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Abstract Large silicic eruptions result from rapid evacuation of large, upper crustal reservoirs of silicic
magmas. These silicic magmas are thought to be replenished by melt extracted from underlying
crystal‐rich source mushes, but the timescales and mechanisms of such melt extraction are unclear.
Geochemical observations suggest that the replenishing melt is often more primitive than the eruptives
and must thus cool and crystallize to generate the highly silicic magmas that eventually lead to large
eruptions. Motivated by these observations, we use thermal models to explore the replenishment conditions
capable of building an eruptible silicic reservoir to generate a large eruption. Results show that theminimum
melt replenishment rate required for a silicic reservoir to start growing increases with the effective
thermal diffusivity of the overlying crust and decreases with the depth of the reservoir. For an eruptible
reservoir at 6 km depth to grow, the initial replenishment rate needs to be greater than 2 × 10−9 m/s. High
replenishment rates are required to provide enough advected heat to counterbalance rapid heat loss and
consequent freezing that would prevent the eruptible reservoir from growing. However, these high initial
replenishment rates must then subside over time for the eruptible reservoir to cool, crystallize, and evolve to
highly silicic melts. Thermal histories of some natural systems suggest assembly of large eruptible reservoirs
in <20 kyr. The rapid replenishment followed by its decay suggests that replenishment was triggered
by a pronounced but ephemeral increase in the porosity and permeability of the underlying crystal‐rich
source mush, allowing for rapid melt expulsion. We speculate that this perturbation may be driven by the
sudden incursion of deep‐seated, hotter magmas into the base of the crystal‐rich source mush.

Plain Language Summary Episodic intrusion of mafic magma into crystal‐rich magmatic
mushes induces ephemeral fast melt expulsion and triggers large silicic eruption.

1. Introduction

Large, silicic volcanic eruptions have the potential of erupting hundreds of cubic kilometers of ash in one
event, causing catastrophic damage to the environment (Bachmann et al., 2002; Christiansen, 2001; Cook
et al., 2016; Hildreth & Wilson, 2007; Wilson et al., 2006). It is widely thought that the magma reservoir
beneath a supervolcano is supplied by melts extracted or expelled from an underlying crystal‐rich mush
(Bachmann & Bergantz, 2004; Hildreth, 1981; Hildreth & Fierstein, 2000). Geochronology data suggest that
magmas can reside in a crystal‐richmush state for tens of thousands of years or longer (Cooper & Kent, 2014;
Crowley et al., 2007; Reid, 2013). These long‐lived crystal‐rich mushes are ultimately the source of many
silicic eruptions. Occasionally, residual liquids within the mush are expelled, allowing for the growth of
an eruptible magma reservoir (Druitt et al., 2012). To grow a large eruptible silicic reservoir (ESR), melt
expulsion rates from the mush must be fast; otherwise, the shallow magma reservoir would solidify against
the cold overlying crust (Annen, 2009; Fialko & Simons, 2001; Gelman et al., 2013). After the eruptible reser-
voir is assembled, any number of perturbations, such as a sudden increase in magma replenishment rate
from below, may induce failure of the wall rock and trigger eruptions (Gregg et al., 2012; Jellinek &
DePaolo, 2003).

To better understand how long‐lived magmatic mushes relate to the episodicity of large volcanic eruptions,
we need to understand the process by which the eruptible reservoir is replenished and grows. Compaction,
hindered settling, gas filter pressing, and rejuvenation by mafic magmas or fluids have all been suggested as
possible extraction and replenishment mechanisms (Anderson et al., 1984; Bachmann & Bergantz, 2004,
2006; Burgisser & Bergantz, 2011; Lee et al., 2015; McKenzie, 1984; Shaw, 1965). Advances in petrological
and geochemical tools have allowed reconstruction of the thermal history of magmatic systems in which
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short thermal spikes caused by magma recharge can be detected (Barboni et al., 2016). Here, we develop an
open‐system crystallization model to simulate the thermal and chemical evolution of the ESR. We use the
thermal histories of natural systems to constrain the nature of magma recharge in the context of the
transcrustal magmatic system.

2. A Hypothetical Transcrustal Magmatic System

We envision a two‐layer system. Our approach is undoubtedly oversimplified, but the goal is to develop gen-
eral intuition rather than make exact predictions for specific magmatic systems. We envision the upper layer
representing the potentially ESR of thickness h and depth δ beneath the Earth's surface. The ESR rests above
the crystal‐rich source mush (CRSM) (Figure 1a). For our calculations here, we take the depth of typical
ESRs to be ~6 km as estimated from storage pressures of various ESRs (2.0 ± 0.5 kbar, Huber et al., 2019).

We assume that the ESR is periodically evacuated or erupted (Spera & Crisp, 1981), and in between erup-
tions, the ESR grows and evolves compositionally. Our model is initiated immediately after an eruption

Figure 1. Model for the assembly of the eruptible silicic reservoir (ESR) with magma input extracted from the underlying
crystal‐rich source mush (CRSM). The ESR lies at a depth δ(6 km) in the crust and rests on top of the thicker and deeper
CRSM (a). Thermal evolution of the ESR and crustal lid are modeled for the case in which the ESR is replenished by
constant influx (J ¼ 1 × 10−8 m/s or 0.32 m/yr) of melt from the CRSM to the ESR. Evolution of the geotherm in the
crustal lid in response to the initiation and growth of the ESR is shown in (b). The effective thermal diffusivity of the crust
in this case is κ0¼ 4 × 10−7 m2/s, representing the crustal rock (Lesher & Spera, 2015). Heat flux at the interface between
the crust and the ESR as a function of time shown in (c). Results with larger effective thermal diffusivity of the crust are
shown by dashed and dotted lines. Heat flux into the crustal lid decays with time as the bottom of the crustal lid is heated
up. The growth of the ESR is superimposed in (c).
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event evacuates most of the ESR (Barker et al., 2015), and thus h¼ 0 initially. Melt expelled from the CRSM
results in a magmatic replenishment flux J into the ESR, allowing it to regrow. The rate at which the ESR
thickens, dh/dt, is equivalent to J, if there is no lateral growth as is commonly assumed in similar studies
(Annen, 2009; Huber et al., 2009). Geochemical observations suggest that silicic magmas in ESRs derive
from the crystallization of intermediate magmas, such as dacites and andesites (Bacon & Druitt, 1988;
Michael, 1984; Wark, 1991). Below, we use both analytical and numerical results to shed light on the
timescale and dynamics of the shallow CRSM‐ESR system.

3. Modeling ESR With Heat Loss, Crystallization, and Replenishment
3.1. Heat Balance of a Hypothetical ESR

The thermal evolution of the ESR is controlled by heat loss to the Earth's surface (q), advection of heat asso-
ciated with magmatic replenishment J, and the latent heat of crystallization L:

cρh
dT
dt

¼ −qþ cρ � J Tin − Tð Þ þ Lρ � Jx ; (1)

where T is the temperature of the ESR; c and ρ are the specific heat and density of the silicic magma (den-
sity difference between the melt and crystals are small and thus
ignored); Jx is the rate of crystallization; and Tin is the temperature
of the replenishing magma (J) derived from the expulsion of inter-
stitial melts in the CRSM. We assume that Tin is the liquidus tem-
perature of the replenishing magma (Tliq), which must equal the
temperature of the CRSM at the time the melt is expelled (1000°C,
the liquidus for the interstitial melt in CRSM; Lee et al., 2015).
The rate of crystallization Jx is given by

Jx ¼ d hXð Þ
dt

¼ X � J þ h
dX
dT

dT
dt

; (2)

where X is the crystal fraction, which depends on temperature and
thus on time (Huber et al., 2009; Lee et al., 2015).

To track crystallization rates, the relationship between T and X for a
given compositional system is needed. For ESR systems, a hydrous
dacite composition may be representative of replenishing melts
(Lee et al., 2015), although for the general behavior of our models,
the exact bulk composition is not critical. For hydrous compositions,
T‐X is not linear. Instead, much of the crystallization occurs near the
solidus (Lee et al., 2015). To capture such eutectic‐like behavior, we
parameterize a function with two linear trends, that is, X
increases slowly from 0 at Tliq ¼ 1000°C to 80% at Te ¼ 710°C then
increases quickly to 100% at Tsol ¼ 700°C (Figure 2). The exact

Figure 2. The X‐T relationship for the melt extracted from CRSM into ESR. Due
to the effect of water, the last ~20% crystallization is compressed to near solidus
temperature (Lee et al., 2015). ESR gradually locks up as the crystallinity
increases to 50–70% (Dufek & Bachmann, 2010).

Table 1
Thermal Modeling Parameters

Symbol Name Value

c Specific heat 1.6 × 103 J/kg/K
ρ Density 2.3 × 103 kg/m3

L Latent heat 2.5 × 105 J/kg
Tliq Liquidus of the melt extracted from CRSM 1000°C
Tsol Solidus 700°C
κ0 Thermal diffusivity of the crustal rock 4 × 10−7 m2/s

Note. Tliq and Tsol are from Lee et al. (2015). Other values are from Lesher and Spera (2015).
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parameterization of the T‐X function only has a secondary effect on
the results of the model (discussed in the next section).

A fundamental assumption in themodel (Equation 1) is that the ESR,
including all crystals and residual melt, is thermally homogeneous.
This assumption is valid so long as the crystallinity does not exceed
the “lock‐up” threshold, X ~ 50–70% (Dufek & Bachmann, 2010)
below which the ESR vigorously convects and retains crystals within
the magma (Marsh, 1981; Saar et al., 2001; Turcotte &
Schubert, 2002). As the crystallinity of the ESR reaches the “lock‐
up” threshold, convection slows down enough that reentrainment
of settling crystals ceases, allowing crystal‐melt separation and mak-
ing possible the eruption of rhyolites. Simulations with the injection
of melt suggest that convection could occur beyond the “lock‐up”
threshold (Bergantz et al., 2015). We do not run the thermal model
for an ESR below 746°C as below this temperature, the system
exceeds 70% crystallization and would be effectively locked.

The rate of heat loss q from the ESR is limited by the insulating effect
of the overlying crustal lid (Bejan & Anderson, 1983; Davaille &
Jaupart, 1993). We assume that such heat loss occurs by conduction
with the possibility of amplification by hydrothermal circulation.
We solve the thermal diffusion equation but adopt an effective ther-
mal diffusivity κ to approximate the enhanced “conductivity” of heat
when hydrothermal circulation operates (Cao et al., 2019;
Combarnous & Bories, 1975). The effective thermal diffusivity has a
lower bound equivalent to the thermal diffusivity of solid crustal rock
κ0 ¼ 4 × 10−7 m2/s (Lesher & Spera, 2015) and could increase by one
order of magnitude in the presence of hydrothermal circulations
(Phipps Morgan & Chen, 1993). The initial thermal state in the crus-
tal lid is approximated with a linear geotherm, with surface tempera-
ture fixed at 0°C and the basal lid temperature corresponding to the

solidus of the extracted melt as the previous ESR has already heated up the base of the crustal lid
(Figure 1b). The basal lid temperature then evolves as the temperature of the ESR changes in response to
the replenishment (Equation 1). The initial heat loss q is high due to the temperature contrast between
the replenishingmagma and the basal lid (Figure 1). Only after the bottom of the crustal lid is heated up does
the heat loss decay. Partial melting and crystallization are allowed in the crustal layer, but such melts are
assumed to remain with the crust. The assimilation of crustal melt adds a heat loss term (Lρ � Ja where Ja
is the rate of assimilation) to the thermal equation and does not change the general behavior of the system
for geologically reasonable magnitudes of crustal assimilation (discussed in the next section).

3.2. Steady State Temperature of the ESR

Before solving the above equations explicitly, intuition on how the system behaves can be gained by consid-
ering the steady state solutions for a given replenishment rate J into the ESR and surface heat flux q, the for-
mer a measure of how much heat is advected into the reservoir and the latter a measure of the efficiency of
heat loss to the surface. The steady state temperature Tss of the ESR is given by

Tss ¼ Tliq −
q
J

1
ρc 1þ rð Þ; (3)

where r ¼ L
c
� dX
dT

����

���� is the ratio of latent to sensible heat in the temperature range between 710°C and

1000°C. Because r is ~0.5, the effect of latent heat is much smaller than the ratio of heat loss to advected
heat gain, q/J. Thus, the temperature of the ESR increases as q/J decreases, that is, when J is large or q is
low (Figure 3). Temperature decreases when J decreases or if heat flow through the crustal lid is more effi-
cient as in the case of hydrothermal circulation. It is important to note that after reaching the steady state

Figure 3. Steady state temperature of an ESR as a function of J and q
(Equation 3). The depth of the ESR δ is 6 km. Thermal modeling parameters
are summarized in Table 1. A horizontal sectional area of 314 km2 (10 km radius
circle) is used to convert the replenishment rate to volume injection rate. For
reference, the heat flow under a caldera ranges from 0.2 to 2 W/m2

(Lachenbruch et al., 1976; Morgan et al., 1977). The lower bound of the heat flow
observation is consistent with a linear geotherm (q≅cρκ

ΔT
δ
) through 6 km thick

crystal lid with κ0 ¼ 4 × 10−7 m2/s.
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temperature Tss, the volume of the ESR still increases at the rate of J. The volume of melt in ESR also
continues increasing at a rate of (1 − Xss) Jfinal, where Xss is the steady state crystallinity determined by Tss.

The surface heat flux can be approximated by conduction across the crustal lid, q ≅ cρκ
ΔT
δ
, where ΔT is the

temperature difference between Earth's surface and the base of the crustal lid (equivalent to the temperature

of the ESR). If Equation 3 is combined with the simple approximation for heat loss q ≅ cρκ
ΔT
δ

through the

crustal lid, the minimum melt replenishment rate Jmin required to maintain the ESR above a temperature T
scales as

Jmin ≅
κ
δ
T − Tsurface

Tliq − T
1

1þ r
: (4)

To maintain a specific temperature, the minimum replenishment rate must increase if the efficiency of heat
loss through the crustal lid is high, as would be the case if effective thermal diffusivity is high or if lid thick-
ness is thin. For a temperature of 850°C, the minimum replenishment rate is 2.0 × 10−9 m/s for a strong
hydrothermal system with q of 2 W/m2 (Figure 3). Allowing for assimilation of crustal melt (e.g., 20% for
Yellowstone, Troch et al., 2018) only requires a 10% increase in the minimum replenishment rate. The exact

choice of the X‐T relationship is of secondary importance because
dX
dT

����

���� is not expected to vary significantly

below a crystallinity of 70% (in any case, a 50% increase of
dX
dT

����

���� only results in 17% reduction of Jmin).

Based on the foregoing analysis, the initial replenishment rate must be fast for the ESR to start growing and
not freeze from the outset. For the general case described here, that is, an ESR lying at 6 km depth, no hydro-
thermal circulation (and hence low effective thermal diffusivity for the crust κ0 ¼ 4 × 10−7 m2/s), and a bulk
composition similar to a hydrous dacite, the initial replenishment rate must be greater than 2 × 10−9 m/s
(0.06 m/yr) to prevent freezing. Higher rates would be required if cooling is enhanced by hydrothermal cir-
culation. If these rates can be sustained indefinitely, a 1 km thick ESR could be generated within ~15 kyr.
This ESR, however, would be characterized by warm temperatures (T> 950°C) and relatively primitive melt
compositions. Because many of the large silicic eruptions are rhyolitic and record lower temperatures
(<800°C) (Bachmann et al., 2002; Hildreth &Wilson, 2007; Wilson et al., 2006), we know that replenishment
rates must ultimately decline after the initial replenishment.

Figure 4. Time‐dependent replenishment models for the ESR. (a) Different replenishment histories J(t) explored, including constant (horizontal lines) and
decaying scenarios. A crustal lid thickness of δ ¼ 6 km is assumed for all simulations. Jfinal for the three decaying series is 1.5 × 10−10 m/s (0.005 km/kyr).
The timescale adopted for decaying J's, t0 is 2 kyr. (b) Thermal evolution of the ESR color coded to correspond to the array of J(t) scenarios explored in (a).
Scenarios represented by solid lines assume there is no hydrothermal system in the crustal lid and a low effective thermal diffusivity of the crust
(κ0 ¼ 4 × 10−7 m2/s). Dashed lines are for enhanced thermal diffusivity (κ ¼ 2κ0) due to hydrothermal activity in the crust. (c) Evolution of crystal fraction X
calculated from the temperatures in (b) for the different J(t) scenarios in (a). Simulations are terminated once the ESR locks up at X ¼ 0.7.
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4. Decaying Replenishment to the ESR

To better constrain how the ESR responds to replenishment, we explicitly solve the above time‐dependent
equations (Equation 1 and heat conduction in the crust) while incorporating a declining J. We generalize
J's decline as an exponential function of time:

J tð Þ ¼ Jstart − Jfinal
� � � exp −t=t0ð Þ þ Jfinal; (5)

where Jstart is the initial replenishment rate, t0 is a characteristic timescale for decay, and Jfinal is the
asymptotic replenishment rate at long times.

We compare cases with constant J and cases with decaying J (t0¼ 2 kyr and Jfinal¼ 1.5 × 10−10 m/s). In cases
with constant J (Figure 4), the temperature of the ESR gradually increases and reaches a high steady state
temperature (>950°C). The increase of ESR temperature is due to decaying q and increasing J/q. With decay-
ing J, the ESR gradually cools down, develops high crystallinity (T< 850°C and X> 0.4, Figure 4), and would
consequently result in residual melts with high silica. The timescale for the initial replenishment rate to
decay, t0, is shorter than the timescale of cooling because the evolution of temperature lags the change in
the instantaneous replenishment rate. All thermal evolution paths eventually decay to the same steady state
temperature Tss if Jfinal and κ are held constant, but the time to reach Tss increases with Jstart.

(a) (b)

(c) (d)

Figure 5. Evolution of the ESR thickness (a, b) and the total volume of melt in the ESR (c, d), calculated as the product of
the melt fraction (1 − X) and the thickness of the ESR. The six different replenishment scenarios are the same as those in
Figure 4a. The three constant replenishment scenarios are in (a) and (c), while the three decaying scenarios are in
(b) and (d). Results with different thermal diffusivity of the crust are represented by solid (κ0 ¼ 4 × 10−7 m2/s), dashed
(κ ¼ 2κ0), and dotted lines (κ ¼ 10κ0) in (c) and (d). Notice that the ESR freezes immediately in the two cases with the
slowest starting replenishment rate (yellow and green) and strong hydrothermal system.
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To place these results into context, our calculations show that the
thickness of the ESR replenished by a decaying J at 6 km depth
reaches 0.25–1.2 km within 5 kyr with only ~0.5 km growth in the
next 100 kyr (equivalent to Jfinal ¼ 1.5 × 10−10 m/s or 5 m/kyr). The
timescale of the early growth stage is proportional to t0, and the corre-
sponding early stage thickness is proportional to Jstart � t0. Assuming a
cylindricalmagmatic system of radius ~10 km, anESR volume of 200–
500 km3 is attained after 100 kyr, consistent with building the silicic
reservoirs thought to lead to supereruptions within the ~1Myr repose
times between major eruptive events (Christiansen, 2001; Cook
et al., 2016; Hildreth & Wilson, 2007; Wilson, 1993); these reservoir
volumes have been inferred to be of 102–103 km3 (Bachmann &
Bergantz, 2004).

Finally, we note that because of the shallow depth of typical ESRs, the
effect of crustal hydrothermal systems on cooling may be important.
For example, enhanced hydrothermal convection, simulated by
a tenfold increase of the effective thermal diffusivity of the crustal
lid, could explain the remarkably high heat flows of 0.2–2 W/m2 in
and around many volcanically active regions (Lachenbruch
et al., 1976; Morgan et al., 1977). If the effective thermal diffusivity
of the crust is moderately high (1 × 10−6 m2/s) or high
(4 × 10−6 m2/s), even higher replenishments than calculated above
are required (4 × 10−9 m/s (0.13 m/yr) or 6 × 10−9 m/s (0.19 m/yr),
respectively). The ESR would lock up after 10 kyr in the presence of
large effective thermal diffusivity (4 × 10−6 m2/s) and slow Jfinal
(1.5 × 10−10 m/s or 0.005 m/yr). However, the ESR canmaintain con-
vection if there is no hydrothermal activity and replenishment con-
tinues (Figures 4 and 5).

5. Discussion and Implications
5.1. Episodic Recharge and Melt Extraction From CRSM

In summary, the above analysis shows that the growth of the ESR requires a major perturbation or influx of
melt into the ESR, which then gradually declines back to base levels. If this replenishing influx of melt was
derived from the underlying CRSM, the question arises as to how these silicic and hence viscous melts were
extracted so fast. A widely held view is that interstitial melts are expelled from the CRSM via compaction of
the solid matrix of the mush (Bachmann & Bergantz, 2004; McKenzie, 1984). Indeed, compaction‐driven
melt expulsion naturally slows down as the melt fraction of the CRSM is reduced, thereby decreasing perme-
ability (Carman, 1997; McKenzie, 1984). We calculate the buoyancy‐driven Darcy flux using the viscosity of
the dacitic melt (1 × 103 Pa·s, Giordano & Dingwell, 2003) and a range of grain size (<5 mm, Bachmann &
Bergantz, 2004) at various porosities (Figure 6). At high porosity (ϕ > 50%), hindered settling becomes the
applicable mechanism for melt expulsion as there is no longer a mechanically coherent crystal framework
(Holness, 2018). The fast Jstart required to initiate the growth of the ESR can be realized by hindered settling
(Richardson & Zaki, 1954) or buoyancy‐driven Darcy flux at ϕ > 15% (Figure 6). The foregoing suggests that
the porosity of the CRSM at the onset of melt extraction from the CRSM to the ESR must have been at least
temporarily high. As melt is extracted from the CRSM, porosity should gradually decrease, in turn, decreas-
ing permeability and causing a further decline in the melt extraction rate, leading to a decline in the replen-
ishment rate of the ESR.

A number of studies have suggested that eruptions can be triggered by deep‐seated pulses of mafic magma
(Bachmann & Bergantz, 2006; Edmonds et al., 2010; Tait et al., 1989; Wark et al., 2007). If correct, these
hypothetical deep‐seated pulses could provide a reasonable mechanism for driving the expulsion of melt
from the CRSM, in turn, triggering the eruption of the ESR. Although the absolute magnitude of the replen-
ishment rate required to trigger eruptions would depend on a number of parameters including the size and

Figure 6. The prediction of the rate of melt replenishment as buoyance driven
Darcy flux (Carman, 1997) or hindered settling (Richardson & Zaki, 1954). The
viscosity of the dacitic melt extracted from CRSM is calculated using the
model of Giordano and Dingwell (2003) at 1000°C. The grain size d ranges from
1 to 5 mm (Bachmann & Bergantz, 2004). The density contrast between the melt
and the solid is 280 kg/m3 (Lesher & Spera, 2015). The arrow indicates the
slowdown of J as melt is extracted from the CRSM. As J decays, ESR would
gradually cool, crystallize, and eventually lock up.
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geometry of the ESR, the viscosity and yield strength of the wall rock, etc. (Gregg et al., 2012), the ESR is
most likely to erupt when the replenishment is at its maximum. A deep‐seated pulse of mafic magma into
the CRSM could rejuvenate the crystal‐rich mush, generating an interstitial melt representing a mixture
of these recharging magmas and remelted CRSM (Bachmann & Bergantz, 2006; Burgisser &
Bergantz, 2011). The interstitial melt in the CRSM can be extracted rapidly when the melt faction is high.
However, this high melt fraction state cannot be sustained as the pulse of mafic magma decays and the
interstitial melt is extracted. As melt expulsion rates decline, the overlying ESR begins to cool and
crystallize. We propose that the arrival of a deep‐seated magma pulse at the base of the CRSM could
trigger eruption of the ESR (Figure 7). The eruption is then followed by slow rebuilding of a new ESR
with a decaying replenishment rate. If evacuation of the ESR is ultimately caused by deep‐seated magma
recharge into the CRSM, the implication is that the episodicity of large silicic eruptions may be controlled
by the tempo of deep magmatic fluxes from the mantle or lower crust. Monitoring of deep level processes
may thus be important for predicting large volcanic eruptions.

5.2. Trace Element Evolution

Finally, the results of our modeling may have implications for the evolution of trace components in the ESR.
We consider the simultaneous recharge and fractional crystallization model of Lee et al. (2014) to track the
concentration of three generalized trace elements with bulk partition coefficients D of 0, 0.5, and 2 in the

Figure 7. Conceptual cartoon showing the relationship between large silicic eruptions, episodic recharge, and deep
magma pulses. (a) The rising of a deep magma rejuvenates the CRSM and causes fast melt expulsion, which results in
a rapid replenishment and triggers the eruption of the existing silicic reservoir. After the eruption, continued but
declined melt expulsion from the CRSM due to porosity reduction, rebuilds a new ESR. As the ESR cools by heat loss
through the overlying crust, the residual melt becomes more silicic. The ESR stays above the solidus if a slow
replenishment rate is sustained. During this time, if another deep magma pulse arrives at the CRSM before the ESR fully
crystallizes and locks up, another eruption can be triggered and the cycle reset. (b) In each cycle, the volume of eruptible
melt in the ESR and its silica content increases while undergoing down‐temperature crystallization.
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residual melt (Figure 8), with D < 1 representing an element incompatible in the crystallizing phases and
D > 1 compatible in crystallizing phases. In all calculations, instantaneous equilibrium crystallization was
assumed but crystallized products were not allowed to equilibrate with any subsequent melts. The rise in
the concentration of the incompatible trace elements and the fall of compatible trace elements in the
residual melt with time reflects the increase in net crystallization in the growing ESR, even with
replenishment. Smaller Jstart or larger κ would result in faster enrichment of incompatible trace elements
(Figure 8). Concentrations of incompatible trace elements can be enriched to up to 3.3 times that of the
melt extracted from the CRSM by the time the ESR locks up. Of particular interest is the effect of
replenishment on water, a component which can be treated as highly incompatible prior to saturation in

Figure 8. The concentration of generalized trace elements in the residual melt of ESR due to the effects of simultaneous magma replenishment and
crystallization. We consider a perfectly incompatible (a), moderately incompatible (b), and compatible element (c), with solid/melt partition bulk coefficients
of 0, 0.5, and 2, respectively. The concentration is normalized to that of the replenishing magma. As in previous figures, dashed and solid lines represent different
effective thermal diffusivities of the crust. Colors are the same as Figure 4a.

(a) (b)

Figure 9. Applications to thermal and chemical evolution of two natural systems at the Taupo Volcanic Zone (TVZ), New Zealand (Barker et al., 2015;
Wilson, 1993), and the Soufrière Volcanic Center (SVC) in the Caribbean (Barboni et al., 2016; Schmitt et al., 2010). (a) We compare the geothermometry
time series recorded by samples with six simulations parameterized to represent a variety of replenishment histories (plotted on the bottom, Jstart ¼ 4 × 10−9,
1 × 10−8, or 2 × 10−8 m/s; t0 ¼ 1 or 2 kyr; Jfinal ¼ 1.5 × 10−10 m/s). The effective thermal diffusivity is 6.4 × 10−7 m2/s for all runs. The enrichment of
incompatible trace element K, Ba, Rb in TVZ and SVC compared to simulations of a perfectly incompatible element (b). The concentration of the erupted magma
is normalized to the included enclave that represents the parental intermediate magma (TVZ: Sutton et al., 2000; Barker et al., 2015; SVC: Schmitt et al., 2010;
Barboni et al., 2016).
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a free fluid phase. For the range of initial water contents of replenishing melts (e.g., 2–3 wt.%, Sisson &
Layne, 1993), our simulations show that the melt of ESR could eventually saturate in water (~6 wt.% at
2 kbar, Burnham & Jahns, 1962) after J has decayed and the ESR has cooled. Saturation itself could play a
role in triggering an eruption (Huppert & Woods, 2002). More work is needed to explore these effects, but
what is clear is that the nature of replenishment is important for the compositional evolution of any mag-
matic system.

5.3. Application to Natural Systems

To evaluate whether our model is at all applicable, we attempt here to apply our model to natural systems.
Samples from the Taupo Volcanic Zone (TVZ), New Zealand, and the Soufrière Volcanic Center (SVC) in the
Caribbean provide unique opportunities to constrain how a silicic magma reservoir grows because their
thermal and compositional evolutions have been documented by well‐resolved magmatic time series
(Barboni et al., 2016; Barker et al., 2015; Schmitt et al., 2010; Sutton et al., 2000; Wilson, 1993).
5.3.1. Post‐Oruanui Reassembly of ESR at TVZ
The TVZ was marked by a major rhyolitic eruption (the Oruanui eruption) 25.4 kyr ago, representing
large‐scale evacuation of an ESR (Allan et al., 2017; Wilson, 1993, 2001; Wilson et al., 2006). The Oruanui
event was followed by small volume eruptions: 5–8 kyr later by dacitic eruptions and 14 kyr later by a return
to rhyolitic eruptions (Wilson, 1993). These small volume eruptions following the Oruanui event provide a
window into what remained of the magmatic system after the Oruanui eruption event and suggest a gradual
reassembly of the ESR. A 50–70°C cooling, as constrained by FeTi‐oxide and plagioclase‐melt thermometry
(Figure 9a, Barker et al., 2015), accompanied the transition from the 5–8 kyr dacites to the 14 kyr rhyolites.
The first‐order compositional evolution of the post‐Oruanui magmatic series indicates a parental magma
with similar composition as dacite clasts hosted in the Oruanui rhyolites (Barker et al., 2015; Sutton
et al., 2000). In particular, small volumes of similar parental magmas also accompany the post‐Oruanui
rhyolitic eruptions, indicating the existence of a parental dacitic magma during the reassembly of the ESR
(Barker et al., 2015; Sutton et al., 2000; Wilson, 1993).

We compare the TVZ series with six simulations parameterized to represent a variety of replenishment his-
tories (Jstart ¼ 4 × 10−9 m/s to 2 × 10−8 m/s, t0 ¼ 1 to 2 kyr, Jfinal ¼ 1.5 × 10−10 m/s). We use an effective
diffusivity of the crust of 6.4 × 10−7 m2/s for all runs. The application of our model to the thermal history
of the TVZ reservoir in the first 25 kyr of rebuilding a rhyolitic ESR confirms the importance of a decaying
replenishment rate of a more primitive magma, such as a dacite. There is a trade‐off between the starting
replenishment rate Jstart and the timescale for the starting replenishment to decay t0, as two replenishment
histories with Jstart ¼ 2 × 10−8 m/s, t0 ¼ 1 kyr and Jstart ¼ 1 × 10−8, t0 ¼ 2 kyr produce similar thermal his-
tories, all consistent with the data within uncertainties. The results of the thermal modeling also predict well
the enrichment of incompatible elements in the post‐Oruanui series (Figure 9b). Compared to the dacitic
parental magma, the concentration of incompatible trace elements in post‐Oruanuimagmas can be enriched
by 2–2.8 times (Barker et al., 2015; Sutton et al., 2000). For a perfectly incompatible element, the observed
level of enrichment can be achieved by 50% to 64% crystallization after 15 kyr of synchronous growth and
cooling (Figure 9b). More realistic parameterization of T‐X relationship and partition coefficients would
improve the match with the observed geochemical trend. In summary, the results of thermal and chemical
modeling suggest a pulse of replenishment followed by its decay within 15 kyr.
5.3.2. Pre‐Belfond Thermal Pulse at SVC
The observation of down‐temperature crystallization is also seen in the thermal histories of the SVC
(Barboni et al., 2016; Schmitt et al., 2010). One of the most recent activities, the 13.6 ka Belfond eruption,
contains zircon‐bearing enclaves which record pulses in crystallization temperatures extending to 14.2 kyr
before the eruption (Barboni et al., 2016). The oldest zircon ages of >200 ka suggest that the magmatic sys-
tem is long‐lived, probably in the form of a crystal‐rich mush for most of the time. The latest replenishment
may dissolve older zircons and produce the observed zircon population biased to ages younger than ~30 ka.
The combined geochronology and geothermometry constraints suggest that the long‐lived crystal‐rich mush
was mobilized by a pulse of replenishment at ~28 ka. The zircon saturation temperature of 880°C provides a
lower bound for the maximum temperature caused by the replenishment event (Barboni et al., 2016). The
eruptible reservoir for the Belfond eruption was then assembled within 14.2 kyr after the initial replenish-
ment. Normalized to the composition of the enclave, which we take to represent the composition of the
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replenishing magma, the incompatible elements in Belfond lava becomes enriched by 2–2.5 times, consis-
tent with the down‐temperature crystallization predicted by themodel. Therefore, a replenishment pulse fol-
lowed by decay may have also played an important role in the assembly of the ESR that was responsible for
the Belfond eruption at SVC.

5.4. Implications for the Transcrustal Magmatic System

Applying current models to the samples from TVZ and SVC suggests that ESRs can be assembled within
20 kyr once the long‐lived CRSM is perturbed triggering a new pulse of melt extraction from the CRSM
and consequent replenishment of the overlying ESR. Other processes like crustal assimilation and nonlinear
X‐T behavior are secondary and, most importantly, do not negate the necessity of a replenishment pulse to
grow an ESR. More tests on magma samples with improved precision in geochronology are needed. If the
rapid assembly of the ESR is general for silicic systems, the arrival of deep‐seated more primitive magmas
at the base of CRSM could be directly or indirectly the cause of large silicic eruptions by triggering melt
expulsion from the CRSM, which then triggers eruption of the overlying ESR and reinitiating the buildup
of another ESR. Obviously, not all magmatic pulses originating from below lead to silicic eruption because
there are many other mechanical conditions that influence eruption triggering (Gregg et al., 2012). Whether
deep magmatic pulses drive large supereruptions, which have a repose time of ~1 Myr (Christiansen, 2001;
Cook et al., 2016), is unclear but worth exploring further.

Data Availability Statement

The code to reproduce the result is available online (at https://data.mendeley.com/datasets/mkbj6mjc46/
draft?a¼da757eba-3cc1-42f3-aff2-b368179f64a1).
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