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Thick crust, hydrous magmas, and the paradox of voluminous
cold magmatism
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Abstract

Ocean-continent subduction zones are important for making continental crust. Here, long chains of magmatic
mountain belts, known as continental arcs, and the key characteristics of continental crust – thick crust and an-
desitic to dacitic compositions – are made. Andesitic to dacitic magmas are thought to derive from basaltic parents
generated from the mantle, but only after significant cooling and crystallization of a basaltic magma or by low de-
gree re-melting of basaltic crust. How massive batholiths are generated from such refined and “cold” magmas is
unclear. Using a case study of a Cretaceous batholith in southern California (USA), we show that large intermediate
(57–68 wt. % SiO2) plutons are favored when the arc crust attains thicknesses of 30–60 km whereas mafic, gabbroic
plutons (<55 wt. % SiO2) are small and favored during the early stages of an arc when the crust is thin (<30 km).
We explore simple thermal models of arc crust to show that large, long-lived and relatively cold partially molten
zones, sustained by recharge of hydrous basaltic magmas, are favored in the lower crust when arc crust is thick.
This is due to the reduced efficiency of heat loss to the surface with increasing crustal thickness . In contrast, thin
crust and drier magmas favor hotter and thinner partially molten zones. Our models and observations provide an
explanation for the seemingly paradoxical observation that the most voluminous magmas in continental arc set-
tings are relatively cold (800–1000 °C). If crustal thickness is important for making andesitic and dacitic magmas,
their origins must be linked to the interplay between magmatic differentiation, the availability of water, and the
collective processes that control crustal thickness in magmatic arcs: magmatism, tectonism, and erosion.
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1 Introduction

The origins of intermediate magmas, such as andesites
and dacites and their intrusive equivalents (granodi-
orites and tonalites), have long been debated because
of their importance in arc systems. Many hypotheses
have been proposed. A simple hypothesis for the origin
of intermediate magmas is that they form by progres-
sive crystal fractionation of a hydrous parental basalt
[Lee 2014; Blatter et al. 2017]. However, other mod-
els include mixing between mafic and felsic magmas
[Reubi and Blundy 2009; Blatter et al. 2017], water-
saturated melting of the mantle [Kelemen et al. 2007;
Grove et al. 2012], re-melting of the lower crust [Draut
et al. 2002; Collins et al. 2016; 2020], re-melting of
subducted oceanic crust [Rapp et al. 2003; Martin et
al. 2005], melting of hybridized mantle [Lara and Das-
gupta 2020], and enhanced melt productivity at the
intermediate temperatures that favor andesitic melts
[Reubi and Blundy 2009]. Whatever their origin, an-
desites, dacites and their intrusive equivalents have
long been thought to be most prevalent in thick conti-
nental arcs like the modern Andes, an observation con-
firmed by the fact that the silica contents of arc vol-
canics correlate with elevation and crustal thickness
[Farner and Lee 2017]. As we will show here, these rela-
tively cold, intermediate magmas also form the largest
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plutons. This poses a dilemma. Except for those de-
rived directly from the mantle, intermediate magmas
are likely derivative liquids, and thus should be colder
and of lower volumes than their mafic counterparts.
Even during water-saturated melting of the mantle, the
total amounts of intermediate magmas generated di-
rectly from the mantle should be small compared to
that of basalts. Why then do intermediate magmas gen-
erate the largest plutons and why are they most abun-
dant in volcanic arcs, particularly those characterized
by thick crust?

2 Methods and Results

To gain insight into the origin of andesitic and dacitic
magmas, we synthesized geochemical, geochronologic
and geochemical data for the Cretaceous northern
Peninsular Ranges Batholith (PRB) in southern Califor-
nia, USA (Figure 1). This batholith was formed by east-
ward subduction of the Farallon oceanic plate beneath
the margin of western North America [Lee et al. 2007;
Morton et al. 2014b]. The prebatholithic structure con-
sists of a Jurassic oceanic arc that was accreted onto
the margin of the North American continent. Conti-
nental arc magmatism initiated ∼130 Ma, first through
the accreted terranes and gradually migrating eastward
across the suture and into the ancient continental mar-
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gin, terminating ∼80 Ma.
Average pluton compositions were calculated from

a previously published geochemical dataset [Lee et al.
2007; Morton et al. 2014a; b]. This dataset is unique in
that sampling strategy was designed to minimize small,
meter–scale heterogeneities (meter scale), a persistent
problem with many plutonic rocks, which often con-
tain mafic schlieren. The database utilizes rock samples
collected from each of the four corners of a 122 × 122
meter square [Baird et al. 1979]. Two samples from
each corner were collected, making a total of 8 sam-
ples per locality, all of which were mixed together to
generate a homogeneous mixture that is representative
of the pluton on the 122 × 122 m length scale (equiva-
lent to 400 × 400 feet square; the Imperial system was
used in the original study). These 122 × 122 meter sam-
pling schemes were reproduced throughout the Penin-
sular Ranges Batholith on uniformly spaced grids in a
given pluton (1–4 km spacing, depending on pluton).
To obtain the average composition of a pluton, we first
adopted the mapped boundaries of the plutons as de-
fined by geochronologic, compositional, and textural
similarities [Morton et al. 2006; Morton et al. 2014b];
significantly tilted plutons or plutons with unmapped
boundaries were not included in this study. We then av-
eraged over each sampling grid point within a pluton to
obtain the average composition of each pluton. Data as
well as averages and standard deviations are shown in
Supplemental Tables 1 and 2.

Overall, the compositions of individual plutons are
highly variable, ranging from gabbros (basaltic and
basaltic andesitic) with ∼50 wt. % SiO2 to granites (rhy-
olitic) with >70 wt. % SiO2 [Lee et al. 2007; Morton et
al. 2014b]. However, on average, the entire batholith is
andesitic to dacitic in composition, and hence of inter-
mediate composition. In detail, the older western zones
are slightly more mafic than the younger eastern zones
(Figures 1 and 2 A, B), with gabbro restricted to the
western zone. Element ratios, such as Gd/Yb, which
are sensitive to garnet fractionation and hence provide
a constraint on average pressures of differentiation, in-
dicate that crustal thickness was about 30–40 km in the
western zones and 60–80 km in the eastern zones (Fig-
ure 2C) [Lee et al. 2007; Morton et al. 2014b; Farner
and Lee 2017].

Two important observations come out of our data
synthesis. The first comes from comparing the av-
erage compositions of the plutons with their mapped
areas (Figure 1). Gabbroic plutons tend to be small,
never exceeding 20–30 km2 (Figures 1 and 2D). In con-
trast, felsic plutons range from small (50 km2) to large
(500 km2), but maximum pluton area increases with
increasing SiO2, reaching a maximum at andesitic to
dacitic compositions (60–70 wt. % SiO2) and decreas-
ing again for silica contents >70 wt. % (Figure 2D). Al-
though biases in relative pluton size are introduced by
not considering the vertical dimension, the 10-fold dif-
ference in maximum areas of intermediate and mafic

plutons exceed possible uncertainties in the vertical
dimension. Zirconium saturation temperatures indi-
cate that the intermediate magmas were relatively cold
(700–850 °C) compared to their mafic parents (900–
1200 °C) [Lee 2014]. Thus, a key observation is that the
largest plutons represent relatively cold, intermediate
magmas and are predominantly found in the eastern
zones where the crust was thickest.

The second key observation is that plutons within
their respective western and eastern zones fall along
a shared covariation of the major and minor elements
[Lee et al. 2007; Morton et al. 2014b]. For exam-
ple, all plutons fall along a trend in which MgO de-
creases monotonically with increasing SiO2 and P2O5
peaks at intermediate SiO2 contents. The coherence
of the plutons to the same differentiation trend sug-
gests a common liquid line of descent. However, not
only are these plutons separated by many tens of km,
they are also not coeval as crystallization ages differ
by 50 My [Kistler et al. 2003], far longer than the as-
sembly times of an individual pluton (100 ky to 1 My)
[Barboni et al. 2015] These compositional similarities
indicate a common formation process, but the plutons
are not directly derived from one another in space and
time. More likely, these plutons are tapped at different
times from a long-lived lower crustal partially molten
zone (PMZ) [Hildreth and Moorbath 1988; Annen et al.
2005; Bachmann and Bergantz 2008]. The nonlinear
trend in P2O5 versus SiO2 suggests that differentiation
is dominated by crystal fractionation with crustal as-
similation or mixing between mafic and felsic magmas
of lesser, but not negligible, importance [Lee 2014].

3 Insights

3.1 Thermal models

To better understand why large, cold plutons preferen-
tially form in thick crust and why all plutons, regard-
less of age and location, seem to share a similar liquid
line of descent, we modeled the thermal state of a lower
crustal PMZ. We envision the PMZ to be a magmatic
mush layer (crystals + melt) of thickness H undergo-
ing simultaneous crystallization and recharge of a hot-
ter magma (Figure 3). The base of the PMZ coincides
with the base of the crust. The top of the layer is de-
fined by the transition from a partially molten state to
the melt-free crustal lid as defined by the intersection
between the geotherm and the rock’s solidus (a water
saturated system is assumed [Collins et al. 2016; 2020].
Heat is lost from the PMZ by cooling through the over-
lying crustal lid or by advective loss through upwards
expulsion of interstitial liquids. As it cools, the PMZ
crystallizes. Crystals may stay suspended within the
mushy PMZ, but any crystals that segregate downwards
are considered to exit the PMZ and return to the mantle
(via foundering or delamination).
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Figure 1: Geologicmap of plutons in the northern Peninsular Ranges Batholith in southern California, USA. Plutonsare color-coded according to average SiO2 content (wt. %). Names of sampling locations and the host pluton aredenoted. Thin black lines correspond to active faults associated with the San Andreas fault zone. Thick gray linesdelineate boundaries between different zones of the batholith as determined from age, pluton texture, and pre-batholithic lithologies and structure. Eastern plutons average more silicic than western plutons. Inset on lowerright shows location of the batholith in relation to Cretaceous batholiths (yellow) in western North America andactive arc volcanoes in the Cascades. Note that only those plutons whose boundaries can be delineated areshown. Unmapped or undivided plutonic rocks are not shown. Sample locations, pluton boundaries, and geologicfeatures compiled from Morton et al. [2006], Lee et al. [2007], and Morton et al. [2014a,b].
We approximate the lower crustal PMZ’s tempera-

ture by an effective average temperature, regardless of
whether it is convectively or conductively cooling be-
cause we assume that the overlying crustal lid is much
thicker than the PMZ (as shown later, the PMZ does not
exceed 20 % of the total crustal thickness), so that heat
loss is controlled by the crustal lid overlying the PMZ.
The energy balance for the PMZ is [Liu and Lee 2020]:

d
dt

(ρPMZcPMZTPMZH) ∼ ρmicmiTinJin −ρmecmeTPMZJe

− ρxcxTPMZJx + ρmHL
dF
dT

dTPMZ
dt

− k TPMZ
Z

+ q0 (1)

where ρ and c are the densities and heat capacities of
the PMZ, incoming melt (mi), erupted residual melt
(me), and solid crystal cumulates (x); TPMZ is the tem-

perature of the PMZ; Tin is the temperature of the in-
coming melt; Jin is the volume flux of incoming melt
(myr−1); Je is the volume flux of residual liquid ex-
pelled or erupted from the mushy PMZ; Jx is the vol-
ume flux of crystals settling out of the PMZ; H is the
thickness of the PMZ; L is latent heat; F represents
how melt fraction varies with temperature; k is ther-
mal conductivity; Z is the depth to the center of the
PMZ; and qo is the basal mantle heat flux (Wm−1). The
first term on the right represents heat advected in by
magma recharge, the second is heat loss by melt evacua-
tion, the third is heat loss by crystals exiting the system,
the fourth is latent heat, the fifth is conductive heat loss
to the surface, and the last is the conductive basal heat
flow into the PMZ. The conductive heat loss term is the
product of the temperature gradient multiplied by the
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Figure 2: Compositional characteristics of the northern Peninsular Ranges Batholith. [A] MgO versus SiO2 (wt. %)color-coded according to crystallization age. [B] P2O5 versus SiO2 (wt. %) color-coded according to crystallizationage. [C] Gd/Yb (ppm/ppm) versus SiO2 (wt. %). Gray symbols represent Eastern and Eastern Transition Zone sam-ples and open symbols represent Western and Western Transition Zone samples from Figure 1. Right hand axiscorresponds to approximate crustal thickness and elevation inferred from global empirical relationships betweenGd/Yb and elevation of arc volcanoes. The first number represents crustal thickness and the second representselevation (km). Data are based on published literature [Lee et al. 2007; Morton et al. 2014b]. [D] Pluton area (km2)versus average SiO2 content of the pluton (see Table 1). Horizontal error bars represent 1 standard deviation forSiO2. It is impossible to estimate internal errors on estimates of pluton area; a more relevant issue is the accuracyand representativeness of pluton area as pluton volume (see text). Gray symbols represent Eastern and EasternTransition Zone plutons and white symbols represent Western and Western Transition Zone plutons. Red line rep-resents a qualitative bounding line defining the maximum pluton sizes. Symbols in top horizontal bar correspondto the fields for rhyolite (R), dacite (D), andesite (A), basaltic-andesite (B-A), and basalt (B).
thermal conductivity of the rock, the former approxi-
mated by dividing the temperature TPMZ of the PMZ by
the depth Z of the PMZ (surface temperature is taken
as 0 °C). To account for hydrothermal cooling, a high
effective thermal conductivity can be adopted, but we
have chosen not to do this here because we have no con-
straints on hydrothermal processes. In the above for-
mulation, crustal radioactivity is ignored as it is smaller
than the magmatic advection of heat.

Equation 1 is a quantitative treatment of the MASH
zone concept (Melting, Accumulation, Storage, and Ho-
mogenization) [Hildreth and Moorbath 1988], which
qualitatively describes a lower crustal zone undergoing
melting, assimilation, storage, and homogenization. In
the MASH model, hot magmas can assimilate and re-
melt pre-existing crust, which is implicitly accounted
for in Equation 1 through the latent heat term. How-
ever, the MASH concept requires, but does not explic-
itly include magmatic recharge, which is necessary for
re-melting and assimilation. Our approach follows the

more general framework of a magmatic system un-
dergoing simultaneous recharge, eruption/evacuation
and fractional crystallization [Bohrson and Spera 2007;
Bohrson et al. 2014; Lee 2014]. In this model, re-
melting of basalts, whether by hydrous flux melting
or heating [Collins et al. 2016; 2020], is implicitly in-
cluded as long as it is assumed that all of these compo-
nents (magmas and previously crystallized rocks) are
included within the PMZ.

We can consider the case in which the temperature
of the PMZ and its thickness are at steady state, T SSPMZ .
Because steady state requires that Jin = Je+Jx, the steady
state temperature of the PMZ is given by

T ssPMZ ∼
JinTin + qo/ρc
Jin +κ/Z

=
Tin + qo/ρcJin

1 +κ/ZJin
(2)

where κ is thermal diffusivity (k/(ρc)). For simplicity,
the densities and heat capacities of melts, crystals and
the mush (crystals + melt) making up the PMZ are as-
sumed to be the same because the largest uncertainties
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Figure 3: Conceptual cartoon of a lower crustal Partially Molten Zone (PMZ) in volcanic arcs. Base of the PMZcorresponds to the base of the arc crust. Top of the PMZ corresponds to the transition from a partially moltenlower crust to a cold, melt-free crust. This transition is controlled by the intersection of the geotherm (red linein graph) with the water-saturated solidus (blue line). Beneath the arc crust lies the convecting asthenosphericmantle wedge (and a thin lithospheric mantle). This mantle wedge is underlain by the subducting slab (oceaniclithosphere), which ultimately drives upwelling within the mantle wedge. Such upwelling drives decompressionmelting of themantle, leading to amagmatic flux Jin into thePMZ.As crustal thickness increases (Z), Jin decreases.The PMZ is characterized by a thickness H and a steady state temperature T SSPMZ . Temperature of the PMZ iscontrolled by conductive heat loss through the solid upper crust and heat gain from below via magmatic recharge
Jin and a basal conductive heat flow qo from the mantle.
are in other terms, such as Jin, and qo. At steady state,
it is important to note that the latent heat term can-
cels. It can be seen that T SSPMZ scales positively with
recharge rate Jin and depth Z of the PMZ, the latter con-
trolling efficiency of heat loss (Equation 2). For a given
qo, T

SS
PMZ scales with the dimensionless Recharge num-

ber, R = ZJin/κ, which represents the relative strength
of recharge heat versus heat loss, akin to a Peclet num-
ber in diffusion-advection systems. When R is large,
T SSPMZ approaches the temperature of the recharging
magma if qo is zero. When R is small and the heat
loss is more efficient than recharge, T SSPMZ approaches
the background temperature of the crust as sustained
by basal heat flow qo. Thus, recharge buffers the tem-
perature of the PMZ. If recharge can be sustained by
magmas originating from the mantle, a long-lived PMZ
in the lower crust can persist at any magmatic tempera-
ture, depending on the characteristic Recharge number.
Steady state mush temperatures can be increased with
higher basal heat flow qo or decreased with increased
hydrothermal activity. Equation 2 can also be used to

approximate steady state thickness of the PMZ, H ,

H ∼ 2(1− Ts/T ssPMZ )Z (3)

where Ts is the temperature of the solidus. This esti-
mate of steady state thickness assumes the temperature
in the PMZ is linear with depth. This approximation
is crude because we assume steady state and that the
temperature profile is linear from the surface of the
Earth to the base of the PMZ. We also assume in the en-
ergy balance of Equation 1 that the temperature of the
PMZ can be treated with an effective average tempera-
ture T SSPMZ . While our model setup fails to describe all
the detailed physics, its simplicity does allow us to see
what the first order controls are. The PMZ thickness
scales with its depth beneath the surface (and crustal
thickness) and its steady state temperature T SSPMZ . Be-
cause T SSPMZ scales with Jin, H increases with increasing
Jin.

If magma recharge is linked to decompression melt-
ing in the mantle wedge, then recharge rate should vary
with lithospheric thickness, which limits the extent of
decompression melting in the wedge as well as wedge
temperature [England and Katz 2010; Karlstrom et al.
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Figure 4: [A] Modeled magmatic flux Jin as a function of crustal thickness. Jin at zero crustal thickness cor-responds to Join , the hypothetical baseline magmatic flux from the mantle, which we equate with the baselinerecharge flux. Jin decays exponentially with increasing crustal thickness because thick crust limits the extent ofdecompression melting in the mantle. [B] Idealized melt productivity curves for hydrous and anhydrous systemsused in models. Given variability based on different starting compositions, we use simple parameterizations tocapture first order behaviors. Under hydrous conditions, solidus is depressed and melt productivity curve is highlynonlinear. [C] SiO2 of melt was not calculated in our models, but shown here for context is an approximate re-lationship of the SiO2 content of residual melt versus temperature for a basaltic bulk composition with 4 wt. %H2O at 0.3 GPa as determined from thermodynamic modeling [Lee and Bachmann 2014]. This curve is dependenton the conditions of crystallization as the exact nature of the curve depends on pressure, bulk composition andwater content. Symbols on the right correspond to rhyolite (R), dacite (D), andesite (A), basaltic-andesite (B-A),and basalt (B).
2014; Turner et al. 2016]. In typical arcs, the litho-
spheric mantle is thin so the crust dominates the thick-
ness of the lithosphere and recharge rate decreases with
increasing crustal thickness. This relationship is pa-
rameterized by allowing Jin to decrease exponentially
with crustal thickness (Figure 4A),

Jin(Z) = Joinexp(−Z/δ) (4)

Here, Z is an approximation of crustal thickness be-
cause the PMZ is located at the base of the crust and is
significantly thinner than the total crustal thickness. Join
is a hypothetical baseline magmatic flux (km2 Myr−1)
when the crustal thickness is zero and can be approxi-
mated by considering the magmatic flux in a given arc
and extrapolating to zero crustal thickness. The char-
acteristic depth over which magmatic flux decays with
crustal thickness is δ. Slab-derived fluids, which cause
freezing point depression, changes Join, but should not
significantly change how magmatic flux decays with
crustal thickness.

3.2 Limitations of the model

We emphasize that our model is simplistic in many of
its assumptions, so we recognize that our model cannot
be used to accurately describe geologic reality. The pur-
pose of our simplified thermal modeling is only to cap-
ture zeroth order trends and behavior, not exact num-
bers. We expand on some of these limitations here.

Our treatment of the lower crustal PMZ as a reservoir
with an effective temperature is essentially an idealized
box model that does not account for where and how
magmas are emplaced in the lower crust (e.g. diking,
diapirism, etc.), how magmas and crystals separate,
and the physics by which heat is transported within and
out of the system by convective processes. Incorporat-
ing any of these processes would also require full in-
corporation of rheological laws for multiphase suspen-
sions or a particle dynamics approach. All these pro-
cesses are unrealistically lumped in our simplified box
model, but their integrated effects can be qualitatively
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explored by changing parameters in our model.
Another simplification of our analysis is the assump-

tion of steady state in terms of heat and mass balance.
Steady state is only valid if the response time of the
PMZ to thermal and mass perturbations is shorter than
the lifespan of an arc. Approximate mass response
times can be estimated by dividing the steady state
thickness of the PMZ by magma recharge rate. Except
for thicknesses exceeding 80 km, when recharge rate is
very low, estimated mass response times are less than
10 My, which is shorter than the lifespan of a continen-
tal arc (∼50 My) [Ducea et al. 2015]. Thermal response
time, however, is far more problematic for our model
because a potential rate-limiting process is heat trans-
fer through the overlying crustal lid, which is slow if
it is controlled by conduction. The thermal response
time of the overlying crustal lid scales as Z2/κ, which
for a thermal diffusivity of 10−6 m2 s−1 is ∼30 My for
a PMZ lying at depths of 30 km or ∼120 My for PMZs
lying at 60 km depth. Clearly, for PMZs in thick crust,
it is unlikely that steady state in terms of heat balance
is achieved within the lifetime of a magmatic arc seg-
ment. We note, however, that the thermal response of
the crustal lid is complicated by the likelihood of hy-
drothermal convection, which increases effective ther-
mal diffusivity (possibly by more than a factor of 2) and
decreases thermal response time [Cao et al. 2019].

4 Controls on PMZ thickness and melt
composition

We consider three different baseline recharge rates Join
from the mantle (7, 10, and 15 km3km−2My−1) with a
characteristic exponential decay length scale of 20 km
to ensure that Jin decays to zero by 80 km when the
mantle wedge is too thin to support melting, caus-
ing magmatism to terminate [Karlstrom et al. 2014;
Chin et al. 2015] (Figure 4A). We consider a repre-
sentative baseline mantle flux of 10–15 km3km−2My−1

as representative, based on extrapolating the mag-
matic flux of continental arcs to a crustal thickness of
zero (magmatic flux estimated from the pluton flux—
1–2 km2 Myr−1—plus the production of mafic cumu-
lates of >66 % [Lee 2014; Jiang and Lee 2017]). The
temperature of the recharging magma is taken as
1200 °C, which we also use to define the liquidus tem-
perature of the magma.

An important relationship is how melt fraction F
varies with temperature. Here, we approximate this
behavior with simple functions (Figure 4B, C). These
functions are not meant to reproduce experimental
data on natural systems exactly but rather to cap-
ture general behavior. Thus, for a completely anhy-
drous system, we adopt a linear T-F relationship with
a solidus at 900 °C and a liquidus at 1200 °C. The
solidus of 900 °C is similar to the liquidus of anhy-
drous rhyolites from the Yellowstone hotspot [Almeev

et al. 2012]. For hydrous systems, the solidus is de-
pressed by a couple hundred degrees, and the T-F rela-
tionship is strongly nonlinear due to eutectic-like crys-
tallization/melting in which most of the melt produc-
tivity occurs close to the water-saturated solidus [Har-
tung et al. 2019]. We adopt 700 °C as the solidus of
hydrous basaltic systems, but assume the liquidus tem-
perature remains the same (this is reasonable if wa-
ter is a conserved quantity). The nonlinearity of F(T )
is described as two linear segments between a water-
saturated solidus of 700 °C and a 1200 °C liquidus; we
consider the system 70 % molten at 800 °C for a hy-
drous system [Lee et al. 2015a].

For thermal modeling, we adopt a typical thermal
diffusivity of 30 km2 Myr−1 (thermal conductivity k is
assumed to be 2.5 WmK−1). We adopt a basal mantle
heat flow qo of 15 mWm−2, which we estimated by tak-
ing the lowest surface heat flow observed in continental
arc systems [Till et al. 2019] and subtracting crustal ra-
dioactivity. As stated above, for the purposes of this
paper, we did not consider heat advection by erosion or
hydrothermal circulation in the upper crust.

In Figures 5 and 6A, we plot the results for hydrous
systems. The average steady state temperature T SSPMZ of
the lower crustal PMZ is plotted against crustal thick-
ness, along with the corresponding values of melt frac-
tion F, thickness H of the PMZ, and the total avail-
able volume of melt in the PMZ, which is the product
of F and H . The temperature T SSPMZ of the PMZ in-
creases initially with crustal thickness because the in-
crease in Z dominates the Recharge number, thereby
decreasing the efficiency of heat loss. Cold temper-
atures <750 °C are predicted for crustal thicknesses
<25 km because of efficient heat loss, but as crustal
thickness increases, heat loss becomes inefficient and
temperature rises. Further increase in crustal thickness
causes Jin and the Recharge number to decrease, which
causes temperature to decrease again. Maximum tem-
peratures T SSPMZ (>900 °C) exist at crustal thicknesses
of ∼30 km with temperatures declining to <800 °C as
crustal thicknesses exceed ∼60 km. The thickness of
the lower crustal PMZ also increases with crustal thick-
ness due to the inefficiency of heat loss as the crust
thickens. However, the thickness of the PMZ eventu-
ally decreases again as crustal thickness exceeds 40–
60 km (depending on which baseline recharge rate is
adopted) because the basal magmatic flux becomes too
low to support a thick PMZ. At crustal thicknesses of
50–60 km, 6–9 km of melt are available to be expelled
to the upper crust in the form of plutons for base-
line recharge rates of 10–15 km2 Myr−1. Only small
amounts (<2 km) of melt are available for baseline
recharge rates <10 km2 Myr−1.

Our results show that the thickness of the PMZ
and its average temperature correlate for crustal thick-
nesses less than 30 km, but decouple at greater crustal
thicknesses (Figure 6A). The hottest PMZs and hence
most mafic interstitial melts are favored at intermediate
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Figure 5: Characteristics of the lower crustal partially molten zone (PMZ) at steady state for a hydrous system.[A] Average steady state temperature of the PMZ (T SSPMZ) versus crustal thickness (km). Three curves are showncorresponding to different baseline levels of magmatic recharge rates Join (km2Myr−1) as shown in Figure 4. Theinset shows how Jin decays with crustal thickness; a characteristic decay length of 20 km was assumed for allthree cases. Solidus for a hydrous system is 700 °C. Gray zone represents temperature range of silicic plutons asinferred from Zr saturation temperatures [Miller et al. 1988; Lee 2014]. Right hand side bar represents approximateclassification of magma type from Figure 4D. [B] Melt fraction (F) in the PMZ versus crustal thickness for differentbaseline levels of Join as shown in A. A hydrous system was assumed. [C] Thickness (H) of the PMZ versus crustalthickness. Gray line represents 1:1 line where PMZ thickness equals crustal thickness. PMZ thickness neverexceeds 20 % of the total crustal thickness. [D] Total available melt that can be extracted from the PMZ to thesurface versus crustal thickness. This is determined by the product of F and H . All models are for a basal heatflow qo of 15mWm−2.
crustal thicknesses (∼20–25 km), but the total available
volume of these mafic melts (FH), is low (<3 km). At
crustal thicknesses of 40–80 km, typical of mature arcs,
thick and intermediate temperature PMZs develop, and
because of the great thickness of these PMZs, the to-
tal available volume of intermediate temperature in-
terstitial melts, corresponding to andesitic and dacitic
magmas, is large. Our calculations show for crustal
thicknesses greater than 40 km, 6–9 km of intermediate
magmas are available for transport to the upper crust in
the form of voluminous plutons. If total available melt
limits maximum pluton size, our model results are con-
sistent with observations that the largest plutons tend
to be andesitic or dacitic and favored when continental
arc crust is thick.

In dry systems (Figure 6B), the general trends de-
scribed above persist, but the predicted melt fractions
and PMZ thicknesses contract substantially due to a
higher solidus. (Figure 6B) shows the case in which the
dry solidus is 200 °C higher than the wet solidus. These
melts will be hot and mafic, but only small volumes are

available. If magmas traversing thin crust are drier, as
has been suggested [Lee 2014], the size and composi-
tional differences of plutons traversing thin and thick
crust would be accentuated, similar to what is seen in
our study area (Figure 1). A pre-requisite for develop-
ing a thick PMZ is thus a hydrous system that drives
depression of the solidus and widening of the PMZ. Su-
perimposed on this effect is the effect of crustal thick-
ness.

Finally, we note that at crustal thickness less than
20 km (Figure 6), our model predicts very cold PMZs
and hence highly silicic interstitial liquids within the
PMZ, in seeming contradiction to global observations
that the silica content of arc magmas decreases with de-
creasing crustal thickness [Farner and Lee 2017]. How-
ever, for thin crust, predicted melt fractions F are so
low that these cold melts might not always segregate.
Instead, these cold PMZs in very thin crust may repre-
sent mafic magmas that have quickly frozen in place
without allowing late-stage cold interstitial melts to
escape, thereby preserving a mafic bulk composition.
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Figure 6: Total available melt (FH) that can be extracted from the PMZ and emplaced into the upper crust versussteady state temperature T SSPMZ of the PMZ. Top horizontal axis represents approximate composition of melt.Three scenarios are shown (red curves) for different baseline levels of magmatic recharge Join . Arrow shows thedirection of increasing crustal thickness. [A] is for a hydrous system with a wet solidus of 700 °C and liquidus of1200 °C. [B] is for a dry system with a solidus of 900 °C and a 1200 °C liquidus. Dashed lines represent contoursof crustal thickness. Basal heat flow of 15mWm−2 assumed for [A] and [B].
Any differentiated melts that do escape would likely be
of low F and cold, and thus, one would expect a bi-
modal terrane composed of both gabbros and highly
silicic magmas, as seen in our study area and in global
systematics of arc magmas [Farner and Lee 2017].

We can directly compare our model results to ob-
served pluton area-SiO2 relationships in (Figure 2D).
While there does not appear to be any significant corre-
lation between SiO2 and pluton area because small plu-
tons exist for all compositions, ranging from granites to
gabbros, the largest plutons appear to be andesitic or
dacitic in composition and hence are relatively cold. It
is the maximum envelope of pluton sizes that is most
relevant. There are few limitations to forming small
plutons, but availability of melt, as modeled here, is a
natural limit on the maximum size of plutons. Thus,
if we examine the maximum pluton areas for a given
SiO2 content, we find maximum pluton size is small
for mafic magmas, reaches a peak for andesitic/dacitic
compositions, and declines again for rhyolitic composi-
tions. This general behavior of maximum pluton size is
consistent with our model results in Figure 6. We note,
of course, that mapped pluton area does not necessar-
ily scale with size because the pre-erosional vertical di-
mension is not known. However, the range of pluton
areas from <10 km2 to ∼500 km2 would require nearly
a 50-fold difference between the original thicknesses of
the smallest and largest plutons for these extremes to
be of comparable volume, which is unreasonable. Thus,
the differences in pluton area from the smallest to the
largest are likely representative of differences in pluton
size.

In summary, in thin crusts, cooling rates are high so

the thickness of the lower crustal PMZ is small and the
available amount of melt to make plutons of any com-
position is small. Cooling rates are so high that mafic
magmas freeze in place and the only differentiated liq-
uids are represented by very cold (750 °C) and highly
silicic compositions, resulting in a bimodal distribution
of pluton composition. As the crust thickens, cooling
rates decline and the thickness of the lower crustal PMZ
expands, increasing the availability of melts. These
lower crustal PMZs in thick crust will be of interme-
diate temperatures (800–900 °C) and thus generate an-
desitic to dacitic magmas. Finally, in extremely thick
crusts (>70 km), the thickness of the lower crustal PMZ
contracts because, although cooling rates are slow, mag-
matic influx from the mantle is suppressed, reducing
the advective addition of heat into the lower crust.

5 Conclusions and future work

In summary, we propose that the lower crust of active
magmatic arcs is represented by long-lived PMZs sus-
tained by inefficient heat loss through thick crust and
by recharge of hydrous basaltic magmas. These PMZs
are the source regions for the upper and mid-crustal
plutons that form the backbones of continental arcs
[Annen et al. 2005]. Our study explains the seemingly
paradoxical observation that “cool” magmas generate
large plutons [Bachmann and Bergantz 2008; Blatter et
al. 2017]. Large and relatively cool PMZs are favored
in thick arcs, explaining why andesitic/dacitic magma-
tism is so prevalent in mature continental arcs, but not
in thin island arcs [Farner and Lee 2017]. Derivation
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of the melts that feed plutons from a common long-
lived lower crustal PMZ can also explain the remark-
able compositional homogeneity of individual plutons
and the apparent cogenetic compositions of plutons
that are otherwise separated in time and space.

Cumulative recharge needed to sustain these PMZs
will also enhance the concentrations of incompatible el-
ements or components, such as chalcophile elements,
water and CO2, in the residual melts and may bear on
why many porphyry ore deposits are found in thick
and mature continental arcs [Chiaradia 2013; Lee 2014;
Lee and Tang 2020; Park et al. 2021]. Our model
also predicts significant recycling of mafic cumulates
to the mantle, but while there is ample evidence for
such recycling [Ducea and Saleeby 1998; Lee 2014;
Jagoutz and Kelemen 2015], our study suggests that the
removal of cumulates may be more continuous than
the more discrete delamination scenarios often pro-
posed. Finally, if the composition and magnitude of the
magmatic flux in continental arcs is indeed controlled
by crustal thickness, profound implications follow be-
cause crustal thickness in active arcs is the product of a
complex interplay between magmatism, tectonic forc-
ing and erosion [Lee et al. 2015b; Cao et al. 2020]. How
the balance of these different processes varies in space
and deep time may thus control the nature of conti-
nental crust formation throughout Earth’s history [Clift
2004].

While there are many speculative parts and simpli-
fications in this contribution, we believe that the ob-
servations and concepts presented here provide a fer-
tile basis for future research. The next logical steps are
to 1) model the PMZ under transient instead of steady
state conditions and 2) explore the influence of ero-
sion and hydrothermal circulation. Here, we also fo-
cused primarily on a fractionation origin of andesites
and dacites, albeit with mixing implicit since we treat
our PMZ as homogeneous. However, the effects of
crustal assimilation and/or re-melting of the crust in
our modeling framework and in generating felsic mag-
mas should be explored in future studies. Our models
also do not address the origin of andesites and dacites
from direct melting of the mantle, but it seems un-
likely that such an origin can explain the correlation
between voluminous andesitic magmatism and crustal
thickness. In any case, examining the spatial distribu-
tion, sizes and compositions of plutons in other arcs
would go far in testing the concepts presented here.
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