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Understanding the processes involved in magmatic evolution is one of the most fundamental aspects of
geological research. The limitations of available chronological and geophysical methods hinder their precise
depictions of the short residence time of small-volume magma reservoirs in the upper crust, while thermal
simulation may provide an alternative solution for the key issue. In this contribution, a numerical simulation is
built to constrain the processes of magma reservoirs in terms of heat conduct. The sensitivities of magma cooling
time on relevant factors (including pluton shape, size, emplacement depth, heat dissipation efficiency, and
thermal gradient) are explored. Our simulation suggests that the depth and shape (size and radius/thickness
ratio) of magma reservoirs affect the cooling time significantly. An ephemeral cooling time of ~20.4 kyr
(thousand years) from liquidus (994 °C) to solidus (664 °C) for the homogeneous ca 820 Ma (million years ago)
Jiuxiantang intrusion in South China is revealed. An overall ‘mush’ state is proposed for the most lifetime of the
magma reservoir. This contribution provides a unique perspective to understanding the thermal budget of the
magma system and the residence time of magma reservoirs in the upper crust.

1. Introduction

Magmatism is perhaps the single most critical ingredient in molding
and understanding planetary evolution. It directly reflects a planet’s
internal physiochemical state (Marsh, 2015) by conveying melts, heat,
and volatiles upward and linking Earth’s interior and surface. The
transcrustal magmatic system is rather complicated since the inocula-
tion in the deep crust hot zones. It forms various interconnected magma
reservoirs at different crustal levels, where magmas inject, mix, accu-
mulate, differentiate, and further erupt (Annen et al., 2006; Bindeman
and Simakin, 2014; Bachmann and Huber, 2016; Cashman et al., 2017;
Karakas et al., 2017; Wang et al., 2021a). The magma reservoirs finally
form plutons from a “mush” state in which the particle volume fraction
is higher than 40 to 60 % (Costa et al., 2009; Cashman et al., 2017;
Cooper, 2017) by transporting latent heat up to final crystallization
(Hofmeister, 2019).

The lifetime (residence time) and internal thermal state of magma
reservoirs are critical scientific problems (e.g., Bachmann and Huber,
2016; Wang et al.,, 2021a). They control much of the dynamics of
shallow magma chambers and determine their ability to differentiate
and erupt (Annen, 2009). Various studies have investigated the thermal
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evolution of magmas from geology, geochemical and geochronological
aspects (Vazquez and Reid, 2004; Reid, 2008; Wotzlaw et al., 2013;
Cooper and Kent, 2014; Eddy et al., 2016; Farina et al., 2018; Cooper,
2019; Townsend et al., 2019). The lifetime from different methods
varies wildly, from tens of thousands of years (Leuthold et al., 2012;
Wang et al., 2021a) to millions of years (Coleman et al., 2004; Matzel
et al.,, 2006; Gelman et al., 2013). Apart from the diversity of natural
reservoirs, this inconsistency may partly result from the different un-
derstanding of the complexity of the magmatic system, in which indi-
vidual methods can only investigate the duration of a specific stage
during magmatic evolution.

The most commonly used zircon U-Pb isotopic dating method gives
the time when melt becomes saturated with zircon during its crystalli-
zation. The potential interference of inherited zircon entrained from the
magma’s source region or antecrystic zircon that records crystallization
at depth prior to transport and emplacement will lead to an over-
estimation of the magma residence time (Miller et al., 2007; Barboni
et al., 2015). Later zircon saturation may lead to limited age dispersion,
and the relatively high closure temperature of zircon prevents them
from documenting the subsequent cooling time after their crystalliza-
tion. Another challenge is the analytical uncertainties. The short
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duration of melts in granitic intrusions (tens to hundreds of kyr) for the
chemical abrasion-isotope dilution-thermal ionization mass spectrom-
etry (CA-ID-TIMS) zircon U-Pb dating (precision better than 0.5 %o;
Schoene et al., 2015; Samperton et al., 2017; Schaltegger et al., 2021)
hinders the research on the lifetime of old plutons. Even for young
samples, the age uncertainties measured by Secondary Ion Mass Spec-
trometry (SIMS) are typically longer than both the time for zircon
growth and the expected duration of thermal rejuvenation events (Kent
and Cooper, 2018). The crystal size distribution (CSD; Bindeman and
Valley, 2001; Bindeman, 2003; Pappalardo and Mastrolorenzo, 2012)
method in igneous rocks provides an alternative chronometer for crystal
growth (Cashman and Marsh, 1988), but it depends on morphological
observation that is not easy to be precisely constrained (Wang et al.,
2021a) and the growth rate of minerals that can be very variable (e.g.,
Cashman, 1990; Lasaga and Lasaga, 1998; Costa, 2008). Besides, this
method may just provide the lower limit of the residence time of an open
magma reservoir, equal to the integrals of times when the magma
temperatures are below the minerals’ precipitate temperature (Wang
et al., 2021a). Diffusion chronometry (Druitt et al., 2012; Cooper and
Kent, 2014; Costa et al., 2020; Wang et al., 2021a) is another method
independent of absolute ages, where mineral zonings that contain
chemical gradients are treated as time capsules to constrain the time-
scale of various magmatic processes. However, the initial concentration
distribution within the crystal is difficult to determine, and the
compositional changes of magma reservoirs may also add uncertainties
(Costa, 2008; Cooper and Kent, 2014). The heterogeneous radiogenic
isotopes like Hf in zircon were also proposed to trace the melt residence
time from its primary formation to the final crystallization, but the un-
certainty is controlled by many factors, such as the properties and het-
erogeneity of the initial melt, the temperature of the melt, and the
mixing process (Wang et al., 2021b).

All the methods above are based on the physicochemical properties
of magma, while numerical modeling can provide another perspective to
get a deep understanding of magmatic history. The thermal simulation
concerning the aspect of the energy balance can provide an opportunity
to quantitatively assess the heat balance between a crystallizing magma
body and the surrounding crust, thus the thermal state and lifetime of a
magma reservoir (e.g., Annen, 2009, Annen et al., 2014; Paterson et al.,
2011; Gelman et al., 2013; Blundy and Annen, 2016). The resultant
cooling time can be easily connected with the physical process of magma
reservoirs. The artificial changes of initial or boundary conditions allow
us to detect the sensitivity of factors on magma cooling time. Numerical
modeling has been unitized in the geodynamics of magma chambers
with multiple physical and chemical processes (e.g., Gray and Mon-
aghan, 2004; Verhoeven and Schmalzl, 2009; Bea, 2010; Barnett and
Gudmundsson, 2014; Currenti and Williams, 2014; Douglas et al., 2016;
Gerbault et al., 2018). Some of them focused on the cooling processes of
magma reservoirs, like the assimilation-fractional crystallization process
of magma (e.g., Hawkesworth et al., 2000; Spera and Bohrson, 2001;
Bea, 2010) and the thermal regime in one dimension (1D; e.g., Giberti
etal., 1984; Annen et al., 2006), two dimensions (2D; e.g., Gelman et al.,
2013; Annen et al., 2014; Melnik et al., 2021), or three dimensions (3D;
e.g., Verma and Andaverde, 2007; Verma and Gomez-Arias, 2014).
However, most of these numerical modeling did not combine an effec-
tive constraint of the magma crystallization path, which may be very
important in magma mush. It is necessary to evaluate the variation of the
melt-fraction (f) correlated to the temperature (T) and the sensitivity of
boundary conditions. Therefore, we built a two-step conductive heat
transferring model in this study to further simulate the cooling of a
magma reservoir in a closed system. We managed to integrate the more
accurate magma cooling path (f-T path resulting from thermodynamic
modeling of phase equilibria) into our model. This f-T path determines
the release of latent heat and has been proved to be significantly
important for magma chambers’ longevity (Gelman et al., 2013). Be-
sides, the sensitivity on boundary conditions, such as the impact of
depth, shape, and composition on the cooling of magma are also tested.
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This study defines the ‘cooling time’ as the time elapsed after magma
emplacement until the entire chamber reaches solidus, following Gel-
man et al. (2013). The numerical model quantifies the cooling time and
thermal evolution of the Neoproterozoic Jiuxiantang intrusion, the
smallest and the most homogeneous intrusion in the Jiuling composite
batholith of South China. After a standard model simulation, we use the
control variable method to develop six model series to explore the first-
order determinant for magma reservoirs’ cooling time. Our results show
that the Jiuxiantang intrusion yields a cooling time of 20.4 kyr. At the
same time, the shape (size, thickness/radius ratio) and emplacement
depth are principal factors to affect the cooling time of a general magma
reservoir.

2. Geological background

The Neoproterozoic Jiangnan orogen (860-820 Ma) separates the
Cathaysia Block in the southeast and the Yangtze Block in the northwest
(Wang et al., 2007, 2013, 2014). Located in northern Jiangxi Province,
the Jiuling composite batholith has an exposed area of ~4000 km? and is
the largest granitoid batholith in South China. It intruded into the
Shuanggiaoshan (SQS) Group metasediments, which experienced sig-
nificant deformation and low-greenschist-facies metamorphism (e.g.,
Wang et al., 2007). This composite batholith is predominantly composed
of strongly peraluminous granodiorite and tonalite. The rocks show
radiogenic Hf and Nd isotopic features, consistent with transitional I-S
granitic characteristics (Wang et al., 2013). Available in situ zircon U-Pb
geochronological studies indicate that the Neoproterozoic batholith
formed between ca. 830 and ca. 810 Ma (e.g., Wang et al., 2013, 2014;
Zhao et al., 2013; Sun et al., 2017; Rong et al., 2018; Wang and Wang,
2021).

The Jiuling composite batholith can be divided into four intrusions:
Meiling (~340 km?), Jiuling (~3680 km?), Shihuajian (~260 km?), and
Jiuxiantang (~44 km?) according to field relationships (Fig. 1). The
Meiling and Jiuling intrusions were exclusively emplaced into the SQS
Group units, whereas the Shihuajian and Jiuxiantang intrusions were
emplaced into both the Jiuling intrusion and the SQS Group. The Jiux-
iantang intrusion is the smallest and most uniform among the four in-
trusions based on the available zircon O-Hf isotopic data (Wang and
Wang, 2021). This intrusion yields a zircon SIMS U-Pb age of 814.9 +
3.9 Ma (Wang and Wang, 2021) with a major axis of ca. 10 km (Fig. 1). It
is dominated by a biotite tonalite phase, and commonly contains 40-50
% plagioclase, 25-35 % quartz, 10-15 % biotite, and 2-7 % K-feldspar,
with accessory zircon, apatite, ilmenite, and magnetite (Supplementary
Figure S1). The rocks are classified as strongly peraluminous granites, as
evidenced by the presence of garnet and cordierite and the high
aluminum saturation index (ASI) values (>1.1) (Wang et al., 2013;
Wang and Wang, 2021). The compositions for the Jiuxiantang intrusion
give the emplacement pressure of about 2 kbar (6.6 km in depth) (Wang
and Wang, 2021). The thickness of the intrusion was inferred as 910 m
according to an empirical relationship with length (McCaffrey and
Petford, 1997; Petford et al., 2000). Zircon crystal size distributions
(CSDs) method gives the minimum magmatic residence time of 10 kyr
for the Jiuxiantang intrusion, while the oxygen isotopic diffusion
modeling gave the maximum residence time of 35-38 kyr (Wang et al.,
2021a).

Unlike the other three intrusions, the Jiuxiantang intrusion has a
relatively small volume, uniform major and trace element contents, and
homogeneous zircon Hf-O isotopes (Wang and Wang, 2021). Besides, no
magma mingling or mixing phenomenon was reported in either previous
fieldwork or geochemistry study.

3. Numerical modeling
3.1. Basic information for the modeling

We built a numerical model to simulate the cooling of the magma
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Fig. 1. Simplified geological map of the investigated Jiuxiantang intrusion. (A) Geological map showing the location of the Jiuling batholith in the South China Block
(modified after Wang et al., 2013). (B) Sketch geological map of the Jiuxiantang intrusion (in red) within the Neoproterozoic Jiuling batholith. The Meiling intrusion
is separated from the Jiuling pluton and is 10 km east of the map (modified after Wang et al., 2021a). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

reservoir, in which the magma is intruded as the pure liquid in the first
place. Minerals will crystallize and precipitate with the decreasing
temperature, making the whole complicated magma system with gases,
fluids, melts, minerals, or even supercritical fluids step into a “mush”
state and finally solidify. Considering the initial condition of Jiuxiantang
intrusion, we consider a closed system with liquid- and solid-phase for
simplification, following the common practices in previous studies (e.g.,
Annen et al., 2006, 2014; Gelman et al., 2013). Heat transfer is classified
into various mechanisms: conduction, convection, and radiation (Berg-
man et al., 2011). These mechanisms often occur simultaneously in one
system. Concerning the residence time of a magma reservoir, thermal
conduction from the magma body to country rocks is considered the
dominant way of heat loss (e.g., Annen, 2009; Gelman et al., 2013). The
temperatures in the magmatic system are constrained by the heat con-
duction equation of cooling magma (e.g., Annen et al., 2006, 2014;
Gelman et al., 2013) and could be solved with the finite element method
(FEM):

pca‘)—erpLg:szT (@)
where p refers to the density of intrusion or country rocks, c is the
specific heat capacity, T is the temperature, L is the latent heat of
crystallization released during magma cooling, f is the melt-fraction, t is
the time, and k is the thermal conductivity as:

k= Kpc (2)

in which K is the temperature-dependent thermal diffusivity and is given

by Whittington et al. (2009) (Table 1).
The partial derivative term related to f and t (%) can be rewritten as
follows by the chain rule:

pc%—f+pLg—J;aa—f:kV2T 3

The term % in the partial differential Equation (3) represents the
relationship between melt-fraction and temperature (f-T). Theoretically,
when % = 0, it means the melt-fraction remains constant with the
temperature dropping and no phase change. This term equals 0, and no
latent heat would be released. While 3—fT # 0 defines the phase-change
episodes, where the released latent heat depends on the value of g_fT It
should be noted that the latent heat is vitally important during magma
cooling (Giberti et al., 1984) and the f-T path significantly affects the
longevity of a magma chamber (Gelman et al., 2013). This path can be
constrained using the thermodynamic program Rhyolite-MELTS
(Gualda et al., 2012; Gualda and Ghiorso, 2015), which needs the
major element contents, water content, pressure, and oxygen fugacity of
the granite as the inputs.

3.2. Establish a standard model

First, we built a standard model (MO) for the thermal diffusion of the
Jiuxiantang intrusion, upon which more other models can be built
(Fig. 2). The melt compositions can be estimated according to the
geochemistry of the final crystallized granitoids. The major element
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Table 1
List of symbols with definitions and values used in the calculations.
Symbol  Definition Value or Equation Unit
p density 2500 kg/m®
c specific heat capacity 1000 J/kg/
°C
T temperature °C
L latent heat 3 x 10° J/kg
f melt-fraction
t time s
k thermal conductivity Eq. (3) W/m/
°C
K thermal diffusivity 567.3/(T + 273.15)— mm?/s

0.062, T < 573 °C
0.7320-0.00013(T +
273.15),T > 573 °C

Whittington et al. (2009)

Ts Upper boundary (surface) 20 °C
temperature
Tb1 Lower boundary (bottom) 520 °C
temperature at 20 km
Tb2 Lower boundary (bottom) 770 °C
temperature at 30 km
S geometry parameter (describe Eq. (5)
the shape of a truncated cone)
r radius of pluton m
o radius of Jiuxiantang intrusion 5000 m
r radius of pluton’s smaller circle m
h thickness of pluton Eq. (4) m
ho thickness of Jiuxiantang 910 m
intrusion
A geometry parameter (describe Eq. (6)
the thickness/radius ratio of a
cylinder)
B geometry parameter (describe Eq. (8)
the volume of a cylinder)
Q the total amount of energy Eq. 9) w

transferred as heat

contents are reported by Wang et al. (2017) and Wang and Wang (2021),
and the average values are calculated here (Supplementary Table S1).
The H,0 content is approximately constrained as 3 % due to the exis-
tence of biotite and the lack of amphibole. The pressure is set as 2 kbar
according to the estimate in the Qz—Ab-Or-H,0 system of Wang et al.
(2021a). The oxygen fugacity (fO3) relative to the
Quartz-Fayalite-Magnetite (QFM) buffer is set as QFM + 1 as in mild
oxidized condition as indicated by the occurrence of magnetite. This
condition is also typical for continental arc granites (e.g., Plank et al.,
2013).

Our model is two-folded. In step 1, the Rhyolite-Melts program is
exerted to find out the f-T relationship of magma. With all the
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parameters described above as inputs, the f-T curve could be obtained
(Fig. 3A). This curve is then fitted by polynomial regression using the
MATLAB program (Supplementary Table S2). In step 2, the f-T rela-
tionship is coupled into the heat transfer simulation of a cooling magma
reservoir. The function f(T) = f is used to constrain the term (%) in
Equation (3) in the FEM calculation of heat transfer simulation. Physi-
cally, the material properties of the magma and wall rocks, like density
(p), heat capacity (c), and latent heat (L), are identical to previous
studies (e.g., Gelman et al., 2013) and are given in Table 1.

Now that all the terms of Equation (3) are constrained except time (t)
and temperature (T), the geometry and initial thermal condition should
be set to exert the FEM calculation. Geometrically, compilations of
available dimensional data from the field and geophysical observations
show many plutons are emplaced as tabular to wedge-shaped bodies
(Cruden and Weinberg, 2018). The thickness (h) of each granitic intru-
sion defines an empirical power-law relationship with the major axis or
length (d) (McCaffrey and Petford, 1997; Petford et al., 2000):

h=0bx(d)* 4

It should be noted that the power-law relationship has several a and b
value pairs corresponding to different situations (e.g., Cruden and
Weinberg, 2018). We adopted the values of b = 0.12, a = 0.88 + 0.1
following the statistic-based estimation of Petford et al. (2000). The
length (d = 10 km) of the Jiuxiantang intrusion is obtained from the
geological map (BGMRJX, 1984). The thickness thus can be calculated
as 910 m. It should be noted that the coefficients vary in different types
of plutons, which means the thickness can be different to some extent
(Cruden and Weinberg, 2018). However, the power-law relationship,
thus the flat intrusion body, still exists. Although the geometry of
magmatic systems is usually complicated, the magma chambers are
often simplified as underground cylinders to ignore the relatively un-
important details (e.g., Annen, 2009). Previous studies further simpli-
fied the cylinders to either two-dimensional rectangles or quasi-3D
(axisymmetric 2D rectangle using cylindrical coordinates) cylinders (e.
g., Barnett and Gudmundsson, 2014; Gelman et al., 2013) to reduce the
computing cost. In this study, a real 3D domain is built. The cylindrical
crustal column is set as 20 km in radius (R) and 20 km in thickness (H) as
the surrounding field. This field participates in the FEM calculation and
is large enough to prevent the magma-originated heat from being con-
ducted out of the calculated domain during the simulation. At a 6.6 km
depth in the crust column, the hot cylindrical intrusion with a radius (r)
of 5 km and thickness (h) of 910 m is set and allowed to cool and
crystallize (Fig. 2A). See Supplementary Text S1 for the mesh building
process.

Thermally, the initial temperature of the crust is a normal
geothermal gradient of 25 °C/km, following Hofmeister (2019). The
Dirichlet (or first-type) boundary conditions are used in the upper and
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Fig. 2. Cartoon diagrams showing the setup of the thermal transferring model. (A) Geometry of the Jiuxiantang intrusion (MO) (not to scale). (B) Sketch maps of
simplified magma reservoirs in model series (MS1 to MS6) with different geometrical parameters S, A, and B.
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MELTS result is shown in the black line. The polynomial fitting curve is the dotted line. The goodness of fitting (R?) is shown in the lower right corner. (For the
fitting function, see Supplementary Table S2). (B) The temperature distribution of magma system in 3000 yr after injection. The temperature bar shown on the right
side is in Kelvin temperature. (C) The magma volumes enveloped by several isotherms changing with time. Every part with a higher temperature than a specific
isotherm is integrated to obtain the volume of the magma reservoir with different temperature stairs. The red line and the orange line represent the mush front and
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lower boundary of the model domain, including the fixed temperatures
at Earth’s surface (Ts = 20 °C) and 20 km depth (Tb1 = 520 °C). The
adiabatic boundary condition at the vertical outside surface of country
rocks is used in which the heat flux is set to 0 (Fig. 2A). The magma
injection temperature was set as the liquidus temperature, assuming the
magma crystallizes continuously. This simplified ideal situation has also
been assumed in previous studies (e.g., Annen, 2009; Gelman et al.,
2013; Lee et al., 2015). The critical temperature corresponds to a melt-
fraction of 50 %, under which the magma region is considered in a
“mush” state (Costa et al., 2009; Cooper, 2017). When the last drop of
melt crystallizes, indicating the whole reservoir below the solidus, the
magma reservoir ends its life. As an innovation, these temperatures are
resulted from Rhyolite-MELTS modeling and are closer to reality than
what is manually designated in previous studies. The magma may bring
some early crystallized minerals from the deeper crust, making the liq-
uidus temperatures calculated from the Rhyolite-MELTS higher than the
reality.

Although incremental accretion is prevailing in magma chambers (e.
g., Annen, 2009; Gelman et al., 2013, Wang et al., 2021b), it is not
considered for magma cooling study because: (1) the magma batches’
injecting frequency and duration are uncertain; and (2) considering the
homogeneous geochemical and isotopic compositions, as well as the
relatively small volume of Jiuxiangtang pluton, the instantaneously
injected model is closer to reality. In this study, a single batch of magma
emplaces into the upper crustal reservoir instantaneously and then cools
in a closed system until each part of the magma reservoir completely

cools down below the solidus. The model simulates the process from
magma’s intrusion to its complete solidification. The time spent during
this process is quantified here as the cooling time of the magma
reservoir.

3.3. Model series building

Many factors affect magma cooling through crystallizing path or
thermal dynamics (e.g., Kirkpatrick, 1976; Morse, 2011), such as the
magma composition, the reservoir shape, and intrusion depth. In order
to evaluate the factors on cooling time, six model series are built. Each
series contain several models that only differ in a single variable from
MO, so we can exclusively evaluate the influence of this variable. Apart
from that, the procedures of simulations are the same as those in MO. It
should be noted that when, the f-T relationships will be recalculated and
integrated into the models once the initial conditions of magma are
changed.

The first aspect considered here is magma’s compositions, especially
the water content (H20%) and oxygen fugacity (fO2). On the one hand,
H50 content is crucial in the magma system because it reduces the
melting point, decreases melt viscosity, modifies phase equilibria, and
controls how latent heat is released (Kushiro, 1972; Kelley and Cottrell,
2009; Melekhova et al., 2013; Lee et al., 2015; Chen et al., 2019). On the
other hand, oxygen fugacity places constraints on the thermodynamics
and kinetics of crystallization in magmas by affecting the stability of Fe-
bearing phases, the crystallization- and degassing-onset, -path and
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-kinetics and the glass transition of magmas (Hamilton et al., 1964; Sato,
1978; Toplis and Carroll, 1995; Bouhifd et al., 2004; Markl et al., 2010;
Arzilli and Carroll, 2013; La Spina et al., 2016; Kolzenburg et al., 2018).
In model series 1 and 2 (MS1 and MS2), the geometries remain the same
as MO, but the magma’s compositions change to detect its effect during
the crystallization process. In MS1, the H>O content of these models
ranges from 0 % (anhydrous) to 5 %. In MS2, the oxygen fugacity (fO2)
ranges from QFM — 3 to QFM + 3 (Table 2).

The second aspect considered is the geometry of the magma reser-
voir. If the empirical formula of Equation (4) holds, then the thickness is
constant given the fixed diameter, and the maximum and minimum
volume are in cylinder and cone shape. The specific shape of a simplified
reservoir remains unknown. It can be simplified as a cylinder, a trun-
cated cone, or a cone (Fig. 2B). Different shapes have different magma
volumes and dissipation areas, thus different cooling times of magma
reservoirs. Besides, the power-law relationship is empirical and yields
unneglectable uncertainties. The various ratios of thickness/radius in a
given volume may affect the heat dissipation efficiency. Further, the size
of a magma reservoir is highly variable in nature, and the magma vol-
ume can definitely affect the final modeling results. The thermal effects
of the above geometrical factors are evaluated in model series 3, 4, and 5
(MS3, MS4, MS5). The shapes of these modeled reservoirs are simplified
and derived from the Jiuxiantang model (MO). Different geometries are
built to simulate various shapes of magma reservoirs. Each series is
intended to exclusively test the cooling effect under one shape-changing
condition.

In MS3, the radius and thickness of the reservoir are fixed. The shape
changes from a cone to a cylinder. Parameter S is induced to describe the
shape of a generalized truncated cone (Fig. 2B):

§=— 5)

where rg = 5 km is the radius of the larger circle, while 7’ is the radius of
the smaller circle. S ranges from 0 to 1 with 7 ranging from 0 (cone) to 5
km (cylinder). The larger S, the bigger the truncated base of the trun-
cated cone, thus the larger volume of magma. When S = 1 (r' = 5 km),
the shape is a cylinder identical to MO.

In MS4, the volume of MO remains constant while the radius/thick-
ness ratio changes. Parameter A is induced to describe the shape of a
cylinder:

_r/h
_r(]/hg (6)

ar*h = mrg’hy

Equations (6) is equivalent to

r= \VZro
h 7)
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3 Az
Table 2

Variable settings of different model series.

Model Independent variable ~ Range

series

MS1 water content (H,O 0 %, 0.01 %, 0.1 %, 1 %, 2 %, 3 %, 4 %, 5 %
%)

MS2 oxygen fugacity (fO2) QFM - 3, QFM — 2, QFM — 1, QFM + 0, QFM

+1, QFM + 2, QFM + 3,

MS3 geometry (S = r'/rg) 0,0.1,0.2,0.4,0.6,0.8,1

MS4 Geometry 1/10,1/8,1/6,1/4,1/2,1, 2, 4,6, 8, 10
(A = (r/h)/(ro/ho))

MS5 Geometry 1/2,2/3,1,3/2,2
(B =r/ro =h/ho)

MS6 intrusion depth 1 kbar, 2 kbar, 3 kbar, 4 kbar, 5 kbar, 6 kbar
(pressure)
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If A = 1, the cylinder is the same as MO. It can also describe a more
‘lanky’ (when A < 1) or ‘dumpy’ (when A > 1) cylinder (Fig. 2B).

In MS5, only the size of a magma reservoir changes. The magma
reservoir is proportionally scaled, which means the radius/thickness
ratio remains constant. Parameter B is induced as the scaling multiple:

rh

T ®

Therefore, a larger (when B > 1) or a smaller (when B < 1) cylinder
with the same radius/thickness ratio as MO can be built with different B
values (Fig. 2B).

The third aspect considered is the emplacement depth. A magma
reservoir can exist at different levels in the upper crust of the magmatic
system. The emplacement depth depends on both the properties of
magma itself and the crustal environment. With depth increase, the
thermal condition changes with increasing temperature and pressure at
given gradients. The depth effect is evaluated in model series 6 (MS6), in
which the depth changes from 3.3 km (1 kbar) to 20 km (6 kbar). The
country rocks domain is set as 30 km with a fixed temperature of Th2 =
770 °C in order to provide enough space for the heat conduction for all
models in MS6. And the surrounding temperature changes following the
geothermal gradient. The composition and other geometry remain
constant.

Rhyolite-MELTS is exerted in MS1, MS2, and MS6 due to the changes
in initial conditions (composition or pressure). The boundary conditions
of these models are the same as those in M0. The models were calculated
in a high-performance server based on Linux at the School of Earth
Sciences and Engineering of Nanjing University with the COMSOL
Multiphysics v5.6 package. The settings of the model series are shown in
Table 2.

4. Results

The two-step models describe the dynamic process inside the magma
reservoirs. The Rhyolite-MELTS program gives the f-T relationship as the
input of the following FEM calculation. The precise temperature distri-
butions with time in magma systems are documented during the FEM.
Thus, the crystallization and cooling processes are numerically simu-
lated in standard model MO and model series MS1 to MS6.

4.1. Results of the standard model (MO)

Based on Rhyolite-MELTS modeling, the f-T relationship and its
fitted equation f(T) = f with the coefficient of determination (Rz) are
shown in Fig. 3A. This monotonical function gives the temperature
corresponding to any melt-fraction, as shown in the Supplementary
Table S2.

FEM simulates the temperature distribution of the Jiuxiantang
intrusion (Fig. 3B). The temperature in every node at any time is
documented. Several isotherms corresponding to different melt-
fractions (0 %~60 %) are obtained. Each isotherm surface encloses a
part of the magma with higher temperatures. The volume of this part
decreases with time during the cooling process, as shown in Fig. 3C, with
detailed numerical results shown in the supplementary Table S3.

The physical state of the magma reservoir can be nonuniform during
the cooling process. The innermost part may remain hot and liquid when
the outermost part has already cooled to be solid. Magma viscosity in-
creases exponentially with crystal content increasing (Caricchi et al.,
2007) and exerts an important control on magma rheology (Costa et al.,
2009). We adopt the simplified assumption that magma with > 50 %
melt by volume (melt-fraction, f > 0.5) is movable as free liquid,
following Costa et al. (2009) and Cooper (2017). The region of the
magma reservoir with the melt-fraction being 0 is regarded as solidified.
Thus, three physical states of magma are defined here according to melt-
fraction (f): free liquid (1 > f > 0.5), mush (0.5 > f > 0), and solid (f = 0).
The temperatures where f = 1, f = 0, and f = 0.5 are liquidus, solidus,
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and mush-transition temperatures, respectively, and can be obtained in
the f-T curve (Fig. 3A). The isotherms where f = 0.5 and f = 0 are defined
as “mush fronts” and “solid fronts”, inside which the reservoir regions
are in mush or solid state, respectively (red and orange lines in Fig. 3C).
Note that the term “solid fronts” used here is not the same as the concept
of “solidification front” defined by Marsh (2015). By doing so, the
relationship between temperature distribution and the physical state of
the magma reservoir is established. Since the temperature distribution
changes through time, those fronts are inward-growing, and magma
volumes in these states are time-varying.

In MO, the critical temperature of mush transition (Red; Fig. 3C) is
739 °C. When the volume of the 739 °C isotherm enclosed decreases to 0,
every part of the magma has cooled to become mush or solid, and no free
melt exists. This liquid disappearing time is 13.9 kyr. The solidus tem-
perature in this model is 664 °C. When the volume of the 664 °C
isotherm enclosed decreases to 0, the whole magma reservoir solidifies,
defying the end of the magma’s cooling time as 20.4 kyr (Fig. 3C).

At a given moment, the liquid volume of the magma reservoir can be
obtained by integrating the volume of magma hotter than the critical
temperature. Similarly, the mush volume results from integrating the
volume of magma with the temperature between the solidus and the
critical temperature. The solid region has the volume of integrating the
magma with solidus temperature. The volumes of regions in different
states during the cooling of the magma reservoir are shown in Fig. 3D.

The whole magma reservoir is liquid at the beginning of its
emplacement (Fig. 3D). All the volumes enclosed by different isotherms
are identical to the magma reservoirs’ volumes. This is reasonable
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because the model is assumed to cool from liquidus. The isotherms’
volumes decrease dramatically in the first 10 years, especially for the
low-temperature isotherms (e.g., T = 664 °C/f = 0). Mush and solid
states appear immediately after the emplacement. With the inward-
growing solid fronts and mush fronts, the liquid region continuously
turns into mush while the mush zone solidifies. The liquid region shrinks
while the solid region expands. The volume of the mush peaks to ~60 %
in volume portion when liquid magma dies out at 13.9 kyr (Supple-
mentary Figure S2). After that, the replenishment of mush suspends, and
the mush zone begins to shrink. In 20.4 kyr, even the mush disappears,
and the whole magma reservoir completely solidifies.

4.2. Results of model series

The potential factors affecting magma cooling are evaluated in MS1
to MS6, with details on the Rhyolite-MELTS results (liquidus, solidus,
and f-T relationship) of MS1, MS2, and MS6 in the Supplementary
Figure S3 and Table S3. The cooling time is defined as the time used for
every part of the magma reservoir to be solidified (f = 0). The mobile
magma residence time is the time elapsed until no free liquid melt (f >
0.5) exists in the reservoir. The two times of all models are calculated
(Fig. 4). The modeling results indicate that magma’s compositions (H20
content and fO,) do not significantly affect the cooling time. In contrast,
the shape and depth of the magma reservoir have a significant influence.

In MS1, the magma reservoirs’ cooling time increases slightly from
11 kyr (0 % H20) to 23 kyr (1 % H20) and gradually decreases to 20 kyr
(5 % H30). The cooling time reaches its maximum at 1 % H30, while the
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Fig. 4. The simulated results of magma cooling time and mobile magma residence time in model series MS1 to MS6. The cooling time describes the time elapsed after
magma emplacement until the entire chamber reaches solidus. The mobile magma residence time represents the duration that free liquid melts exist. In (A) and (B),
the water content and oxygen fugacity change in MS1 and MS2, respectively. In (C), the shape of the magma reservoir (simplified truncated cone) changes with
parameter S in MS3. In (D), the ratio of the radius/height changes with parameter A in MS4. In (E), the size of the magma reservoir changes with parameter B in MS5.
In (F), the depth of intrusion changes in MS6. The blue lines and dots denote the total cooling time, which is the cooling time of a magma reservoir. The red lines and
dots represent the free liquid disappear time. The geometries in (C-E) represent the shapes of simplified magma reservoirs changing with geometrical parameters S,
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mobile magma residence time peaks at 3 % H,O (Fig. 4A). In MS2, the
oxygen fugacity (fO3) ranges from QFM —3 to + 3. The cooling time and
mobile magma residence time remain stable at around 21 kyr and 14
kyr, respectively. The model of QFM + 1 witnesses a gentle valley of
cooling time of 20.4 kyr (Fig. 4B), which is identical to MO.

In MS3, the cooling time slightly increases from 11 kyr (S = 0) to 20
kyr (S = 1) with the variation of the reservoir’s shape that is simplified as
a truncated cone. The cooling time and mobile magma residence time
are longer when the shape is closer to the cylinder (Fig. 4C). In MS4,
there is a significant drop in the cooling time when the thickness/radius
ratio related parameter A ranges from 1/10 to 10. The flattest
emplacement shows the shortest duration (cooling time < 1 kyr when A
= 10), while the thickest one gives the most extensive longevity (cooling
time = 114 kyr when A = 1/10) (Fig. 4D). In MS5, the cooling time rises
from 5 kyr to 76 kyr when the size of magma reservoirs increases from
half to double the radius (or thickness) of MO (thus a quarter to fourfold
of the volume of MO0) (Fig. 4E).

In MS6, when the emplacement depth increases from 3.3 km (about 1
kbar) to 20 km (about 6 kbar), the cooling time surges from 16 kyr to
162 kyr. But the mobile magma residence time shows a relatively small
increase from 10 kyr to 33 kyr (Fig. 4F).

5. Discussion
5.1. The residence time of magma reservoirs

Thermal numerical modeling provides a unique perspective on the
cooling time of the magma reservoir in the upper crust. It can be inte-
grated to better understand the residence time of magma reservoirs with
the results from previous isotopic chronological research. It is important
to realize that the mineral age is not identical to the magma age. The
dating methods can give the formation ages of certain minerals (like the
precise CA-ID-TIMS zircon U-Pb isotopic dating method). Still, it could
not effectively constrain the full crystallization time of magma because
the closure temperatures of dating minerals are usually high, and the
magma can still take a long time before its complete cooling. In addition,
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some of the minerals may have formed/crystallized in the magma mush
before the final emplacement, which means the oldest igneous zircon
grain actually documents the timing of an older age before the
emplacement. Therefore, the time duration yielded by the youngest and
oldest zircon ages may only represent the residence time during zircon
crystallization, rather than the whole residence time of the magma
chamber (Fig. 5). The numerical modeling enables us to simulate the
cooling process and estimates the cooling time of an upper-crust magma
reservoir based on Jiuxiantang intrusion in MO. The cooling of this
pluton is nearly 20 kyr if the initial magma component is set as fO; of
QFM + 1 and Hy0 of 3 %. The results are similar if different water
contents or oxygen fugacities are chosen (cooling time: from 11 to 26
kyr) (MS1 and MS2; Fig. 4A and 4B), but the difference is not too big.
This cooling time of about 20 kyr is consistent with the CSD modeling
and diffusion modeling at 10 to 35-38 kyr in the previous study (Wang
et al., 2021a), which indicates the reliability of MO results. The zircon
crystallization time may partly overlap with the thermal modeling
(Fig. 5). Suppose zircon is an early crystallization mineral phase. In that
case, the overlap could be very small, and the total residence time of a
magma reservoir could be the combination of zircon crystallization time
and the magma cooling time.

It is widely accepted that large volumes of unmovable mush exist in a
transcrustal magmatic system (Hildreth, 2004; Bachmann and Bergantz,
2004; Costa et al., 2009; Cashman et al., 2017). Our model shows that
the newly formed crystals begin to precipitate the moment the magma
injecting and the mush state exists in the magma chamber during its
whole lifetime. The specific cooling process of a single magma reservoir
is complicated, and different parts may show different thermal states
during the cooling process. The heterogeneous temperature distribution
causes the inward-growing solidification, where the outer part of the
magma reservoir pioneers cooling and crystallizing (Fig. 3C). The newly
formed crystals may attach to the wall, consistent with previous ex-
periments (e.g., Dunbar et al., 1995; Castro, 2013) and fieldworks (e.g.,
Marsh, 2015). This model does not consider the dynamic effect (like
gravity) in high-viscosity granitic magmas, so the compaction-driven
segregation of melts and fluids (e.g., Grosfils, 2007) or convection-

Fig. 5. The timeline of a magma reservoir’s life
cycle. On the left is a pattern of magma and zircon
behaviors within a magma reservoir. On the right is
a timeline corresponding to these behaviors. To:
magma generation at the deeper level. T;: magma
injection into a potential reservoir. Ty: free liquid
disappearing time when the magma cools until no
free liquid exists. T3: mush disappearing time when
every part of the magma reservoir cools below the
solidus, and no liquid or mush exists. T;-To: mobile
magma residence time. T,-T3: magma reservoir
cooling time. t;—ty: zircons growth time, when zir-
conium is saturated and zircons precipitate.

cooling time

Liquid magma (>0.5)

Mush (0>£>0.5)

Solid (f=0)
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driven differentiation (e.g., Bea, 2010) is absent. Nevertheless, the first-
order control of cooling time remains.

It is important to realize that the cooling process of an open magma
chamber with magma accumulation is highly complicated. The newly
intruding magmas may originate from different levels with different
compositions and temperatures. The magma mixing and mingling will
disturb the ongoing thermal evolution. The reheated magmatic rocks
and the molten crust can participate in the subsequent magma evolu-
tion. All these processes were not considered even in previous incre-
mental assembly models. Our study simulates an instantaneously
injected magma reservoir as a closed system without newly intruded
melts. Nevertheless, the differences between the two models are evalu-
ated. In the incremental assembly model of Gelman et al. (2013), the
total cooling times (magma injection time + cooling time in their
models) of magma chambers are similar with different sills’ thicknesses
and fluxes if the total magma volumes are the same. We simulated an
instantaneously injected magma chamber using the same parameters in
Gelman et al. (2013) and got similar cooling time results (Supplemen-
tary Text S2). It should be noted that the thickness of a pluton is difficult
to detect directly, especially for small intrusions owing to the resolution
of geophysics methods. In this case study, the felsic pluton intruded into
the previous granites. The similar physical property shared by the
intrusion and wallrocks further hinders the precise measurements of the
thickness. The empirical power-law relationship provides the best way
at present to estimate the thickness. The results of our simulation are
generally consistent with previous estimates by other methods (Wang
et al., 2021a), suggesting the reliability of the method. The cooling effect
of different diameter-thickness relationships is discussed below.

5.2. Factors affecting cooling time

Our study indicates that the geometry, volume, and depth of the
magma reservoir are prime aspects to influence the cooling time. The
magma compositions control the liquidus and solidus, which determine
the initial temperature of magma and the final solidification time. Thus,
they have indirect effects on the cooling time. In MS1, compared with
the anhydrous system (0 % H0) in which the solidus is 868 °C, the
system with 1 % H20 has a solidus of 664 °C (Supplementary Table S3).
This allows the magma to remain liquid for a longer time at a given
initial magma temperature. When H,0 content is higher than 1 %, the
change of liquidus temperature becomes more important than solidus.
The liquidus decreases from 1106 °C (1 % H20) to 966 °C (5 % H30)
(Supplementary Table S3). Obviously, a lower initial temperature makes
a magma reservoir cool down more quickly. Previous studies indicate
that HoO could delay the latent heat release and expand the crystalli-
zation window over which silicic melts are stable (Lee et al., 2015; Chen
et al., 2019), which is confirmed in our study. The arc magmas that
differentiate at higher water contents and possibly higher oxygen fu-
gacities than anorogenic/intra-plate magmas (Chen et al., 2019) may
cool down slower, and the liquid melts may stay for a longer time. In
MS2, the change of oxygen fugacity does not significantly affect the
cooling time, and the increased oxygen fugacity slightly increases the
cooling time when it is larger than QFM + 1 (Fig. 4B). There are other
composition parameters that affect the cooling time, like the silicon
content. The emplacement temperature of basaltic magma is usually
hotter than silicic magma. The crystalline paths (f-T), thus the latent
heat release paths, are also different. The ultimate cause is the differ-
ences in the tectonic nature of the magma source area, and it is beyond
the scope of this article.

The geometry of a magma reservoir constrains the volume of magma
and affects the efficiency of heat conductivity. Given the thickness of a
magma reservoir, the models with different truncated bases’ areas give
similar results, although the magma volume difference could reach two-
thirds (MS3; Fig. 4C). The detailed shapes of magma reservoirs are
challenging to detect using the now available technique. Our results
suggest that the specific shape could not significantly affect the cooling
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time if the radius and thickness are determined. On the contrary, the
thickness/radius ratio and the size of the magma reservoir significantly
influence the cooling time (MS4, MS5; Fig. 4D, E). Intuitively, a larger
magmatic reservoir cools slower due to its higher heat energy, and a
thinner flat disc cools faster than a thicker one due to its larger surface
area. This could be mathematically described by Fourier’s law:

0 :
a5 —kf VT -dS 9

in which %2 defines is the amount of heat transferred per unit time (in W).
It defines the heat dissipation efficiency and equals the product of
thermal conductivity k and the surface integral of negative local tem-
perature gradient VT. It shows that a large surface area is beneficial to
heat conduction. At a given volume of magma (thus the total energy),
the cooling time of a single magmatic reservoir mainly depends on its
surface area. This is how the thickness/radius ratio affects the cooling
time. When the size becomes larger, the volume increases cubically,
while the surface increases squarely, which extends the cooling time. So,
a big and thick reservoir may stay longer than a small and thin one, as is
common in nature (e.g., Leuthold et al., 2012; Coleman et al., 2004,
Matzel et al., 2006).

The injection depth affects the surrounding temperature. The magma
cools slower when the crust is hotter. Although the increasing pressure
also affects the liquidus/solidus, which ranges from 1021 °C/682 °C at 1
kbar (ca. 3.3 km) to 1107 °C/650 °C at 6 kbar (ca. 20 km) (Supple-
mentary Table S3). Nevertheless, these temperatures difference is rela-
tively smaller than that of changing composition and thus could not
make such a difference as shown in MS6 (Fig. 4F). The depth effect can
also be described in Equation (9). In a normal geothermal gradient, the
deeper, the hotter. So VT is small at a deep level, and a magma reservoir
cools down slowly.

It should be noted that the natural cooling process is complicated,
and many of these variables are coupled and change together. Never-
theless, the first-order control is evident in this article.

5.3. Growth of magma reservoirs

Although the cooling time varies with different conditions, the
overall residence time for common magma reservoirs (<20 km in radius)
is limited to less than 0.2 Ma (Fig. 4). A larger reservoir may possess
more energy and exist for a longer time, which benefits magma evolu-
tion and differentiation. For example, the 340 km? Meiling intrusion in
the southeastern part of the Jiuling composite batholith is located 50 km
east of the Jiutiantang intrusion. It is equivalent to the model where B =
2 in MS5 (Fig. 4E) if regarded as an instantaneous emplacement. The
calculated cooling time is about 77 kyr, which is consistent with Wang
etal. (2021a). However, many large batholiths cover hundreds to tens of
thousands of square kilometers and yield zircon U-Pb age durations
more than several to tens of Myr (e.g., Bateman, 1992; Memeti et al.,
2014). The large range of zircon ages and other compositional fluctua-
tions (e.g., Claiborne et al., 2010) prevents the instantaneous emplace-
ment of those batholiths, and the convergence of multiple intrusions is
needed (e.g., Lipman, 2007; Paterson et al., 2011; Wang et al., 2021a). If
a magma chamber settles in the upper crust for an extended period for
the potential magma evolution, it needs extra heat for sustenance.
Otherwise, it will soon thoroughly crystallize, and no melts exist. The
heat can come from magma underplating or new sills injection, which
also leads to magma chamber growth and is identified by previous nu-
merical and field studies (e.g., Annen et al., 2006; Wang et al., 2021b).

An open magma chamber with magma accumulation in the shallow
crust was simulated with various fluxes (e.g., Annen et al., 2008; Gelman
et al., 2013). Large magma flux benefits the appearance of melts. Annen
(2009) proposed a cutoff of 10~2 km®/yr to accumulate the eruptible
magma capable of feeding the eruptions, while Gelman et al. (2013)
proposed a smaller value of <5-8 x 10~ km®/yr. In either case, they did
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not consider the effect of the magma chamber’s shape, which is proved
to be important in our study and Melnik et al. (2021). If the radius of the
chamber is small, every newly injected sill would be thicker and make it
difficult to dissipate the heat. This would decrease the ‘incubation time’
of melts and make it easy to form eruptible melts.

When it comes to the lower crust with a normal geothermal gradient,
the situation is different. In the lower crust deeper than 20 km, the warm
surrounding rocks and frequently underplated magma provide enough
heat for liquid magmas’ sustenance for a longer time. A large volume of
liquid magma accumulates here, and the deep crustal hot zones are
formed (Annen et al., 2006; Wang et al., 2021b). The thermal model in
Glazner (2021) suggested that large magmatic systems are primarily
lower-crustal phenomena without long-term upper-crustal storage. The
magma in lower-crustal magma reservoirs can evolve and migrate up-
ward to supply the reservoirs at shallower levels with material and heat
in the complicated transcrustal magmatic system. The thermal balance
of such a system requires further investigation.

6. Conclusions

The numerical simulations by thermal diffusion of this study provide
us with an alternative perspective on magma cooling and reveal
important information on the timescales of magma reservoirs for the
granitic batholith. Magma reservoirs are in the mush state during most
of their lifetime, and their cooling time is dominantly controlled by
intrusion depth, magma volume, and thickness/radius ratio. The
modeling results suggest the cooling time of small magma chambers
(<20 km in radius) in the upper crust can be limited to less than 0.2 Ma.
The case study of the ca. 820 Ma Jiuxiantang intrusion is constrained as
short as ~20 kyr. This study reveals the thermal evolution of the
ephemeral magma reservoirs in the upper crust and sheds light on the
magma evolution in the crust.
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