectively, Figure 9); thus,
the maximum magma volume is reached much faster with increased water content.

Advective heat transfer (e.g., diking) from mantle basalts intruding into the lower crust could heat the crust
in addition to thermal conduction. The intruding basalts will thus in turn play an important role in increas-
ing the magma production rate. Magma advection via diking are difficult phenomena to implement even
in advanced 2-D or 3-D models because the processes depends on many complex, dynamic processes, and
parameters such as rock rheology, melt transport, phase transition, and dike formation mechanisms (e.g.,
Cao et al., 2016a; Liang & Parmentier, 2010; Rummel et al., 2020). While others have quantitatively assessed
the process of advective magma transport and the thermal impact of mantle melt on the lithosphere using
sophisticated, two-phase flow dynamics (Keller et al., 2013; Rees Jones et al., 2018). We acknowledge that
our simple thermal-kinematic model is incapable of simulating the actual processes of magma advection.
Instead, we adopted an “amplification factor of thermal diffusivity” to quantify the thermal effect of advec-
tion in addition to conduction.
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Figure 9. Simulation results of magmatic thickening rate (km/Myr) as a function of time. Multiple combinations of water content (horizontal row) and
amplification factor of thermal diffusivity (vertical column) are presented. Colored lines represent the three underthrusting rate models: Blue line (Reference
Model) is the constant underthrusting rate of 5 km/Myr. Red and green lines represent cases having time-dependent underthrusting rate. Red line is a linearly
increasing and decreasing rate which steadily increases to 10 km/Myr during the first half of underthrusting, then decreases to 0 during the second half. Green
line is a linear decreasing rate from 10 km/Myr at the start to 0 at the end. All three rate models have a underthrusting duration (Tynderthrust) Of 25 MYT. Tihermal
varies in different models, and Pe is the Péclet number defined as the ratio between Ty erma and Tunderthrust-

In addition to the original temperature-dependent thermal diffusivity with latent heat included, we tested
5X and 10X amplification factors of thermal diffusivity in our models (Figure 9). The 5X and 10X factors
are based on the following argument. Karakas and Dufek (2015) used stochastic modeling of repetitive ba-
saltic magma emplacement from the mantle into the lower crust as dikes and sills. Their simulation results
show a temperature perturbation with a vertical length scale of ~20 km emerging within 1-2 Myr. Using
the characteristic timescale of thermal diffusion, we can infer an equivalent thermal diffusivity (x.q) using
Equation 11.

2
Keq = XT (11
where ¢ is time and x is length of the crustal temperature perturbation in this case. The resulting xeq = 107>
m?*/sif t=1Myrand x =20 km. If t = 2 My, xeq = 5X10™° m*/s. These values are 10 and 5 times the reference
thermal diffusivity (x = 10~° m?/s), respectively.

The effect of such parameterized thermal advection is illustrated in Figure 9. As expected, the magmatic
thickening rate is increased due to a faster vertical thermal propagation rate, reducing the time needed to
heat the underthrusted crust for partial melting. Since Tiermal i inversely correlated with thermal diffusivity,
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as the amplification factor of thermal diffusivity increases, Tihermal becomes shorter. However, even with wa-
ter added to the system (2 wt. %) and a 10X amplification factor (C3 in Figure 9), the magmatic thickening
rate is still below 0.3 km/Myr for the constant underthrusting case (blue curve, the most likely underthrust-
ing velocity profile). This value is too low to qualify as an arc flare-up. In some cases (e.g., B3, C2 in Figure
9), brief pulses of magmatic thickening rates exceeding 0.4 km/Myr appear in the early stage (~5 Myr) of
the simulation. These pulses are due to the initial rapid melt generation of the underthrusted crust as it
enters the sub-arc mantle in high . (or high amplification factor) and water-rich cases. The magmatic
thickening rates then return to lower values sustained by the lateral underthrusting.

4.3. Controls on the Magma Volume and Magmatic Thickening Rate

The total cumulative volume of arc magma generated through partial melting of underthrusted crust is
limited by the thickness of the underthrusted crust for a given critical melt fraction (F,y;). Results of the nu-
merical simulation suggest that for a continental arc analogous to the Sierra Nevada arc, in pure conduction
and 1 wt. % water case, one underthrusting event produces a cumulative melt volume of 3.75 X 10° km?, and
45% of this volume is generated by the end of Stage I (Figure 6e). This equates to roughly 2.3 km of magmat-
ic thickening in the overriding crust within 25 Myr. The crust would thicken an additional 2.7 km during
Stage II, from 25 to 117 Myr. In simulations having higher water content or higher diffusivity amplification
factor (or higher x.q), the maximum melt volume is generated within 30 Myr (Figure 9). The maximum melt
volume estimate from numerical simulation (3.75 x 10° km?) is similar to the scaling analysis result (3.7 X
10° km®), both of which are much lower than the estimated magma volume (~1-3 x 10° km®) during the
Late Cretaceous Sierra Nevada flare-up (Cao & Paterson, 2016; Ratschbacher et al., 2019). The total volume
of magma generated through partial melting is 13%-40% the estimated volume for a flare-up event.

Whether partial melting of the underthrusted lower crust is completed before or after underthrusting stops
depends on the ratio between Tyerma a0d Tunderthrusts N @ similar form to the Péclet number (Pe):

Pe = Tthermal
T

(12)
underthrust

When Pe > 1, underthrusting is finished before the underthrusted crust undergoes complete partial melting
for its entire thickness. The magmatic thickening rate is thus limited by the rate of vertical heat transfer,
which is slower than the underthrusting rate (A1, A2 in Figure 9). When Pe = ~1, underthrusting is finished
almost at the same time when the underthrusted crust goes through partial melting (A3, B1 in Figure 9).
When Pe < 1, vertical heat transfer rate outpaces the underthrusting rate and the underthrusted crust ex-
periences complete partial melting before underthrusting is finished. In this case, the magmatic thickening
rate is limited by the lateral underthrusting process (e.g., B2, C1 in Figure 9). This effect can be seen where
the magmatic thickening rate simply mimics the underthrusting rate in the later stage of the evolution.
When Pe < 1, the magmatic thickening rate is essentially controlled by the underthrusting rate (e.g., B3,
C2, C3 in Figure 9).

Results of both the scaling analysis and the numerical modeling demonstrate that the magmatic thickening
rate strongly depends on the underthrusting rate (Figures 6, 7, and 9). This dependency is more apparent
for the cases where Pe < 1. Such dependence of magmatic thickening rate on the underthrusting rate sug-
gests that the observed bell-shaped magmatic flare-up signals defined by zircon age peaks (e.g., Paterson &
Ducea, 2015) may necessitate a similar bell-shaped underthrusting rate through time (similar to the under-
thrusting rate in Model B). However, current estimates on how the underthrusting rate has changed with
time does not support a bell-shaped profile of underthrusting rate with time. For example, the retro-arc
shortening rate is fairly constant as we show in our reference model (Model A) (e.g., Yonkee & Weil, 2015).
Thus, magma solely generated via underthrusting cannot produce the observed temporal pattern of a flare-
up. Furthermore, the magmatic thickening rate (0.1-0.3 km/Myr) predicted in both the numerical reference
model (Model A, blue curves in Figure 9) and the scaling analysis is significantly lower than observed values
(0.6-1 km/Myr) during flare-ups in many Cordilleran arcs (e.g., Cao & Paterson, 2016; Jiang & Lee, 2017;
Ratschbacher et al., 2019). The model predicted values are slightly below or similar to the baseline of arc
magma thickening rate (~0.3 km/Myr) from the mantle wedge (DeCelles et al., 2009; Reymer & Schubert,
1984).
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Figure 10. Modeling results of cyclic underthrusting and root foundering. (a) Lateral distance of the underthrusting
lower crust. (b) Magmatic thickening rate sourced from the underthrusted crust (blue), mantle (red), and total (green).
(c) Arc roots contributed by different processes. The horizontal black dashed line is an assigned critical thickness

(35 km) for arc root to founder (e.g., Lee et al., 2015a). Purple line is mantle arc root only without the contribution of
crustal arc root. Note the time interval of root foundering shortens when the crustal arc root is involved.

4.4. Mantle-Derived Magma and Arc Root Foundering

Our modeling results suggest that partial melting of the underthrusted crust alone does not generate the
volume nor thickening rates needed to produce a magmatic flare-up. Thus, magmatic contributions from
other sources are be needed. Crustal melt generated from processes other than partial melting of the under-
thrusted crust (e.g., burial of fore-arc sediments and relamination) could play a role but their magmatic con-
tribution is not well-quantified. Melt from in situ crustal melting could intensify the magmatism, but such
melt does not contribute to the net growth of the arc crust. The other important source of arc magma is from
the mantle (e.g., Attia et al., 2020; Bouilhol et al., 2015; Martinez Ardila et al., 2019; Schwartz et al., 2017).
For example, a recent zircon Hf isotopes study of the central Sierra Nevada (Attia et al., 2020) and studies on
geochemistry and/or Sr, Nd, and Pb isotopes in the North and South Cordilleran arc (Martinez Ardila et al.,
2019) and Fiordland arc (Schwartz el al., 2017) all reveal primitive compositions, proposing a mantle source
fueled magmatic flare-up events. In the “Cordilleran cycle” model (DeCelles et al., 2009), foundering of the
arc root triggers asthenospheric upwelling, resulting in rapid decompression melting (e.g., Kay & Kay, 1993)
of the mantle and causing a magmatic pulse that is above the mantle flux baseline (Lee & Anderson, 2015).

In order to highlight the role of mantle melt and how foundering of the arc root regulates the magmatic
tempo, we constructed a simple numerical model to illustrate the cycle of lower crustal underthrusting,
arc root buildup, foundering, and renewed underthrusting (Figure 10). The model begins assuming that
the arc root had just foundered, and the asthenospheric mantle begins to upwell. We use a mantle-derived
arc magma generation rate of 1 km/Myr, a 300% increase compared to the baseline (~0.3 km/Myr, 1 AU),
to represent the increase of arc magma generation associated with the upwelling; the 300% increase is an
arbitrary choice to demonstrate the increased magma produced by adiabatic decompression of the astheno-
sphere. We let the mantle-derived magma decrease with time mainly due to (1) pinching out of the sub-arc
mantle by renewed crustal underthrusting and arc root formation (Chin et al., 2015) and (2) dissipation of
upwellings after foundering of the arc root. The arc root in the model is the sum of the root generated via
partial melting of the underthrusted crust (e.g., Ducea, 2001, 2002) and the root due to the differentiation of
mantle-derived magmas (Lee & Anderson, 2015; Lee et al., 2006; Tang et al., 2019). We refer to the former
root as crustal arc root and the latter as the mantle arc root. The model presented here is based on the geom-
etry shown in Figure 2 and has the same initial and boundary conditions as Case 2 of the numerical model:
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constant 5 km/Myr underthrusting rate, 2 wt. % water content, and pure conduction with no amplification
of thermal diffusivity. The model setup is presented in the supporting information.

Figure 10 shows that with the combined crustal root generated from partial melting of the underthrusted
crust and the formation of the mantle root, the critical thickness of root is reached every 36 Myr (green curve
in panel c). If there is no underthrusting of the lower crust and formation of the crustal root but only man-
tle root, the same critical thickness is reached every 69 Myr (dotted purple curve in panel c), roughly twice
longer than the former case. Such a difference affects the recurring time of root foundering and potential arc
flare-up. It is noted for the simple model presented here, we do not include any additional crustal partial melt
and the mechanical process associated with root foundering is ignored. Therefore, the model is incapable of
resolving the ratio of crustal versus mantle melts nor the exact timing of root foundering. Chin et al. (2015)
and Cao et al. (2016b) suggested that the increasing thickness of the arc upper plate due to magmatic and
tectonic thickening also causes a self-limiting effect on arc magmatism and controls the arc magmatism tem-
po. Here, we use a simple model to highlight that crustal underthrusting plays an important role in limiting
arc magma generation and regulating the magmatic tempo via contribution to the arc root formation and
foundering.

5. Conclusions: Does Underthrusting Crust Feed Arc Magmatic Flare-Up?

Numerical modeling results show that the total volume of arc magma and the magmatic thickening rate
associated with partial melting of underthrusting retro-arc lower crust are not sufficient to drive arc flare-up
events of similar magnitude as those that occurred in the Cretaceous Sierra Nevada arc. While this study is
focused on underthrusting of the retro-arc, the results from our generic model are potentially applicable to
the process of fore-arc underthrusting. We demonstrated the total volume of magma generated through par-
tial melting of the underthrusted lower crust depends on the size of the underthrusted lower crustal slab,
while the temporal pattern of the magmatic thickening rate is directly correlated with the underthrusting
rate and is controlled by the ratio between the characteristic timescales of heat transfer and underthrusting.
Crustal underthrusting contributes to the growth of the arc root whose subsequent foundering may regulate
the tempo of arc magmatism. We suggest additional melts from the mantle and/or other crustal sources are
needed during arc flare-ups.

Data Availability Statement

Data were not used, nor created for this research. Software for this research is not publicly available and
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