
1. Introduction
Some volcanoes erupt with little or no clear warning, raising questions about which processes in the plumbing 
system trigger eruptions. Individual crystals in erupted samples may contain vital clues but deciphering these 
clues has proven challenging. Part of the challenge is the multi-scale nature of volcanic systems. At the system-
scale of an entire eruption or a layer in a plutonic outcrop, temperature, composition, and pressure appear to be 
approximately homogeneous in many volcanic systems (Bachmann et al., 2002; Flynn & Mouginis-Mark, 1994; 
Whitney & Stormer, 1985). At the crystalline-scale, however, there is significant heterogeneity in the conditions 
individual crystals appear to have recorded. For example, even at the scale of a single hand sample, neighboring 
crystals may exhibit different records (Bachmann et al., 2002; Wallace & Bergantz, 2005). The motivation for this 
study is to identify how modeling can contribute to our ability to reconstruct a coherent story from heterogeneous 
crystal records.

Crystals grow or dissolve as a function of temperature (T), composition (C), and pressure (P) to maintain thermo-
dynamic equilibrium with their surrounding magma, preserving a tabular history of the conditions in the volcanic 
plumbing systems over time (Cashman & Blundy, 2013; Ginibre et al., 2007; Wallace & Bergantz, 2005). Of these 
contributions, heterogeneity in temperature has attracted particular attention because it may relate to eruption 
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Plain Language Summary Similar to tree rings, crystals tell a story of their past through their 
sequential growth records. However, unlike trees, crystals are dynamic and can travel throughout the magmatic 
domain. We hypothesize that this mobility may result in a bias in the crystal record and prevent it from 
accurately recording the magma reservoir history. In order to understand what patterns natural sample crystals 
would record during cooling, we built a simulator that tracks individual crystals and the thermal environment 
they experience. We simulate how crystals drive flow, but also precipitate and dissolve in response to 
temperature change. Our results show that each synthetic crystal has a unique record of its past that is dependent 
on the temperature distribution within its vicinity. Additionally, most of the synthetic crystals dissolve in the 
convection, so we lose their record. Overall, the synthetic crystals in our simulation can reproduce some of the 
variable patterns that are often found in natural samples, suggesting that real crystals are imperfect witnesses of 
the magmatic dynamics they are exposed to.
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triggering mechanisms. Some studies have argued that reverse zonations suggest fresh injections of hotter, more 
mafic melt into cooler, more felsic, crystal-rich magma reservoirs (e.g., Bachmann et  al.,  2002; Cashman & 
Blundy, 2013; Murphy et al., 2000; Shane & Smith, 2013). Others suggest that thermal zonations indicate latent 
heat release due to crystallization driven by degassing under decompression (Blundy et al., 2006) or evolving 
temperatures driven by system-scale thermal convection (e.g., Singer et al., 1995).

Thermal convection was one of the first hypotheses proposed to explain crystal heterogeneity (e.g., Bachmann 
et al., 2002; Huber et al., 2009; Murphy et al., 2000; Singer et al., 1995), but large, low-viscosity magma reservoirs 
were envisioned to sustain convection through thermal expansivity alone. While not impossible, recent studies of 
plutons highlight that melt-rich magma bodies likely exist as ephemeral, thin lenses within a larger—and much 
more viscous—crystal-rich mush zone (e.g., Cashman et al., 2017). Also, geologic evidence like mafic enclaves 
and schlieren features in intermediate to felsic igneous rocks (e.g., Alasino et  al.,  2019; Barbey et  al.,  2008) 
suggest incomplete magma mingling following a mafic recharge (Cheng et al., 2020; Davidson & Tepley, 1997; 
Sparks et al., 1977; Zellmer et al., 2003). One way of reconciling these two points of view could be crystal-driven 
convection, which allows for more rapid, if incomplete mixing even in relatively small melt-rich lenses (Culha 
et al., 2020).

The goal of this paper is to quantify the thermal histories that crystals experience during magma cooling in a 
melt-rich magma lens by coupling flow dynamics and crystal precipitation and dissolution. We focus on the 
Stokes-flow limit in which viscous effects dominate over inertia and crystals interact over spatial distances 
exceeding their own diameter by several orders of magnitude through the fluid they displace when moving. 
These long-scale hydrodynamic interactions can lead to collective behavior at scales much larger than individual 
crystals (Culha et al., 2020; Mucha et al., 2004; Segre et al., 2001). We hypothesize that the collective settling of 
crystals is associated with crystalline-scale heterogeneity in the thermal conditions that crystals experience and 
record unless they dissolve over the course of the dynamics.

To test our hypothesis, we develop a process-based numerical simulator in which flow drives synthetic crystal 
precipitation or dissolution and the presence of synthetic crystals drives flow. The simulations capture the hydro-
dynamic interactions between crystals and melt at the scale of individual crystals while tracking the thermal 
evolution and allowing for temperature-dependent crystal precipitation and dissolution. We calculate phase equi-
libria with evolving temperature using rhyolite-MELTS (Ghiorso & Gualda, 2015; Gualda et al., 2012), assuming 
a constant bulk composition in the interest of isolating thermal from compositional effects. Our simulation setup 
represents a hot, crystal-free magma emplaced in a cool magma reservoir. Crystals denser than melt precipitate 
near the cooling interface and settle collectively, thereby sustaining a crystal-driven downwelling of cool, crys-
tal-rich magma that sinks into the hot injection layer, driving a coupled convection.

Our approach complements prior modeling efforts (e.g., Cheng et al., 2020) that have also investigated crystal-
line records but have focused on a crystal-rich environment. Volcanic systems span a range from largely fluid to 
largely solidified states at different depths and times. The physical processes governing these two limits, fluid 
dynamics as opposed to granular mechanics, are sufficiently distinct to merit different modeling approaches. 
Here, we focus on the melt-rich limit, where crystals are highly mobile, interact with each other over long spatial 
distances, and play an active role in driving flow. As a consequence of their mobility, they sample different 
temperatures relatively quickly, leading to crystal precipitation and dissolution. Once they are locked up in a 
mush, crystals still play an important role in the dynamics, but primarily through the load-bearing network they 
form (Bergantz et al., 2015), as characterized by coordination number and fabric tensors (Bergantz et al., 2017), 
rather than through their individual trajectories and hydrodynamic interactions. Partial growth and the presence 
of different chemical components in the interstitial fluid between crystals hence gain much more importance.

Another important difference between our work here and prior studies (Andrews & Befus,  2020; Cheng 
et al., 2020) is that we focus on the observational signature of steady cooling at the system-scale. In contrast, 
Cheng et al. (2020) use simulations to forecast the variable synthetic crystal zonations of a system-scale, external 
disruption introduced by the injection of a batch of crystal-free magma into a largely crystalline mush. Andrews 
and Befus (2020) focuses on precipitation and dissolution of plagioclase in a batch of stagnant magma expe-
riencing decompression over time. While their model captures valuable details in terms of the specific crystal 
shape and size, it ignores magma dynamics and with it the dynamic role that crystals may play in driving or 
blocking flow, particularly in the fluid-rich limit. Our approach is complementary by focusing on identifying the 
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imprint of magma dynamics on the crystalline record and would lend itself to an integration with Andrews and 
Befus (2020).

Our simulations demonstrate that synthetic crystals experience variable thermal histories even during steady 
cooling at the system-scale. Variability at the crystal scale hence does not necessarily imply variability at the 
system scale. Synthetic crystals segregate from their adjacent melt and sample a spatially heterogeneous temper-
ature field created by their collective impact on flow. This collective impact manifests in a crystal-driven convec-
tion flow field that dominates the heterogeneity in the thermal history experienced by neighboring crystals. 
Coupled convection can also lead to a preservation bias, because synthetic crystals that do not dissolve, originate 
in specific, non-random regions of the flow. This result suggests that mesoscale thermal heterogeneity in space 
can overprint broader system-scale trends, highlighting the challenges of deducing system-scale dynamics from 
individual crystal records.

We show that coupled convection forms when a crystal-rich downwelling develops faster than thermal diffusion 
advances. We identify the non-dimensional parameters that determine the onset of convection and its imprint on 
individual synthetic crystals. Our scaling analysis suggests that a crystal-driven form of thermal convection could 
occur in both mafic and felsic systems, depending on layer thickness, but would tend to be more common in 
mafic systems. This finding is consistent with thermal zonations being found both in felsic (Broxton et al., 1989; 
Couch et al., 2001; Waight et al., 2000) and in mafic systems like Hawaii and Stromboli (Kahl et al., 2011; Rae 
et al., 2016; Ruth et al., 2018). We also discuss other observational signatures of the coupled convection we iden-
tify that may be detectable in field data.

2. Methods
We formulate our model for the specific purpose of better understanding how crystal precipitation and dissolution 
interacts with temperature evolution and flow dynamics in a hot, melt-rich lens as it gradually cools over time. 
Our model focuses on the crystalline scale to be able to identify the imprint that the coupled flow leaves in the 
thermal histories of individual crystals. We intentionally choose a highly idealized, two-dimensional, square 
domain of hot magma exposed to a cool top boundary. This idealized setup is valuable, because it reduces the 
number of relevant scales and free parameters, but it implies that our process-based model is not directly appli-
cable to any specific field site and does not accurately represent the intricate system-scale dynamics of magma 
lenses.

Our model is motivated by our evolving understanding of crystal magma storage (Cashman et  al.,  2017) as 
sketched in Figure 1a, where hot magma may get injected into a relatively cooler magma lens. Our model set up 
in Figure 1b zooms onto the upper interface within an idealized magma lens. To derive testable model predictions 
at the scale of individual crystals, we use a direct numerical simulation technique (Qin & Suckale, 2016; Suckale 
et al., 2012a) to resolve magma dynamics and use the rhyolite-MELTs software (Ghiorso & Gualda, 2015; Gualda 
et al., 2012) to model equilibrium phase relations and material properties as a function of temperature within our 
synthetic magma.

2.1. Governing Equations

We consider a closed model domain, Ω, filled with an incompressible, viscous melt that contains n synthetic 
crystals, C1, C2, …Ci…Cn, where n evolves with temperature (see Section 2.2), but the crystal radius a and mass 
M0 are held constant. In the crystal-free portion of the domain, 𝐴𝐴 Ω∕ ∪𝑛𝑛

𝑖𝑖=1
𝐶𝐶𝑖𝑖 , the melt velocity, vℓ, is continuous 

and momentum is conserved.

∇ ⋅ 𝐯𝐯𝓁𝓁 = 0, (1a)

𝜌𝜌𝓁𝓁
D𝐯𝐯𝓁𝓁

D𝑡𝑡
= −∇𝑝𝑝 + ∇ ⋅ 𝜇𝜇

(

∇𝐯𝐯𝓁𝓁 + [∇𝐯𝐯𝓁𝓁]
𝑇𝑇
)

+ 𝜌𝜌𝓁𝓁𝐠𝐠, (1b)

where vℓ melt flow velocity, D/Dt is the material derivative, ρℓ is the melt density, p is the melt pressure, and g 
is gravity.
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The motion of the synthetic crystals, modeled as rigid bodies, in the melt-free portion of the domain, 𝐴𝐴 ∪𝑛𝑛

𝑖𝑖=1
𝐶𝐶𝑖𝑖 , is 

driven by the balance between the gravitational force driving motion and the hydrodynamic force exerted by fluid 
resisting motion,

𝑀𝑀
𝑑𝑑𝐯𝐯𝑖𝑖

𝑑𝑑𝑑𝑑
= 𝐅𝐅𝑖𝑖 +𝑀𝑀𝐠𝐠, (2)

And the position of each synthetic crystals changes in accordance to their velocity, vi arising from that force 
balance

𝑑𝑑𝐗𝐗𝑖𝑖

𝑑𝑑𝑑𝑑
= 𝐯𝐯𝑖𝑖 (3)

where Xi is the location of synthetic crystal i and Fi is the hydrodynamic force exerted by fluid resisting the 
motion of synthetic crystal i.

To resolve the long-range hydrodynamic interactions between synthetic crystal and melt phases, we use a custom-
ized, multiphase solver for magmatic systems that has been extensively benchmarked in previous studies (Qin 
et al., 2020; Qin & Suckale, 2016, 2017; Suckale et al., 2012a). We note that synthetic crystals also experience 
torque and could rotate in response to that (Qin et al., 2020), but this effect is negligibly small for spherical crys-
tals and is neglected here in the interest of simplicity.

Unlike in a phase-average description of the Navier-Stokes equation, where the melt-crystal drag force density 
would be added to Equation 1b, we resolve the melt flow as a response to the presence of crystals. The crystals 

Figure 1. Rhyolite-MELTS results. We zoom into the cooling interface of an emplaced magma within a magma reservoir (a). We use basaltic and dacitic compositions 
to model phase equilibria for a range of temperatures at constant pressure to specify crystallinity (c) and (f), melt density (d) and (g) and melt viscosity (e) and (h) using 
the rhyolite-MELTS software. We update the crystallinity in each control volume of several grid cells by adding/removing crystals to match the calculated equilibrium, 
whereas we update the melt viscosity and density to their equilibrium value within individual grid cell (b). We use a different temperature range for basaltic composition 
from dacitic composition.
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can, by their buoyancy force, drive and, by their rigidity, redirect melt flow without needing an effective media 
model. The two domains, 𝐴𝐴 Ω∕ ∪𝑛𝑛

𝑖𝑖=1
𝐶𝐶𝑖𝑖 and 𝐴𝐴 ∪𝑛𝑛

𝑖𝑖=1
𝐶𝐶𝑖𝑖 , are coupled by enforcing a no-slip condition on all of the crystal 

interfaces, ∂Ci, which enforces that the velocity in the adjacent melt matches that of the synthetic crystal:

𝐯𝐯𝓁𝓁 = 𝐯𝐯𝑖𝑖 on 𝜕𝜕𝜕𝜕𝑖𝑖 for all crystals 𝑖𝑖 ∈ {1, 𝑛𝑛} . (4)

We evaluate the hydrodynamic force, Fi, acting on each synthetic crystal i by integrating the flow field on ∂Ci. 
In addition to these n internal boundary conditions emerging from the no-slip constraint, we impose free-slip on 
the domain walls

𝜕𝜕𝐯𝐯𝓁𝓁

𝜕𝜕𝐧𝐧
= 𝟎𝟎, (5)

where n is the vector normal to the boundary. We set the grid size in our simulations based on the size of the 
synthetic crystals, such that a minimum of 4 grid cells fit within the diameter of the synthetic crystals. The crys-
tals conserve momentum at the wall boundary, but the high viscosity slows the synthetic crystals such that they 
do not get into direct contact with the walls or with one another. For numerical stability reasons, there is a buffer 
of 2a size along the walls where synthetic crystals do not precipitate.

We compute the thermal evolution in the joint model domain, Ω, including both the crystal-free and the melt-free 
subdomains. For simplicity, we ignore latent heat of crystallization, such that energy conservation reduces to an 
advection and diffusion equation for temperature:

D𝑇𝑇

D𝑡𝑡
= 𝜅𝜅∇2

𝑇𝑇 𝑇 (6)

We take thermal diffusion κ = k/(ρℓcp), where heat capacity and conductivity of synthetic melt and crystal phases 
to be constant and the same at cp = 1367 J/(K ⋅ kg) and k = 1.53 W/(m ⋅ K).

The top and bottom boundaries of the domain are isothermal. We take the hot interior and cold boundary temper-
ature values for both compositions from Browne et al. (2006) as representative of typical mafic and felsic systems. 

The left and right walls are set to insulating 𝐴𝐴

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝐧𝐧
= 0

)

 . We set the initial temperature profile as,

𝑇𝑇
(

𝑦𝑦𝑦 𝑡𝑡 = 750𝑠𝑠
)

=
(𝑇𝑇𝑡𝑡 + 𝑇𝑇𝑏𝑏)

2
−

(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑡𝑡)

2
erf

(𝑦𝑦 −𝐻𝐻)

2
√

𝜅𝜅𝑡𝑡
 (7)

where Tt and Tb are the initial top and bottom boundary temperatures, erf is the error function, H is the domain 
height, y is the vertical coordinate. The temperature distribution is initially uniform in the x-direction. Hence, 
the dynamic model sets in after heat has been lost diffusively for a time period 𝐴𝐴 𝑡𝑡 , an initial interval that would be 
nearly crystal-free and therefore without significant flow dynamics.

2.2. Modeling Temperature Dependent Magma Properties to Retain Equilibrium Conditions

In a dynamically evolving magma body (Figure 1a), crystal advection and the associated transport of temperature 
act to disequilibrate phase proportions locally. The natural system equilibrates by precipitating or dissolving 
crystals. In natural systems, there are multiple parameters that determine whether a crystal will precipitate or 
dissolve, including the availability of nucleation sites and necessary chemical components for precipitation, as 
well as the surface area of existing crystals for dissolution. Here, we focus only on the effect of temperature on 
crystal precipitation and dissolution as a first step toward a more complete model representation. Our algorithm 
instantaneously updates crystallinity to its equilibrium value in control volumes (CVs) that are 10 times larger 
than the synthetic crystal radius by randomly adding and removing crystals to the CV (Figure 1b).

We take the average temperature and crystallinity in the CV and compare to the equilibrium crystallinity as given 
by rhyolite-MELTS for the average CV temperature (Figures 1c–1h). In CVs where dynamic disequilibration 
has been detected, we enforce equilibrium by adding or removing synthetic crystals of constant and equal size at 
random positions within the CV until the crystallinity is within less than one crystal per CV of the equilibrium 
value. We refer to the removal and addition of synthetic crystals as “dissolution” and “precipitation” in the manu-
script, respectively, but emphasize the simplified context in which we apply these terms here.
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Inherent to this equilibrium transport approach is the assumption that precipitation and dissolution of crystals 
are more rapid than crystal advection. This is best justified for small crystals, which due to their high surface 
energy can rapidly grow from nucleation (Befus & Andrews, 2018; Brandeis & Jaupart, 1987; Toramaru, 2001) 
or rapidly and completely dissolve in undersaturated melt (Donaldson, 1985). Our assumption also implies the 
availability of sufficient nucleation sites and requires CVs that are small enough for chemical diffusion to keep 
pace with crystal and melt advection. The validity of rapid precipitation and dissolution decreases with increase 
in crystal size. However, even large crystals must have nucleated at a point in their history; our model can shed 
light on whether these long-lived crystals are likely to be representative samples.

In our simplified algorithm, we set the CV size to strike a balance between the objective to resolve small changes 
in crystallinity and the need to minimize numerical artifacts introduced by averaging. In Section 3, we provide a 
sensitivity analysis of the effect of CV size on our model results and find that it does not affect neither the over-
all flow dynamics nor the essential characteristics of temperature histories recorded by crystals, and it provides 
sufficient spatial resolution to capture the emerging flow morphology of crystal-driven convection.

While our choice of CV is motivated primarily by algorithmic considerations, it is supported by recent laboratory 
studies of particles in a viscous suspension exhibiting correlated flow over length scales of roughly ∼10a for a 
relatively wide range of particle fractions between 5% and 40% (e.g., Segre et al., 2001). This finding suggests 
that crystal interactions create correlated flow environments that are large as compared to crystal radius, but 
small as compared to the domain length. We assume that thermodynamic equilibration occurs on the same or a 
similar scale.

To set the material properties of crystal and melt phases, we reconstruct mafic and felsic end member cases using 
basaltic and dacitic compositions from Browne et al. (2006) (Table 1). We use their analyses of mafic enclaves 
and dacitic host magma, create a line of best-fit for each major oxide relative to SiO2 content, use their reported 
SiO2 content for the estimated basaltic and dacitic endmember compositions Browne et al. (2006) to reconstruct 
major element compositions, and finally normalize the resulting model compositions. We consider these two 
compositions mostly to highlight any general differences between coupled convection in mafic as opposed to 
felsic systems. Our study is not intended to accurately represent any one natural system.

We use the thermodynamic equilibrium solver rhyolite-MELTS (Ghiorso & Gualda, 2015; Gualda et al., 2012) 
to obtain equilibrium phase proportions by volume, melt density, melt viscosity, and the evolution of melt and 
crystal compositions with temperature for a given magma bulk composition (Table 1), pressure (200 MPa) and 
oxygen fugacity (Nickel-nickel oxide) at the liquidus. In Figures 1c–1h, we show the change in crystallinity, melt 
density, and dynamic viscosity for the mafic and felsic bulk compositions as a function of temperature together 
with best-fit polynomials which we use to more efficiently reference equilibrium crystallinity and melt properties 
in our magma dynamics simulations. For each composition, we consider a single, generic type of crystal that is 
denser than the melt phase. The crystals we model here are a few hundred kg/m 3 heavier than the host magma 
melt.

In addition to evolving crystal fraction with temperature, we also evolve melt density and viscosity with temper-
ature. In real magma, crystal precipitation or dissolution depletes or enriches certain elements in the melt phase, 
which results in a change in melt density and viscosity. Similar to evolving crystallinity of the magma at the 
control volume scale using MELTs-rhyolite, we model the impact that crystal precipitation and dissolution, as 
well as temperature evolution have on melt density and viscosity as shown in Figures 1d–1h. We include these 
relations in the magma dynamics simulator by updating the density and viscosity at the scale of individual grid 
cells (Equation 1b).

Comp. SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 H2O T range

Basalt 48.83 1.21 18.07 9.62 0.17 5.14 9.25 2.65 0.94 0.22 3.91 800–1040°C

Dacite 63.92 0.62 15.16 0.82 0.08 2.04 4.28 3.47 2.52 0.17 3.87 700–940°C

Table 1 
Model Compositions Based on the Average Compositions Sampled by the Unzen Eruption Described in Browne 
et al. (2006)
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2.3. Non-Dimensional Formulation

All of our simulations are dimensional because we link the magma dynamics to thermodynamics through MELTs, 
which is a dimensional software. To present our results, however, a non-dimensional analysis is valuable to iden-
tify the relevant scales and force balances governing the joint fluid mechanical and thermodynamic evolution of 
the flow.

To non-dimensionalize the governing equation we substitute all variables and parameters by characteristic scales 
multiplied to non-dimensional variables and parameters, with the former indicated by a subscript naught and the 
latter by a prime:

𝑡𝑡 = 𝑡𝑡0𝑡𝑡
′ ∇ = ∇′∕𝐻𝐻

𝐯𝐯𝓁𝓁 = 𝑢𝑢0𝐯𝐯
′
𝓁𝓁

𝐯𝐯𝑖𝑖 = 𝑤𝑤0𝐯𝐯
′
𝑖𝑖

𝑝𝑝 = 𝑝𝑝0𝑝𝑝
′

𝜇𝜇𝓁𝓁 = 𝜇𝜇0𝜇𝜇
′
𝓁𝓁

𝜌𝜌𝓁𝓁 = Δ𝜌𝜌0𝜌𝜌
′
𝓁𝓁

𝑇𝑇 = Δ𝑇𝑇0𝑇𝑇
′

𝐅𝐅𝐢𝐢 = 𝐹𝐹0𝐅𝐅
′
𝐢𝐢

𝑀𝑀𝑖𝑖 = 𝑀𝑀0𝑀𝑀
′
𝑖𝑖

𝐠𝐠 = 𝑔𝑔0�̂�𝐳 𝜅𝜅 = 𝜅𝜅0𝜅𝜅
′

𝐗𝐗𝑖𝑖 = 𝐻𝐻0𝐗𝐗
′
𝑖𝑖
.

 (8)

Note that we allow for different characteristic scales for the melt and crystal velocities, u0, and w0, respectively. 
Densities are scaled by the crystal-melt density difference scale, Δρ0. Temperature is scaled by the initial temper-
ature difference across the domain, ΔT0 = Tmax − Tmin. We take κ0 = 10 −7 m 2/s. Substituting these into the govern-
ing equations yields

𝑢𝑢0

𝐻𝐻0

∇′
⋅ 𝐯𝐯

′
𝓁𝓁
= 0, (9a)

Δ𝜌𝜌0𝑢𝑢0
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𝜌𝜌
′
𝓁𝓁

D𝐯𝐯′
𝓁𝓁

D𝑡𝑡′
= −

𝑝𝑝0

𝓁𝓁0

∇′
𝑝𝑝
′ +

𝜇𝜇0𝑢𝑢0

𝐻𝐻
2
0

∇′
⋅ 𝜇𝜇

′
(

∇′
𝐯𝐯
′
𝓁𝓁
+
[

∇′
𝐯𝐯
′
𝓁𝓁

]𝑇𝑇
)

+ Δ𝜌𝜌0𝑔𝑔0 𝜌𝜌
′
𝓁𝓁
�̂�𝐳, (9b)

𝑀𝑀0𝑤𝑤0

𝑡𝑡0

𝑑𝑑𝐯𝐯
′
𝑖𝑖

𝑑𝑑𝑡𝑡′
= 𝐹𝐹0𝐅𝐅

′
𝑖𝑖
+𝑀𝑀0𝑔𝑔0 �̂�𝐳, (9c)
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𝑑𝑑𝑡𝑡′
= 𝑤𝑤0 𝐯𝐯
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𝑖𝑖
, (9d)

Δ𝑇𝑇0

𝑡𝑡0

𝐷𝐷𝑇𝑇
′

𝐷𝐷𝑡𝑡′
=

𝜅𝜅Δ𝑇𝑇0

𝐻𝐻
2
0

𝜅𝜅
′∇′2

𝑇𝑇
′
. (9e)

We choose some scales to be dependent, using classic choices for viscous flows where available: 𝐴𝐴 𝐴𝐴0 = Δ𝜌𝜌0𝑔𝑔0𝐻𝐻
2
0
∕𝜇𝜇0 , 

the viscous speed at the domain scale; t0 = H0/u0, the time scale of flow across the domain; w0 = Δρ0g0a 2/μ0, the 
viscous speed at crystal scale; p0 = Δρ0g0H0, the buoyancy pressure at domain scale; and F0 = M0g0, the crystal 
buoyancy force scale. Using these as well as grouping terms, canceling scales where possible, and dropping 
primes gives.

∇ ⋅ 𝐯𝐯𝓁𝓁 = 0, (10a)

Re 𝜌𝜌𝓁𝓁
D𝐯𝐯𝓁𝓁

D𝑡𝑡
= −∇𝑝𝑝 + ∇ ⋅ 𝜇𝜇

(

∇𝐯𝐯𝓁𝓁 + [∇𝐯𝐯𝓁𝓁]
𝑇𝑇
)

+ 𝜌𝜌𝓁𝓁 �̂�𝐳, (10b)

ReRu
𝑑𝑑𝐯𝐯𝑖𝑖

𝑑𝑑𝑑𝑑
= 𝐅𝐅𝑖𝑖 + �̂�𝐳, (10c)

𝑑𝑑𝐗𝐗𝑖𝑖

𝑑𝑑𝑑𝑑′
= Ru 𝐯𝐯𝑖𝑖, (10d)
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Ra
𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷
= 𝜅𝜅∇2

𝐷𝐷 𝑇 (10e)

where three linearly independent dimensionless groups of scales remain in the equations. These form dimension-
less numbers including the Reynolds number,

Re =
Δ𝜌𝜌0𝑢𝑢0𝐻𝐻0

𝜇𝜇0

=
Δ𝜌𝜌2

0
𝑔𝑔0𝐻𝐻

3
0

𝜇𝜇
2
0

, (11)

The crystal-driven Rayleigh number,

Ra =
Δ𝜌𝜌0𝑔𝑔0𝐻𝐻

3
0

𝜇𝜇0𝜅𝜅0

, (12)

And the ratio of crystal to melt speed scales,

Ru =
𝑤𝑤0

𝑢𝑢0
=

𝑎𝑎
2

𝐻𝐻
2

0

. (13)

The latter is a number characterizing the importance of phase segregation relative to system-scale convection in 
multi-phase flows (Keller & Suckale, 2019). Given the relatively high viscosity of magmatic systems, our simu-
lations and respective results are within the Stokes limit described by Re ≈ 0.

The dynamics in these simulations arises from a form of double diffusion (Alsinan et  al.,  2017; Burns & 
Meiburg, 2015; Huppert & Sparks, 1988). Heat diffuses down gradients in temperature while crystals advect 
such that their collective motion can also be modeled as a diffusive process. Temperature diffusion causes crys-
tals to form and dissolve. Crystal advection changes the local crystallinity and temperature field, since crystals 
drag the temperature field along as they advect. Thus, the two diffusive elements cause the system to behave 
as a temperature and crystallinity dependent, double diffusion (Huppert & Sparks, 1988), which can enhance 
or hinder classic processes like thermal convection or hindered settling. Furthermore, crystal-melt interactions 
introduce non-linear complexities within the collective flow that are not resolved in idealized mixture models 
(Keller & Suckale, 2019).

We are motivated to illustrate the affect these dynamics have on crystals, so for presenting our results below, 
we continue using the characteristic length as the domain height H0 but select the crystal settling speed w0 as 
the characteristic speed to scale model results. The characteristic time becomes H0/w0 = t0/Ru, such t = 1 would 
correspond to the time a single crystal would take to travel H0 distance using a w0. Non-dimensional temperature 
is shifted such that 0 and 1 correspond to the minimum and maximum temperatures in the domain, (T − Tmin)/
(Tmax − Tmin), with Tmin set to 700°C and 800°C and Tmax to 940°C and 1,040°C for felsic and mafic, respec-
tively (Table 1). To present the temperature of a crystal, we average the temperature in the cells that contain 
the synthetic crystal. All of the simulations presented in this manuscript are provided in Table 2. The rest of the 
simulations used for grid convergence study and to identify relevant non-dimensional parameters, the simulation 
software and the input parameters can be accessed through our GitHub repository (Culha, 2022).

3. Results
3.1. Precipitation and Dissolution Processes Sustain Crystal-Driven Convection

To identify how crystal precipitation and dissolution alters the flow dynamics, we compare two simulations with 
mafic bulk compositions in Figure 2. In one of the simulations, we maintain equilibrium crystallinity by precipi-
tating or dissolving synthetic crystals during flow (Figures 2a–2c). We reference this simulation as the “coupled” 
simulation. In the comparison case, we neglect equilibration by phase change and keep the number of synthetic 
crystals constant over time (Figures 2d–2f). We reference this simulation as “non-coupled”. The coupled simu-
lation varies in melt density and a viscosity as a function of temperature (Figures 1d and 1e). The non-coupled 
simulation assumes a constant melt density and melt viscosity.
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The synthetic crystals in both simulations settle under the joint influence of gravity and hydrodynamic forces. 
The crystal-scale hydrodynamic interactions are important dynamically because they lead to self-organization of 
the synthetic crystals into a collective flow pattern, as discussed for the magmatic context in Culha et al. (2020). 
In both simulations, the synthetic crystals initially drag cold magma along as they settle collectively. In the 
non-coupled simulation, settling of a fixed number of synthetic crystals leaves behind a gap in synthetic crystal 
distribution along the boundary. In contrast, precipitation replenishes crystallinity along the cooling boundary 
layer in the coupled simulation, forming a crystal-driven downwelling (Figures 2a and 2b) that grows into the 

Run Name Figure Final time Ra Ru

mafic-nc Figures 2d–2f 1.2 × 10 −2 5.7 × 10 4 1.0 × 10 −4

mafic-c Figures 2a–2c 1.9 × 10 −2 5.7 × 10 4 1.0 × 10 −4

mafic-big-c Figure 3f&h; Figure 7 7.0 × 10 −3; 1.1 × 10 −2 1.5 × 10 6 1.1 × 10 −5

Sim 1 Figure 3a&c 1.1 × 10 −2 1.5 × 10 3 4.0 × 10 −4

Sim 2 Figure 3b&d 1.1 × 10 −2 1.5 × 10 3 1.0 × 10 −4

Sim 3 Figure 3e&g 7.0 × 10 −3 1.5 × 10 6 1.0 × 10 −4

Sim 4 Figure 4c 1.4 × 10 −2 5.7 × 10 4 1.0 × 10 −4

Sim 5 Figure 4i 1.4 × 10 −2 5.7 × 10 4 1.0 × 10 −4

felsic-c Figure 5 3.0 × 10 −3 3.7 × 10 2 1.0 × 10 −4

Note. The simulations correspond to the coupled “c” and non-coupled “nc” simulations in this manuscript. All simulations 
follow the model conditions in Figure 1. The density difference at the crystalline scale is 7.8 × 10 2 kg/m 3 and 4.3 × 10 2 kg/m 3 
for mafic and felsic simulations, respectively. The density difference we input for Ra number is 100 kg/m 3. The viscosity 
difference between mafic and felsic simulations is roughly 10 2. We include a larger table of all runs in our git repository 
(Culha, 2020).

Table 2 
Summary of Coupled Convection Experiments

Figure 2. Coupling flow dynamics to thermal evolution and synthetic crystal precipitation/dissolution leads to a coupled 
convection. We show two simulations, one coupled (a–c) and one non-coupled simulation (d–f), where the initial number of 
synthetic crystals is left to evolve without precipitation/dissolution. Both simulations start with the same initial crystallinity 
and identical synthetic crystal positions.
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downward current of an emerging convective cell (Figure 2c). The upward counter-flow current brings hotter, 
crystal-poor magma up toward the cooling boundary.

In the coupled simulation, synthetic crystals precipitate predominantly where the developing downwelling is 
advecting synthetic crystals away from the cooling boundary layer, thereby enhancing the downwelling and 
sustaining convective flow. The coupled convection advances synthetic crystals approximately twice as fast as 
the non-coupled convection (Figure  2). Although this enhances shuffling of synthetic crystals, the viscosity 
difference between the cool downwelling and the hot surrounding melt alters how temperature mixes in the 
coupled versus non-coupled convection (Figure 2). The temperature distribution at the downwelling interface in 
the coupled case in Figure 2b is sharper than in the non-coupled case in Figure 2e. The temperature gradients in 
Figure 2b are steeper than e, which is consistent with advection of temperature being relatively more important 
in coupled flow as compared to the more diffusive flow in the non-coupled model.

3.1.1. Crystals in Convective Flow Exhibit Signs of Dissolution

To understand the consequences of coupled convection on the crystal cargo, we compare the thermal histories 
that crystals experience in coupled simulations without and with convection. Since coupled convection is a form 
of thermal convection, we suppress convective overturn in our simulation by reducing the Rayleigh number. The 
Rayleigh number represents the ratio between the time scales of diffusive to convective transport of temperature 
(Rayleigh, 1883) as defined in Equation 12. In contrast to classic Rayleigh-Bérnard convection, the density differ-
ence driving flow in our model is not the consequence of thermal expansion in the fluid or bulk density change, 
but of contrasts in synthetic crystal load.

Inclassic Rayleigh-Bérnard theory, convection occurs when Ra exceeds a critical value of Rac ∼ 10 3 (Bergé & 
Dubois, 1984; Chandrasekhar, 2013; Drazin & Reid, 2004). In our case, Rac does not strictly capture the regime 
boundary between statically conductive, and dynamically convective systems as in classic Rayleigh-Bérnard 
convection, because crystals settle even in the absence of crystal-driven convection. Despite our expectations on 
Rac, we test whether Ra reasonably predicts the regime transition from diffusion dominated to convective flow 
below. We also emphasize that we include the limit of very small domain sizes primarily to create a counterfac-
tual for our simulations of coupled convection. Whereas magma lenses will tend to fall into the high Rayleigh 
number limit and motivates our interest in coupled convection, the low Rayleigh limit we show here could be 
representative of a thin horizontal sill.

In Figure 3, we compare four coupled simulations to illustrate how changing Ra and Ru affect the flow dynamics. 
We adjust Ra by changing domain size, H, and Ru by varying synthetic crystal size, a, while holding all other 
parameters constant. We show two simulations near the critical value of order Rac ∼ 10 3 (Figures 3a and 3b), 
whereas two other simulations are well above at Ra of order ∼10 6 (Figures 3e and 3f).

In Figures 3a and 3b, convection is suppressed and diffuse cooling progresses gradually from the top to the 
bottom as illustrated by the approximately horizontal isotherms (gray lines). However, the behavior is not iden-
tical in A and in B despite Ra being the same, because of variations in crystal-to system-scale speed ratio, Ru. 
In Figure 3a, with larger synthetic crystals and, hence higher Ru, the isotherms are slightly more curved and 
synthetic crystals are less homogeneously distributed than in Figure 3b. In contrast, Figures 3e and 3f both show 
convective overturn, but the exact flow patterns that emerge are clearly modulated by Ru in addition to Ra. Again, 
an increase in synthetic crystal size results in greater variance in the temperature distribution within the domain.

The histograms in Figures 3c–d and 3g–3H characterize the temperature change experienced by the synthetic 
crystal cargo in each of the simulations a–b and e−f, respectively. We record the thermal history of all synthetic 
crystals regardless of whether they escaped dissolution until the end of the simulation. We identify the temper-
ature change of each of the synthetic crystals by recording its temperature at precipitation, as well as at the 
time of their dissolution or the stopping time of the simulation. We emphasize that our metric is not necessarily 
identical  to the maximum temperature range of a synthetic crystal throughout its thermal history, because many 
synthetic crystals experience both cooling and heating temperature histories. We will return to this point in the 
next section.

We show a histogram of the temperature change for synthetic crystals that last until the end of the simulation 
in purple regardless of when they form, and of synthetic crystals that are dissolved prior to the stopping time in 
orange. Some of the synthetic crystals in the purple histogram may have entered a control volume that was out 
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of equilibrium, but were not randomly selected to be dissolved in our algorithm. We label the synthetic crystals 
depicted in the purple histogram as crystals “in equilibrium” and the ones in orange as crystals “in and out of 
equilibrium”.

In the absence of convection, a significant portion of synthetic crystals (shown in purple Figures 3c and 3d) 
remain in equilibrium with the surrounding melt, while some (shown in orange) experience dissolution. In strik-
ing contrast, most of the synthetic crystals dissolve when the system is convecting, as indicated by the greatly 
diminished purple bars in Figures 3g and 3h. Also, most of the synthetic crystals experience a small change in 
temperature, suggesting that the crystals are shorter lived in coupled convection than at low Ra.

Since we enforce equilibration by temperature-dependent crystal precipitation/dissolution at the scale of the CV, 
we perform a sensitivity analysis to evaluate whether the overall flow dynamics or the temperature changes we 
infer for our synthetic crystals depend on CV size in Figure 4. We compare three different simulations at three 
different control volume sizes (a–c has CVs with 10 × 10 cells; d–f has CVs with 20 × 20 cells; and g–i has CVs 
with 30 × 30 cells). The CV sizes are illustrated in grid form in the middle panels (b, e, h). We measure our ability 
to resolve crystallinity changes with MELTS by taking the number of cells in a crystal (∼16 cells) and dividing 
by the control volume size (100, 400, 900). As we mentioned in the Methods Section, increasing the CV size 
results in a better resolution of crystallinity, but can introduce numerical artifacts associated with averaging over 
a relatively large CV. We find that for our chosen CV size, we can resolve crystallinity changes of 4%, compared 
to 1.7% for the larger, and 8% for the smaller CV we compare against. We illustrate the averaging artifacts in 
Figure 4i, where the regions circled in cyan exhibit high crystallinity, as a consequence of averaging over a large 
CV, despite the local, relatively warm temperatures.

Regardless of the dynamics in panels C, F, and I varying slightly in terms of convection speed and downwelling 
morphology, the average temperature change experienced by individual crystals varies little for both “in equilib-
rium” and “in and out of equilibrium” crystals (see Figure 4j). Figure 4j shows the average recorded temperature 
change, similarly to the average recorded temperature change in histogram form in Figure 3. The vertical lines 
in Figure 4j signify the standard deviation about the average temperature. Although trumped by the variance, the 

Figure 3. Implications of convection on crystal cargo. (a–d) and (e–h) are four simulations at two Ra and two Ru. (a–b) and 
(e–f) show simulation snapshots and (c–d) and (g–h) show what portion of the crystal cargo experience a certain temperature 
change, where positive and negative temperature change indicate heating or cooling, respectively. We show two crystal 
populations: In and out of equilibrium (orange) and out of equilibrium (purple).
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average temperatures slightly increases with larger CV size, reflecting the fact that synthetic crystals can advect 
greater distances in larger CVs and can hence sample hotter temperatures before dissolving.

3.2. Crystals in Convection Preserve the Least Information

Our analysis raises the question how well synthetic crystals testify to dynamically evolving conditions within a 
magmatic system. In Figure 3, the orange histograms of dissolved synthetic crystals center around small temper-
ature changes, whereas the purple histograms preserve a larger distribution of temperature changes. These results 
suggest that the synthetic crystals that escape dissolution tell a different story than the synthetic crystals that 
experienced disequilibration. We refer to this effect as preservation bias. It implies that certain parts of the flow 
are sampled by and recorded on our synthetic crystals, while other parts get omitted in the crystalline record of 
the convection.

Preservation bias is driven by advection and will hence be dominant in volcanic systems with a large Rayleigh 
number (see Section  3.1.1). This finding implies that preservation bias is less pronounced in high-viscosity 
magma as compared to low-viscosity magmas. To illustrate this difference, we compare a felsic (Figure 5) and 
a mafic simulation (Figure 6). In both cases, we split the simulation into five horizontal segments. At the end of 
each simulation, we select all the synthetic crystals in each of the segments and display their thermal history for 
their entire lifetime. The synthetic crystal records showing overall heating, cooling, or less than 10°C temperature 
change are displayed in red, blue, or gray, respectively.

In the coupled, felsic simulation (Figure 5), crystal advection rates are low (Ra = 370) and synthetic crystals 
sample the entire domain. Most crystals stay present throughout the entirety of the simulation. Of the 232 
synthetic crystals that initially existed in the felsic simulation, 152, over 65%, remain present until the end. The 
rest of the synthetic crystals are lost due to small-scale reshuffling of crystals and in the hotter, bottom portion 
of the domain. The synthetic crystal records may be similar to well described processes like hindered settling 
(Burgisser et al., 2005; Dufek & Bergantz, 2005) in the absence of a system-scale flow field.

When crystal advection rates are high compared to thermal diffusion, as in Figure 6, synthetic crystals are not 
representative of the flow dynamics in either space or time. Of the 175 synthetic crystals that form and dissolve 

Figure 4. The role of control volume size. We test 3 different control volume sizes. a–c is 10 × 10 cells; d–f is 20 × 20 cells; and g–i is 30 × 30 cells. The middle 
column illustrates the size of the control volume. We quantify the crystallinity resolution, or the resulting sensitivity to crystallinity changes, in the first column. Cyan 
blue in (i) indicates the crystals that precipitated as a result of coarse control volume discretization. (j) is the average change in temperature (as calculated for Figure 3) 
for different control volume sizes.



Journal of Geophysical Research: Solid Earth

CULHA ET AL.

10.1029/2021JB023530

13 of 20

in the mafic, coupled simulation, 54, about 31%, remain present to the end of the simulation. Most of these 
preserved crystals remained at the top boundary, A. Since the cooler temperature at the top boundary increases 
melt viscosity locally, some of the synthetic crystals at the top of the downwelling move slower than the tip of 
the downwelling and cool with time (Figure 6a). This part of the domain is well sampled and documented by the 
synthetic crystals that remain in Segment A.

Information about the convective flow inside the emplaced magma is mostly lost, because many synthetic crystals 
are entrained in the downwelling and are subject to heating and dissolution, which means they are removed from 
the simulation (Figure 6b). Recording conditions at the tip of the downwelling could be valuable to identify the 
vigor of convection, but it is the least sampled portion of the domain and comprises of synthetic crystals with 
the shortest life span (Figures 6c–6e). Thus, most of the synthetic crystals in a coupled convection with high Ra 
preferentially record the least dynamic regions in a convecting melt lens (Figure 6a), rendering it challenging to 
reconstruct a coherent story from their records.

3.3. Crystals in Convection Show Evidence of Both Heating and Cooling

Despite imposing steady cooling at the system scale, only some of the synthetic crystals in the simulations with 
coupled convection record cooling while others record heating (Figures 3e–3h). Thus, some of the synthetic crys-
tal records are consistent with the system-scale cooling trend, whereas others are not. In this section, we analyze 
how the thermal histories of synthetic crystals within the same and in different regions of the convective flow 
compare to one another. We do this analysis for the simulation in Figure 3f, because it contains many synthetic 
crystals in a large domain.

Figure 5. Representation in felsic synthetic crystal cargo analysis. The felsic composition, coupled simulation is split into different segments and the thermal history 
of the synthetic crystals that terminate in that segment are shown in plots (a–e). The blue and gray profiles suggest that the synthetic crystal experienced overall cooling 
and less than 10°C temperature change, respectively. Note that none of the crystals experience heating.
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To analyze a range of synthetic crystal histories evolving along distinct paths we select three sub-populations 
highlighted in blue, green and purple in Figure 7 and track their migration through the domain. The blue and green 
sub-population of synthetic crystals are initially positioned on the left and right sides of the cooling boundary 
layer, respectively, and remain within the top half of the domain over the course of the simulation. Purple crystals 
originate at the far left of the cooling boundary near the blue population but reach the base of the domain within 
the simulation time. The colored squares encapsulate all of the synthetic crystals in each of the sub-populations.

For each sub-population, we color a few synthetic crystals, which escape dissolution for the majority of the 
simulation. The simulation in Figure 7 shows that synthetic crystals that start in close proximity, such as some 
of the blue crystals, can travel to very different parts of the domain as a consequence of coupled convection. In 
the process, they may experience very different thermal histories. Conversely, synthetic crystals starting out in 
different segments of the domain can move close to one another and even intermingle, such as the green and blue 
crystals that are both being dragged into the downwelling in panel (c).

Figure 7d shows all temperature profiles within each sub-population to illustrate their variance. Our simulations 
show significant heterogeneity in the thermal histories of individual synthetic crystals. Some of the synthetic 
crystals experience continuous cooling or heating, while others first cool down before heating up again. Synthetic 
crystal histories are given as partially transparent lines, such that darker regions show where more than one 
synthetic crystal experienced the same temperature at the same time. Initially, dark blue and green patches around 
temperature of 0.65 show where blue and green crystals precipitate predominantly. They all first cool along a 
similar profile before their histories begin to diverge. The purple crystals precipitate at various times and at differ-
ent temperatures, but then begin to converge to a heating profile, terminating at similar temperatures.

Figure 6. Bias in mafic synthetic crystal cargo analysis. We show the final snapshot of the simulation in Figures 2a–2c. The simulation domain is split into different 
segments and the thermal history of the synthetic crystals that terminate in that segment are shown in plots (a–e). The blue, gray and red profiles suggest that the 
synthetic crystal experienced overall cooling, less than 10°C temperature change, or heating, respectively.
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A closer look at a few randomly selected colored synthetic crystals (Figure 7e) emphasizes how analyzing only a 
few synthetic crystals may result in significantly biased representation of system-scale cooling. To demonstrate a 
scenario where only a few crystals in a handsample are analyzed, we show the detailed thermal crystal histories 
of two randomly selected synthetic crystals from each of the purple, blue and green sub-populations in Figure 7e. 
The selected crystals show a wide range of thermal histories. Some experience consistent cooling, namely one of 
the blue crystals in Figure 7e that exhibits a monotonic downward trend. Some crystals show consistent heating, 
such as the shorter lived of the two purple crystals.

The thermal history of some other crystals indicates both heating and cooling on relatively short timescales: Both 
of the two purple crystals show a small bump of heating and cooling. In addition, the longer-lived of the two 
purple crystals exhibits heating and cooling on long timescales. One of the green and one of the blue crystals 
provide evidence of a similar thermal history, capturing the temperature variations as the crystals move in and out 
of the main downwelling. This comparison of synthetic crystals from the same sub-populations shows that anal-
ysis of a few selected crystals even if found in close proximity in a handsample may show apparently conflicting 
evidence of system-scale evolution, because the crystals record the thermal history in their immediate vicinity 

Figure 7. Neighboring crystals may show signs of crystals heating, cooling, or both. (a)–(c) shows snapshots of a simulation 
with same initial conditions as the simulation in Figures 2a–2c but 3× the size of that in Figures 2a–2c. We highlight three 
crystal sub-populations to show how synthetic crystals move together in some regions and separate in others. We color and 
analyze the crystals that escape dissolution for majority of the simulation. Purple crystals are synthetic crystals that traveled 
to the bottom of the domain over the course of the simulation. Blue and green crystals precipitated in the left and right 
sides of the top domain, respectively, and remained in the top half of the domain during the portion of the dynamics shown 
here. The square boxes focus on encapsulating all of the synthetic crystals in each category, and inevitably include some 
shorter lived crystals. (d) shows non-dimensional temperature profiles of the colored synthetic crystals from (a)–(c), where 
non-dimensional temperature 0 indicates 800°C and 1 indicates 1,040°C in our simulations from Figures 2a–2c. (e) shows 
two randomly selected profiles within each sub-population.
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rather than at the system scale. Since crystals can drive flow and advect through different temperatures in the 
process, some sampled crystals may actually indicate heating within a steadily cooling magma lens.

4. Discussion
One of the fundamental challenges in volcanology is to infer the complex interwoven magmatic processes occur-
ring at depth prior to eruption from limited data. Crystals trapped in magma quenched upon eruption record at 
least some aspects of the pre-eruptive conditions in the volcanic conduit directly (Demouchy & Mackwell, 2006; 
DiBenedetto et al., 2020; Spilliaert et al., 2006). However, leveraging crystal-scale data can be difficult since 
most volcanic models are formulated at the system-scale of hundreds of meters to tens of kilometers and do 
not entail testable model predictions at the crystalline-scale that could be tested against this data. Although the 
processes that we analyze here scale to larger domains (see Section 3.1.1), the model itself intentionally focuses 
on the crystalline scale and imposes several significant simplifications that is necessary to distill the complex 
interwoven process.

Recent modeling efforts indicate that incomplete sampling may bias the interpretation of crystal populations if 
there is substantial heterogeneity in the apparent thermal zonations they record (Andrews & Befus, 2020; Cheng 
et al., 2020). This is consistent with our model findings. In fact, our model shows that a potentially large portion 
of the crystals that nucleate could dissolve again before they have time to grow and develop thermal zonations. 
Since the flow systematically dissolves the crystals in the most dynamic portion of the flow field, preserved crys-
tals contain the least information about the flow features, which are most pertinent to the system-scale thermal 
history. For example, convective overturn tends to be fastest during the early stages of cooling when temperature 
gradient is highest. The crystals that could provide testimony of this phase may not be preserved and the crystals 
that are available for analysis would suggest a shorter lived and less dynamic environment than was actually 
present.

The inability of crystals to provide accurate testimony of rapid convection raises the question whether there 
are any other observational indicators that would complement the inevitably incomplete crystal record. Our 
simulations suggest that one potential indicator of the coupled convection we identify here is the formation of 
crystal clusters. Synthetic crystals in a coupled downwelling congregate close to one another through “synne-
usis” (Culha et al., 2020; Schwindinger & Anderson, Jr., 1989; Vogt, 1921), the swimming together of crystals 
during flow. The long-range hydrodynamic interactions between crystals favor melt flowing around the cluster 
rather than through the individual narrow channels between crystals (Batchelor & Batchelor, 2000; DiBenedetto 
et al., 2020; Lamb, 1911; Qin & Suckale, 2020). The process is captured even in the non-coupled, mafic simula-
tion in Figures 2d–2f. A distinct clusters forms at the bottom of the convection in Figure 2f.

In the coupled convection, hydrodynamically driven synneusis that form synthetic crystal clusters can further 
enhance crystallinity of a region, because synthetic crystals preferentially precipitate in crystal-rich regions 
along the top boundary and at the tail of the downwelling, where cooling and collective settling create favora-
ble conditions (Figure 6). These synthetic crystal conglomerates (Figure 8d) resemble glomerocrysts in natural 
systems (Garcia & Jacobson, 1979) and hence could have implications on how such textures may form. The 
synthetic conglomerates preserve a thermal environment at their center that is distinct from the surrounding 
magma. Conversely, synthetic crystals along the outer rim would be most exposed to the dynamically changing 
thermal environment and would most likely experience heating (Figures 6c–6e). In natural glomerocrysts, this 
may translate into different geochemical environments depending on the relative location of the crystal within the 
glomerocryst. For example, crystals in the center may precipitate, sampling predominantly residual melt, whereas 
those near the outer rim of the natural glomerocryst may dissolve in the process of sampling new melt.

One more observable indicator of coupled convection may be cross-bedded crystal layers formed at the base 
of a cooling magma lens. Our model suggests that the tip of the crystal-rich downwellings may retain cool 
temperatures and the synthetic crystals associated with them for longer. After detaching from the tail of the 
downwelling, synthetic crystals are delivered to the base of the magma lens in batches (Figure 8e). Unlike crystals 
individually “raining” through the magma lens, the collective settling of crystals in multiple discrete crystal-rich 
batches would suggest a depositional environment similar to repeated gravity currents. This process could have 
contributed to cross-bedded crystal layers as observed at Duke Island, Skaergaard (Irvine, 1980) and Stillwater 
(Jackson, 1961) outcrops.
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We emphasize that our model is not designed to capture the complex, system-scale dynamics of any of these 
sites. Instead, the main contribution of our work is to identify the role that a simple, yet ubiquitous process—the 
precipitation and dissolution of crystals—plays in modulating the flow dynamics of thermal convection and how 
it is recorded by individual crystals. Our previous work (Culha et al., 2020) shows that crystal-driven convec-
tion alters convective processes such as thermal (Bachmann et  al.,  2002; Dufek & Bachmann,  2010; Huber 
et al., 2009; Murphy et al., 2000; Singer et al., 1995) or bubble-driven convection (Bergantz et al., 2017) by 
introducing collective flow behavior. In this study, we show that crystal-driven downwellings reflective of collec-
tive flow become self-sustaining when coupled to crystallinity evolving with temperature. Thus, thermodynamic 
phase changes are closely coupled with multi-phase transport dynamics as also observed in crystal-rich magmatic 
systems (Keller et al., 2017; Mittal & Richards, 2017).

The degree to which the coupled convection will enhance larger scale convection is dependent on how quickly 
crystals can respond to their evolving thermodynamic environment. Here, we make the simplifying assumption 
that thermodynamic equilibrium is instantaneously met each advective time step by precipitating new or dissolv-
ing existing crystals. In natural systems, the kinetics of crystal nucleation and partial precipitation or dissolution 
will inevitably add complexity (Kerr,  1995), such as increasing the size of the downwelling or changing the 
spacing between downwellings, leading to a more variable spectrum of coupled convective flow morphologies 
with a spectrum of downwelling speeds.

Our simulations provide a new perspective on the interpretability of crystal cargoes with heterogeneous crystal 
records where some crystals may show signatures of heating, cooling or both. We show that crystals record the 
thermal environment in their immediate vicinity, which could deviate significantly from the system-scale temper-
ature evolution, particularly during coupled convection. Researchers have previously invoked large-scale,  ther-
mal convection, (e.g., Bachmann et al., 2002; Huber et al., 2009; Murphy et al., 2000; Singer et al., 1995), mafic 
injections (Annen et  al.,  2005), and magma mixing (Davidson & Tepley,  1997; Sparks et  al.,  1977; Zellmer 
et al., 2003) to explain crystal cargo heterogeneity in natural samples. We show here that no external, system-
scale disruption is needed to explain a highly heterogeneous crystal cargo. Deducing system-scale dynamics 
from individual crystals is hence particularly challenging if systems experience convection, which our analysis 
suggests is likely particularly for large or low-viscosity magma lenses.

Recent literature on magma storage have looked at plagioclase and zircon crystals to understand timescales and 
temperatures of magma storage and notice surprisingly short timescales of magma storage in predominantly melt-
rich, or hot, conditions (Cooper & Kent, 2014; Rubin et al., 2017). Given that we track our simulations from the 
reference frame of the domain and the synthetic crystals, we can compare what synthetic crystals would suggest 

Figure 8. Indicators of coupled convection downwells. (a) is evidence of synthetic crystals precipitate preferentially near 
one another although surrounded by melt rich magma. Both precipitation and synneusis of synthetic crystals result in 
conglomerate formations that travel collectively through the melt, resembling glomerocrysts; (b) shows onset of multiple 
synthetic crystal depositions at the bottom of the domain which resembles the gravity currents.



Journal of Geophysical Research: Solid Earth

CULHA ET AL.

10.1029/2021JB023530

18 of 20

on simulation duration. The sub-populations of crystals in the more dynamic region of our domain (Figures 
6b–6e) are shorter lived than the entire duration. For example, most of the synthetic crystals that survive to the 
end of the simulation in Figures 6d and 6e sample a tenth of the simulation duration. These synthetic crystals 
would suggest that the flow dynamics was hot and short lived in the sense that cooling started much later than it 
actually did. This may bias the interpretation of hot storage time to be much shorter than it actually was. Similarly, 
natural crystals may suggest short storage times if they precipitate well after magma emplacement.

5. Conclusion
Our analysis provides an example for how process-based models could contribute to deriving insights about 
magma dynamics from crystal records. By resolving the crystal–melt interactions within temperature dependent 
crystal load, we identify a self-sustaining form of double-diffusive convection driven by crystallization within 
a cooling boundary layer. The collectively settling crystals self-organize into meso-scale downwellings which 
drag cooler melt from the interface into the hotter magma below, resulting in a heterogeneous distribution of 
temperature, melt density, viscosity, and magma crystallinity throughout the magma lens. The main methodo-
logical contribution of our simulator is that it can track synthetic crystals and the thermal conditions that they 
sample, while allowing for synthetic crystal precipitation and dissolution. The synthetic crystal populations show 
a wide range of apparent thermal histories including heating and cooling. Moreover, we can keep record of the 
synthetic crystals that dissolve in our simulations, which make up the majority of the synthetic crystals entrained 
in the coupled downwelling. Hence, the crystal population left over from coupled downwelling does not provide 
a complete record of the flow dynamics that have occurred in the system. By better understanding the limits on 
the interpretation of crystalline data, we can improve our ability to quantify the longevity of hot storage regions, 
speed of remobilization, and rates of mafic injections that may drive eruptions. Our work emphasizes the signif-
icance of using multiple geochemical and textural indicators in magmatic systems to decipher the processes 
creating the real observable crystal records.

Data Availability Statement
See our GitHub repository here for the Fortran simulator producing each case, some videos and the Matlab scripts 
that help generate the figures (Culha, 2022): https://doi.org/10.5281/zenodo.6482286.
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