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ABSTRACT
There is a broad consensus that magma eruptibility—the ability of magma stored in the subsurface to erupt onto Earth’s surface—
is strongly controlled by viscosity. Related to this, a critical parameter that controls viscosity is crystallinity. However, there is
uncertainty in the crystallinities that distinguish eruptible from non-eruptible magmas, and whether highly crystalline magmas
(>60 vol.%) could be erupted in some conditions. An underutilized but important source of information for understanding this
relationship is the observed crystallinities in erupted volcanic materials, which by definition represent a set of eruptible magmas.
Here we present a compilation of reported crystallinities for nearly 1000 volcanic samples of differing composition, tectonic
setting, and eruption style, which provides valuable insight into the fundamental mechanisms which drive eruptions. Overall, the
95th percentile crystallinity value of our full dataset is 57 vol.%, and >99 % of all non-dome samples have crystallinity ≤53 vol.%.
This suggests that 50–60 vol.% crystallinity represents a fundamental limit for eruptibility for most volcanic rocks. Some dome
samples are clear exceptions to this and are eruptedwith considerably higher crystallinities. There is also a significant correlation
between crystallinity and whole rock SiO2 content as observed previously, but a shallow slope suggests whole rock and melt
silica content have less impact on critical crystallinity for erupted magma than previously thought. Melt viscosity (as a function
of SiO2, temperature, and H2O content) and crystallinity both play important roles on increasing effective viscosity, where melt
viscosity plays a more important role at low crystal fractions, and crystallinity plays a more important role at crystallinities
greater than ~40 vol.%.

NON-TECHNICAL SUMMARY
The proportion of solid crystals to liquid melt in a magma influences its ability to flow and erupt, analogous to drinking a slushy
mixture (i.e. solid ice and liquid juice), where a mostly frozen slushy mixture is difficult to drink through a straw (i.e. a crystal-
dominated magma that is difficult to erupt) compared to a melted slushy mixture easy to drink through a straw (i.e. a melt-
dominated magma that is easily erupted). However, the exact ratio of crystals to melt for a magma that can be erupted versus
one that cannot remain uncertain. This study provides a compilation of crystal contents for volcanic rocks from a range of
settings and magma compositions. Most erupted magmas have crystallinities <60 vol. % crystals, providing insight into the
threshold between eruptible and non-eruptible magmas.

KEYWORDS: Eruptibility; Magma viscosity; Magma crystallinity; Critical crystallinity.

1 INTRODUCTION
Volcanic eruptions, by definition, require the movement of
magma from Earth’s interior to the surface. There is wide
consensus that the ability of a given magma to ascend through
the crust and erupt (i.e. eruptibility) is strongly controlled by
its viscosity [e.g. Marsh 1981; Rubin 1995; Scaillet et al. 1998].
As a result, viscosity is one of the most important properties
in understanding the likelihood of a magma to erupt and can
also have a major influence on the resulting eruption style
[e.g. Jaupart and Allègre 1991; Dingwell 1996; Papale 1999;
Gonnermann and Manga 2003; Ruprecht and Bachmann 2010;
Koleszar et al. 2012; Okumura et al. 2019]. Therefore, under-
standing the pre-eruptive viscosity of an erupted magma has
the potential to assist in forecasting the timing and style of
future volcanic events.
A variety of factors control magma viscosity including tem-
perature, composition of the silicate liquid component, the
structure of the silicate liquid, as well as the proportions, size
distributions, and shapes of bubbles and crystals present [e.g.
Marsh 1981; Mysen and Neuville 1995; Neuville and Mysen
1996; Giordano et al. 2008; Mader et al. 2013]. As magma cools,
∗Q shamlooh@cwu.edu

it becomes more viscous, reflecting both the increased poly-
merization of the silicate liquid at lower temperatures, and an
increased crystal fraction as crystals form from cooling magma
[e.g. Neuville and Mysen 1996; Giordano et al. 2008; Takeuchi
2011]. Thus, the thermal evolution of magma is also closely
tied to viscosity, and the abundance of crystals is an impor-
tant control on viscosity, particularly at temperatures that ap-
proach the solidus [e.g. Marsh 1981; Lejeune and Richet 1995;
Caricchi et al. 2007; Ishibashi and Sato 2007; Cooper and Kent
2014]. Bubbles can also act to make magma either more or
less viscous, depending on their deformability [e.g. Takeuchi
2011; Mader et al. 2013], but this effect is often relatively mi-
nor relative to crystallinity [Scaillet et al. 1998]. It should also
be noted that the shape of the particles, their orientation, and
particle-particle interaction also play a role in the rheological
response of crystal-bearing melts, however these effects are
not explored in this study [Manga et al. 1998; Mueller et al.
2010; Cimarelli et al. 2011; Mueller et al. 2011; Pereira et al.
2022; Pereira Machado et al. 2022].

Although there is wide consensus regarding the impor-
tant relationship between crystallinity, viscosity, and erupt-
ibility [e.g. Popa et al. 2021; Okumura et al. 2022], there is
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also increasing recognition of the complexity of this relation-
ship. Past studies discuss a critical transition for a cooling
and crystallizing magma in which crystallinity increases un-
til viscosity is dominated by crystal-crystal interactions, and
the magma effectively behaves like a solid [Marsh 1981]. At
this point, magmas reach rheological “lock-up”, and are un-
able to flow along fractures, and therefore are considered to
be non-eruptible [Marsh 1981]. Typically, this critical crys-
tallinity is accepted to be around 40–60 vol.% crystals (avg.
50 vol.%), equivalent broadly to viscosities of 106–1012 Pa.s
[e.g. Marsh 1981; Brophy 1991; Scaillet et al. 1998; Bachmann
2004; Hildreth 2004; Takeuchi 2011; Solano et al. 2012]. How-
ever, more recently, the idea of a single critical crystallinity
value has received more scrutiny, and there is broad agree-
ment that a specific “lock-up” point is also dependent on a
range of factors such as crystal type and shape, liquid com-
position, and strain rate [Caricchi et al. 2007; Bergantz et al.
2017]. This discussion is also made more relevant by the wide
recognition that magma stored within the crust is in a crystal-
rich “mushy” state [e.g. Bachmann and Bergantz 2008; Cooper
and Kent 2014; Klemetti and Clynne 2014] or even subsolidus
[e.g. Mucek et al. 2021; van Zalinge et al. 2022]. Thus, the
crystallinity at which magmatic mushes can be remobilized
and/or erupted is also of importance, but also uncertain. Note,
there may also be differences in mobilization or disruption of
a magma mush versus eruption of a magma mush, as these
processes are not necessarily coupled and could happen at dif-
ferent viscosities [Bergantz et al. 2017]. For the purpose of this
study, we focus on the eruption of crystal-bearing magmas,
rather than remobilization or disruption.
There is also suggestion that magma may be erupted at
crystallinities that exceed 50–60 vol.%. For example, recent
experiments suggest magma mushes with high crystallinities
can be erupted explosively due to the feedback between de-
compression rates and retention of bubbles, where fast de-
compression rates cause bubble retention to disrupt the crys-
tal framework and reduce viscosity of a magma mush with
crystallinity as high as >70 vol.%. This substantial reduction
in magma viscosity provides potential for remobilization and
even eruption [Pistone et al. 2017; Okumura et al. 2021]. Extru-
sion of highly crystalline or even subsolidus material in lava
domes has also been suggested [e.g. Pistone et al. 2017; Mucek
et al. 2021]. There is notable effort currently going into gain-
ing greater understanding of these processes via numerical
and experimental studies [e.g. Bergantz et al. 2017].
Although valuable insights into the viscosity of silicate mag-
mas come from experimental, theoretical, and numerical stud-
ies, an important but less recently utilized source of informa-
tion in these investigations is the observed crystallinities in
volcanic material erupted across different terrestrial settings,
for magmas of different compositions, and by different erup-
tion styles. Earlier compilations of crystallinity values were
influential. For example, the seminal work of Marsh [1981]
led to the widespread use of ~50 vol.% crystals as the critical
volume of crystals at which it becomes impossible to erupt
crystal-bearing magma. However, the Marsh [1981] compila-
tion was also based on a relatively small number (𝑛 = 60)
of lavas and other samples specifically from the Aleutian arc.

Further efforts have expanded the number of samples and
eruption styles but have also been relatively restricted in size
and scope, and often focused on specific magma composi-
tions or eruption styles [Ewart 1976; Brophy 1991; Scaillet et
al. 1998; Takeuchi 2011]. To provide greater empirical con-
straints on the crystallinity of eruptible magmas we present
herein a comprehensive compilation of 950 reported crys-
tallinities of volcanic rocks from a range of references. Our
compilation includes a variety of magma compositions, erup-
tion styles, and tectonic settings and represents a fundamental
dataset for future efforts to evaluate the effect of crystallinity
on magma eruptibility.

2 METHODS: DATA COMPILATION AND CALCULATIONS
The crystallinities of erupted material, expressed as volume
percent, were compiled from the literature along with tec-
tonic setting, eruption style, and when available, whole rock
and glass major element chemistry. Different techniques were
used to determine crystallinity including tomography, modal
point counts and visual estimates, or in some cases were not
specified in the study. We acknowledge here that the method
for determining crystallinity matters, where the most quantita-
tive means of determining crystallinity is by 2D or 3D analysis
(e.g. X-ray diffraction, microtomography, or image analysis),
and the least quantitative is by visual estimate. In most scenar-
ios, the method of determining crystallinity was not specified
in the various studies used for this compilation, therefore our
hope is that future work can build on our dataset and quantify
the variation between methodology.
Our dataset includes samples from past compilations
[Marsh 1981; Brophy 1991; Scaillet et al. 1998; Takeuchi 2011]
as well as many other references (~200) compiled for this study
(Supplementary Material∗, Figure S1). The range of bulk com-
positions compiled is 45–80 wt.% SiO2, and eruptive styles
have been categorized into four groups by their deposit type,
including lava, lava dome (referred to as just “dome” in this
study), tephra, and ignimbrite. Note the Brophy [1991] dataset
is from individual lava or domes from orogenic volcanic cen-
ters, but the sample type is not specifically reported for each
analysis. Thus, where we need to separate these eruption
styles, we do not use the Brophy [1991] dataset. Each sample
was also categorized by tectonic setting either as subduction,
rift zone, and intraplate, following the classification of Global
Volcanism Program†.
For past compilations where data tables were unavailable,
the data was manually digitized using Web Plot Digitizer
[Rohatgi 2014], and consequently some of the data from these
studies is incomplete. In addition, because the source data for
past compilations is unidentified, it is possible that there are
some repeat data in our compilation. For the additional studies
compiled here (excluding past compilations data), crystallinity
was often reported as a range for a given sample suite, and
therefore the midpoint between a minimum and maximum is
used. In other cases, an individual crystallinity was reported
per sample, which is then reported as a single value. We
acknowledge there are additional sources in the literature that
∗https://zenodo.org/deposit/7754305
†https://volcano.si.edu/
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report crystallinities that we have missed and invite others to
build upon our freely available dataset.
Liquid viscosity calculations were performed following
Giordano et al. [2008] for every sample that had recorded ma-
jor element chemistry of coexisting glass (𝑛 = 124). Note, the
majority of samples are subalkaline, which are better suited
for this model (Supplementary Material, Figure S2). Temper-
ature for each liquid calculation was assigned discretely based
on SiO2 content. For example, for compositions where SiO2
is 45–50 wt.%, a discrete temperature of 1200 °C was assigned.
For 50–55 wt.% SiO2: 1100 °C; 55–60 wt.% SiO2: 1000 °C; 60–
65 wt.% SiO2: 900 °C; 65–70 SiO2: 850 °C; 70–75 SiO2: 800 °C;
75–80 SiO2: 750 °C.Water content is less straight-forward and
will vary with a given magma SiO2 content, pressure, and ex-
tent of saturation. Therefore, liquid viscosities were calculated
for a range of water contents including 0.5, 2.0, and 5.0 wt.%
H2O.
Calculated liquid viscosities for each glass sample were
then used to determine suspension viscosities for crystal-liquid
mixtures using the Maron and Pierce [1956] approach:

η𝑟 =
η𝑠

η𝑚
=

(
1 − φ

φ𝑚

)−2.0
(1)

where η𝑟 is relative viscosity, η𝑠 is the viscosity of the crystal-
liquid suspension or mixture, also known as “suspension vis-
cosity”, η𝑚 is the viscosity of the melt portion only, φ is the
volume fraction of crystals, and φ𝑚 is the maximum pack-
ing fraction, or the volume fraction beyond which there is no
space remaining to accommodate further particles in a mate-
rial. This value is based on the geometry and dispersal of crys-
tal particles [Mader et al. 2013]. Note, a similar approach exists
that utilizes a modified version of the Einstein-Roscoe equa-
tion with 2.5 as the exponent value instead of 2.0 used here
[Roscoe 1952; Sato 2005; Ishibashi and Sato 2007]. However,
it has been demonstrated that the exponent value of 2.0 bet-
ter describes suspension viscosity data as a function of particle
volume fraction [Sato 2005; Ishibashi and Sato 2007], therefore
we use the Maron and Pierce [1956] relationship.
Equation 1 is rearranged to solve for suspension viscos-
ity, sometimes referred to as “effective viscosity” [e.g. Einstein
1906; Roscoe 1952; Stevenson et al. 2001; Giordano et al. 2008;
Vetere et al. 2010] which describes magma viscosity with the
consideration of the presence of crystals:

η𝑠 = η𝑚 ∗
(
1 − φ

φ𝑚

)−2.0
(2)

The maximum packing fraction values (φ𝑚) are a function
of the aspect ratio of the suspended particles (see values re-
ported in Ishibashi and Sato [2007] and Mueller et al. [2011]).
Despite the variety of crystal shapes in natural silicates, we
use a single φ𝑚 value of 0.6, determined empirically by Marsh
[1981], which is commonly used for random close packing of
monodisperse spheres or oblate crystals [Maron and Pierce
1956; Mueller et al. 2010].

3 RESULTS
Of the 950 samples compiled in this study, the recorded crys-
tallinities range from <1 vol.%, a maximum of >99 vol.%, a

median of 31 vol.%, and a mode of 10 vol.% (Figure 1A). Most
of the dataset falls within 2 to 55 vol.% crystals (5th and 95th
percentile; Figure 1B). There is a sharp drop off in the dis-
tribution at ~60 vol.% crystals, although a smaller number of
samples, all coming from lava domes, have crystallinities up to
>99 vol.% (Figure 2). All histogram figures use Sturges rule to
determine bin size, where the number of bins is approximated
by log2 (𝑛) + 1 as a guide. Note we apply small variations to
this rule to maintain consistency within individual figures. A
kernel density estimate (kde) was calculated for each dataset
to ensure that the choice of bin size did not distort the distri-
bution, and is shown with each histogram as a solid line.
Figure 2 shows samples grouped by eruption style, such
as lava, dome, tephra, and ignimbrite samples. Due to the
Brophy [1991] compilation not explicitly reporting whether a
sample was a lava or lava dome, their compilation was ex-
cluded here, but can be seen included in Supplementary Ma-
terial, Figure S3. Without the Brophy [1991] compilation, the
median crystallinities for lava, dome, tephra, and ignimbrites
are 27, 42, 28, and 13 vol.% (Figure 2A; Table 1). Maximum
recorded crystallinities for lava, tephra, and ignimbrite sam-
ples are 61, 57, and 58 vol.%, whereas the maximum recorded
crystallinity for lava domes is >99 vol.%. The 5th and 95th
percentile values for the distributions for lava, dome, tephra,
and ignimbrites are 1 and 50 vol.%, 16 and 78 vol.%, 4 and
53 vol.%, and 3 and 51 vol.%. Thus, only dome eruptions show
an appreciable proportion of erupted magmas with crystallini-
ties greater than 60 vol.%. Cumulative distribution functions
(CDF) further illustrate the distribution of crystallinities within
each sample set (Figure 2B). Lava and tephra CDFs are very
similar, showing a relatively even distribution of crystallini-
ties between 0–60 vol.%. Ignimbrite and dome CDFs diverge
from lava and tephra CDFs, where ignimbrite samples have
a higher frequency of samples with lower crystallinities (i.e.
between 0–20 vol.%) and dome samples have a higher fre-
quency of samples with higher crystallinities (i.e. between
30–80 vol.%). Crystallinities grouped by tectonic setting such
as subduction zone, rift zone, and intraplate, show 95th per-
centile values of 58, 38, and 20 vol.% crystals (Table 1); how-
ever a greater number of rift zone and intraplate samples is
required to confirm this observation, as they are under sam-
pled in this compilation (Supplementary Material, Figure S5).
Crystallinities for samples with reported SiO2 contents (𝑛 =

884, including the Brophy [1991] dataset) are summarized in
Figures 3 and 4. In general, there is a significant correlation
between whole rock SiO2 content and crystallinity based on
P value, where a low P value (~0.05) represents a low prob-
ability of the calculated R value being generated from a ran-
dom dataset of this size (solid line labelled “full dataset” Fig-
ure 3A; Table 1). When data is binned and the maximum
crystallinity value is calculated for each bin and used to plot a
linear regression with SiO2 content, we observe a weak corre-
lation (P = 0.29). However, the slope of this linear regression
(dot-dash line labelled “max. crystallinity” Figure 3A; Table 1)
is similar to the slope of the linear regression for the over-
all dataset (solid line, “full dataset” Figure 3A). Note that we
do not include dome samples with intermediate compositions
and very high crystallinities when we consider maximum val-
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Figure 1: [A] Compilation of reported crystallinities from 950 samples compiled from the literature. The minimum and maximum
crystallinity recorded is <1 vol.% and 99 vol.%, a median of 31 vol.% (dashed vertical line), and a mode of 10 vol.% (dotted vertical
line). A bin size of 11 was chosen based on Sturges rule. A kernel density estimation (kde) is shown by the solid line and has an
associated y-axis labelled “Density”. [B] Cumulative distribution of all recorded crystallinities. Note the 5th and 95th percentile
for the cumulative distribution is 2 to 55 vol.% crystals.

Table 1: Statistical values for datasets with known SiO2 contents, including linear regression between crystallinity and SiO2
content, and the 5th and 95th percentile values for a given cumulative distribution. Datasets exclude Brophy [1991] compilation
unless otherwise noted. Figures S4 and S5 can be found in Supplementary Material.

Sample type 𝑛
5th 95th Slope Slope R R2 p value

(vol.% xtals) (vol.% xtals)
(
vol.% xtals
wt.% SiO2

)
Std. Err.

Marsh [1981] Lavas (Figure 3
dash line)

41 3 49 −4.1 0.34 0.84 0.7 <0.05

Whole rock† (Figure 3A solid
line)

760 2 55 −0.68 0.07 −0.33 0.11 <0.05

Whole rock max† (Figure 3A
dot-dash line)

760 2 55 −0.6 0.52 −0.38 0.14 0.29

Glass (Figure 3B solid line) 124 3 51 0.42 0.19 0.2 0.039 0.03
Glass max (Figure 3B dot-
dash line)

124 3 51 1.1 0.31 0.77 0.6 0.009

Lava (Figure 2 & S4) 105 1 50 −0.74 0.12 −0.52 0.27 <0.05
Dome (Figure 2 & S4) 46 16 78 −1.7 0.5 −0.45 0.21 0.002
Tephra (Figure 2 & S4) 177 4 53 0.007 0.17 0.003 0.000 011 0.97
Ignimbrite (Figure 2 & S4) 48 3 51 −0.11 0.51 −0.033 0.0011 0.82
Subduction Zone† (Figure S5) 808 4 55 −0.32 0.068 −0.16 0.026 <0.05
Rift Zone (Figure S5) 68 0.1 38 0.038 0.27 0.017 0.0003 0.9
Intraplate Zone (Figure S5) 8 7 20 −0.13 0.34 −0.15 0.02 0.7
† Dataset includes Brophy [1991] compilation.

ues for each bin. In addition, we observe that crystallinity and
SiO2 content show a significant correlation when grouped
by lavas, but not for dome, tephra, or ignimbrite, although
the sample size of dome, tephra, and ignimbrite datasets are
smaller than that of the lava dataset (Table 1; Supplementary
Material, Figure S4). When grouping data by tectonic setting
(i.e. subduction zone, rift zone, intraplate), there is no correla-
tion between SiO2 content and crystallinity, although there is
also room for improvement with this observation considering

the uneven sampling between tectonic settings as stated prior
(Table 1; Supplementary Material, Figure S5). Lastly, when
grouping the data by glass composition, there is no significant
correlation, although the dataset is much smaller in size (solid
line labelled “full dataset” Figure 3B; Table 1).

Of the dataset where all major elements were available
as glass analyses (𝑛 = 124), effective viscosities (i.e. viscos-
ity of a melt-crystal mixture, or “suspension viscosity”) were
calculated for a range of temperatures and water contents
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Figure 2: [A] The distribution of crystallinities grouped by eruptive style/sample type excluding the Brophy [1991] compilation
(bin size = 8; see text). A kernel density estimate is also included for each panel. The dashed vertical line marks the median
crystallinity of each distribution. [B] Cumulative distribution functions (CDF) of each eruptive style. The 5th and 95th percentile
values for the distributions for lava, dome, tephra, and ignimbrites are 1 and 50 vol.%, 16 and 78 vol.%, 4 and 53 vol.%, and 3 and
51 vol.%.
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Figure 3: Crystallinity with silica content of the 884 samples with available SiO2 data (includes Brophy [1991] compilation)
grouped by whole rock [A] and glass samples [B]. The dashed line is the linear regression for Marsh [1981] lava dataset, the solid
line is the linear regression for the entire dataset (i.e. 760 whole rock and 124 glass samples compiled in this study), and the
dot-dash line represents the linear regression of the maximum crystallinity values for each SiO2 bin but excluding dome samples
that have high crystallinities. Symbol shapes correspond to eruptive style, in which there is only a significant correlation between
SiO2 and crystallinity of lava samples (see Supplementary Material, Figure S4). Values that accompany linear regressions can
be found in Table 1. The histogram on the bottom shows the counts of data over the range of silica contents sampled (bin size =
10) and also includes a kernel density estimate (black solid line). The color scheme corresponds with SiO2 content, where dark
colors are low SiO2, and lighter colors are high SiO2.

(see Section 2). Results depend largely on H2O contents as
these strongly influence the resulting melt viscosity by dis-
rupting polymerization (Figure 4A). When assuming a water
content of 0.5 wt.% H2O, 62 % of analyses have calculated ef-
fective viscosities at or below 106 Pa.s, the value identified by
Takeuchi [2011] as the critical effective viscosity for eruption
(grey dashed line: Figure 4B–D), and 70 % and 85 % have cal-
culated effective viscosities below this for 2 and 5 wt.% H2O,

respectively. At 0.5 wt.% H2O, the 5th and 95th percentile val-
ues for viscosity are 101.0 and 1012 Pa.s, whereas at 5.0 wt.%
H2O, the 5th and 95th percentile values for effective viscosity
are 100.6 and 107.0 Pa.s (Figure 4). Note, unrealistically high-
water contents (≪ 10 wt.% H2O) are required to get all calcu-
lated effective viscosities under the 106 Pa.s threshold defined
by Takeuchi [2011]. Our data also shows a relationship be-
tween melt viscosity and effective viscosity, where unsurpris-
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ingly, increasing melt viscosity increases linearly with SiO2
content (Figure 4A). Lastly, in general, increasing crystallinity
is positively correlated with increasing effective viscosity, al-
though not linearly.

4 DISCUSSION
4.1 Critical crystallinity

An important outcome of this study is the examination of a
critical crystallinity value (or range) for magmas where they
are no longer able to erupt. If we consider our compiled
dataset as representing the set of eruptible magma crystallini-
ties, then the maximum values we observe should approxi-
mate the critical crystallinity. As stated before, the observed
95th percentile crystallinities for lava, dome, tephra, and ign-
imbrite samples in our compilation are 50, 78, 53, and 51 vol.%
(Figure 2; Table 1), and the 95th percentile crystallinity for the
entire dataset is 55 vol.%. Thus, with the exception of some
dome eruptions (see below), results from our compilation are
consistent with earlier work that suggest the maximum crys-
tallinity for erupted magmas is 50–60 vol.% crystals [Marsh
1981; Brophy 1991; Scaillet et al. 1998; Takeuchi 2011]. In
terms of different eruption styles, ignimbrite, tephra, and lava
samples do not have crystallinities that exceed 60 vol.%. Thus,
although there have been suggestions that eruption could oc-
cur in magmas with higher crystallinities [e.g. Bergantz et al.
2017], our results appear to empirically confirm that for the
vast majority of erupted magmas, 50–60 vol.% crystals is an
important limit for eruptibility across a broad range of erup-
tion types, magma compositions, and tectonic settings.
Some dome samples appear to be an exception. Although
most dome samples have crystallinities below 50–60 vol. %,
there are also a significant number of erupted dome samples
(~20 %) with crystallinities that exceed 60 vol.% and reach up
to almost 100 vol.% (Figure 2; Table 1). This observation is
consistent with other evidence that in some cases dome em-
placement may occur in magmas that are near, or even sub-
solidus, and Marsh [1981] also suggested that emplacement of
some domes might represent a different process to lavas. Evi-
dence includes cataclastic deformation at the margins of dome
walls, stick-slip extrusion patterns, and development of spines
[Martel 2012; Pallister et al. 2013], and geochemical indicators
of near-or subsolidus magma storage prior to eruption [Mucek
et al. 2021]. Collectively, these observations and the high crys-
tallinities recorded are consistent with different magma trans-
port mechanisms for at least some lava dome eruptions [e.g.
Pistone et al. 2017].

4.2 The relationship between silica content and crystallinity

Our data also allow us to reassess the relationship between
crystallinity and SiO2 content (both bulk and liquid) of erupted
samples. Previous studies have argued for a correlation be-
tween these variables, with the critical crystallinity for erup-
tion being lower in high silica liquids—reflecting increasing
liquid polymerization. For example, the Marsh [1981] compi-
lation of ~60 lavas, domes, and plugs from the Aleutians cov-
ered lava compositions from 46–62 wt.% SiO2 and suggested
a negative correlation with slope ~−4 between bulk SiO2 and

maximum crystallinity (dashed line: Figure 3; Table 1). This
relationship was interpreted to reflect the increasing viscosity
of the liquid fraction in these lavas influencing bulk viscos-
ity and reducing the critical crystallinity for eruptions of more
evolved compositions. The Brophy [1991] compilation con-
sists of over 600 calc-alkaline lava flows and domes, focusing
on subduction zone settings, and showed similar results to
Marsh [1981], where crystallinity generally increases with de-
creasing SiO2 content. The smaller compilations of Scaillet
et al. [1998] and Takeuchi [2011] also both found a negative
correlation between silica and maximum crystallinity.
As with previous studies, our larger whole rock dataset
shows a significant correlation (P value less than 0.05) between
bulk silica content and crystallinity with a slope of −0.7 (Fig-
ure 3A; Table 1). We see a similar slope of −0.6 but with a
weaker correlation between silica and crystallinity when con-
sidering the maximum crystallinity value for binned SiO2 con-
tents (e.g. dot-dash line Figure 3A; Table 1). The slope of our
dataset implies a change in ~20 % crystallinity over a compo-
sitional range from 45–80 wt.% SiO2, which is considerably
smaller than the ~4 vol.% crystals per 1 wt.% SiO2 value ob-
served by Marsh [1981] for Aleutian lavas (dashed line; Fig-
ure 3A and 3B). This discrepancy is likely due to our compila-
tion covering a broader range of SiO2, however, as suggested
by Marsh [1981], the impact on bulk viscosity of changing SiO2
in the liquid fraction may be greater in small subsets of sam-
ples from specific environments and locations.
While silica and crystallinity of whole rock samples show a
significant correlation, glass samples show something slightly
different. Silica content of glass samples and crystallinity dis-
play a weakly positive correlation with a slope of 0.4 (Fig-
ure 3B), opposite of the whole rock data (Figure 3A). Maximum
crystallinity values binned by SiO2 show a similar weak posi-
tive correlation with a similar slope. Note the smaller sample
size (𝑛 = 124 glass) compared to whole rock (𝑛 = 760 whole
rock) may contribute to the difference in slope values between
Figure 3A and 3B. Alternatively, this relationship could be an
artifact of natural processes. Generally, during crystallization,
the majority of crystals that form have lower mol.% of SiO2
when compared to the SiO2 content in the initial liquid phase,
and the SiO2 fraction of the remaining silicate liquid therefore
increases upon crystallization. Grouping both whole rock and
glass samples by tephra, ignimbrite, and lava samples show
linear regressions with broadly similar slopes between each
other, but are unlike the slope for dome samples (Table 1;
Supplementary Material, Figure S4). Note the smaller sample
sizes and higher P values for tephra and ignimbrite suggest
these correlations are not significant (Table 1).

4.3 Influences on effective viscosity and magma eruptibility

For samples where we have reported glass compositions, we
calculated the effective viscosity using the crystallinity of a
sample in conjunction with its melt viscosity, which was cal-
culated using the reported glass composition at a given tem-
perature and water content (see Section 2). Reported glass
composition typically do not include H2O or if they do these
H2O contents are likely to be impacted by degassing and not
directly relevant to subvolcanic magma transport and stor-
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Figure 4: [A] Calculated melt viscosity values for each sample with reported major element chemistry as glass following the
approach of Giordano et al. [2008] at respective temperatures assigned discretely based on relative SiO2 content and a range of
fixed water contents. Note crystal content is not considered in this calculation. Samples are also categorized by eruptive style
(symbol). [B–D] Calculated effective viscosity values for each sample at variable water contents. Melt viscosity reported in [A]
was used in conjunction with reported crystallinity for each sample to calculate the suspension or effective viscosity using the
Maron and Pierce [1956] equation (see text). The color bar represents the melt viscosity of each sample. Dashed horizontal
line is the critical viscosity of 106 Pa.s identified by Takeuchi [2011] for reference. A cumulative distribution function (CDF) is
included as an inset.

age [e.g. Rasmussen et al. 2022]. Therefore, we calculated
all compositions with representative values of H2O contents
of 0.5, 2.0, and 5.0 wt.% H2O (Figure 4). The “critical vis-
cosity” that marks the transition between eruptible and non-
eruptible magma, was defined at 106 Pa.s by Takeuchi [2011]
based on empirical evidence showing a restricted viscosity
range between 104–106 Pa.s, suggesting more viscous mag-
mas (≥ 106 Pa.s) cannot leave their host magma chamber
and erupt (dashed line: Figure 4B–D). Most calculated effec-
tive viscosities in our study (i.e. 60 %) fall at or beneath this
threshold, with the exception of very low water contents (i.e.
0.5 wt.% H2O; Figure 4B). However, at higher crystallinities a
more complex relationship exists, and comparing our calcu-

lations to a threshold of 106 Pa.s suggests that generally, both
melt viscosity and crystallinity contribute to a magma reach-
ing critical viscosity (Figure 4B–D).

Melt viscosity is largely dependent on SiO2 content and
H2O content (Figure 4A), where increasing silica content of
the melt increases melt viscosity and increasing water content
decreases melt viscosity (Figure 4A). Both of these observa-
tions are well-established relationships [Sigurdsson et al. 2015],
although a non-linear relationship between viscosity and wa-
ter content has also been observed [Hess and Dingwell 1996].
Overall, our calculations suggest an important role for H2O in
controlling the melt viscosity of the silicate liquid in magmas,
especially in more silica-rich liquids, as our calculated effective
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Figure 5: Calculated effective and melt viscosity values for each sample with reported major element chemistry as glass at a
range of fixed water contents (see Section 2). Note crystal content is shown by the color bar and each sample is grouped by
eruptive style (symbol). The dashed line represents a 1:1 line.

viscosities for lower water contents show significant propor-
tions of samples well above the 106 Pa.s threshold (Figure 4B).
Fewer samples (15 %) lie above this threshold for higher wa-
ter content with 5.0 wt.% H2O (Figure 4D). This is equivalent
to a saturation pressure for a magma storage depth of ~4–
6 km, broadly consistent with observed magma storage in the
shallow crust [e.g. Huber et al. 2019; Wieser et al. 2023]. Unre-
alistically high-water contents (≪ 10 wt.% H2O) are required
to get all calculated viscosities below the defined threshold,
suggesting 106 Pa.s is not completely representative value that
distinguishes eruptible from non-eruptible magmas, or there
are other mechanisms that allow more crystal-rich magmas to
erupt. The higher melt viscosities of silicic liquids also allow
a magma to reach the 106 Pa.s threshold at lower crystal frac-
tions (Figure 4B–D). For example, a sample with 75 wt.% SiO2
and 5 wt.% H2O in our dataset reaches the critical viscosity
(106 Pa.s) at 40 vol.% crystallinity while a sample with 65 wt.%
SiO2 and 5 wt.% H2O reaches the critical viscosity at 50 vol.%
crystallinity.

Beyond melt viscosity, it is clear that crystallinity also
greatly influences effective viscosity. Figure 5 shows effec-
tive and melt viscosity plotted near a 1:1 line in which crys-
tal content is shown for each sample by the color bar. Here
it is apparent that at crystallinities >40 vol.%, crystallinity is
far more influential than melt viscosity. In some cases, crys-
tal contents double the relative viscosity value (Figure 5A–C).
Melt viscosity and effective viscosity approach the 1:1 line at
lower crystals contents, a relationship that has been well es-
tablished by previous work (e.g. review by Mader et al. [2013]).
In other words, samples with crystallinities >40 vol.% reach
and/or exceed critical viscosity threshold of 106 Pa s far more
efficiently. Our compilation suggests that across the entire
spectrum of erupted igneous compositions melt viscosity and
crystal content both play important roles in effective viscos-
ity. For low volume fractions of crystals, melt viscosity seems
to control the effective viscosity evolution (as observed else-
where, e.g. Pereira et al. [2022] and Zandonà et al. [2023]),
while for crystallinities higher than 40 vol.% crystal fraction
is the most important feature controlling effective viscosity of
magmas.

5 CONCLUSIONS

Our compiled dataset of the crystallinity of volcanic rocks
shows erupted rocks with crystallinities greater than 60 vol.%
are very rare in nature and are largely limited to a small subset
of lava dome samples. These results suggest that the widely
used critical crystallinity threshold of 50–60 % crystals rep-
resent a fundamental limit for eruptibility for most magmas.
Our data also highlight the important influence of liquid SiO2
content on the critical crystallinity, with an apparent reduction
in critical crystallinity of up to ~20 vol.% crystals for bulk com-
positions between basalt and rhyolite. However, the magni-
tude of this effect also appears lower in our larger compilation
than in previous work based on more limited sample collec-
tions. Melt viscosity (as a function of SiO2, temperature, and
H2O content) and crystallinity both play important roles on in-
creasing effective viscosity, where melt viscosity plays a more
important role at low crystal fractions, and crystallinity plays
a more important role at crystallinities greater than ~40 vol.%.
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