
Geological Society of America | GEOLOGY | Volume 51 | Number 10 | www.gsapubs.org 957

Manuscript received 26 July 2022 
Revised manuscript received 19 April 2023 

Manuscript accepted 20 July 2023

https://doi.org/10.1130/G51318.1

© 2023 The Authors. Gold Open Access: This paper is published under the terms of the CC-BY license.

CITATION: Shamloo, H., and Grunder, A., 2023, Magma mingling and ascent in the minutes to hours before an explosive eruption as recorded by banded pumice: 
Geology, v. 51, p. 957–961, https://doi.org/10.1130/G51318.1

Magma mingling and ascent in the minutes to hours before an 
explosive eruption as recorded by banded pumice
Hannah I. Shamloo1,* and Anita L. Grunder2

1 Department of Geological Sciences, Central Washington University, Ellensburg, Washington 98926, USA
2 College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, Oregon 97331, USA

ABSTRACT
High-threat explosive silicic eruptions commonly contain banded pumice, re!ecting magma 

mingling in the conduit prior to or during eruption. Heterogeneities in tuffs have been at-
tributed to the draw-up of compositionally distinct magmas, in which low-viscosity magmas 
ascend more quickly than high-viscosity magmas. The Rattlesnake Tuff of the High Lava 
Plains in Oregon (northwestern United States) represents a zoned magma reservoir where 
at least "ve different rhyolite compositions are preserved in banded pumice samples in vari-
able mingled combinations. Geochemical gradients recorded across band boundaries in 
pumice were modeled using a Monte Carlo least-square minimization procedure to "nd the 
complementary error function that best "t observed Si and Ba diffusion pro"les by itera-
tively varying the concentration of each plateau (i.e., the concentration on either side of the 
band boundary), the center and spacing of the diffusion pro"le, diffusion length scale, and 
temperature. Modeling indicates maximum time scales between mingling and conduit ascent 
from minutes to hours. Viscosity calculations for each rhyolite composition con"rm that highly 
viscous rhyolites have longer ascent times than low-viscosity magmas, strongly supporting a 
model of sequential tapping of a zoned chamber controlled by viscosity.

HETEROGENEITIES IN TEPHRA
Explosive silicic eruptions produce pyroclas-

tic density currents that can cover landscapes 
and threaten human populations and agricul-
ture, and even affect global climate. Despite 
the risk associated with these events, questions 
remain regarding the pre-eruptive con!guration 
of magma as well as the timing of magma ascent 
and eruption. Many explosive deposits contain 
heterogeneities as (1) chemically or thermally 
zoned ignimbrites indicating heterogeneities in 
the pre-eruptive magma con!guration itself, and/
or (2) the presence of banded pumice indicating 
the simultaneous tapping of distinct composi-
tions upon eruption (e.g., Lipman, 1967; Hil-
dreth, 1979, 1981; Spera et al., 1986; Grunder 
and Mahood, 1988; Bacon and Druitt, 1988; 
Wolff et al., 1990; Hildreth and Fierstein, 2000; 
Aguirre-Díaz, 2001; Bacon and Lanphere, 2006; 
Pabst et al., 2008; Huber et al., 2012; Ellis et al., 
2014; Bachmann and Huber, 2016). Moreso, the 

compositional layering (i.e., bands) in banded 
pumice (which are commonly intricately lay-
ered and folded) indicates the #uid mingling 
of distinct magma types during magma ascent 
in the conduit itself (e.g., Andrews and Manga, 
2014). Furthermore, the preservation of such 
sharp bands implies that the duration of time 
for distinct magmas to be juxtaposed was short.

Through mathematical analysis, Blake (1981) 
attributed zoning in ignimbrites and composition-
ally banded pumice to the evacuation of magma 
by a series of successive spherical sampling shells 
that increase in volume with time and intersect 
with density-strati!ed horizontal layers in a 
magma chamber (Fig. 1A). This way, less-viscous 
magma draws up more quickly, leading to min-
gling of distinct magmas in the conduit upon and 
during ascent and eruption (Blake and Ivey, 1986; 
Spera et al., 1986). What has yet to be done is to 
con!rm this model (Fig. 1A) by quantitatively 
determining the time scales of magma mingling 
and their subsequent ascent, which is important 
for interpreting petrologic and seismic evidence 
of magma recharge and eruption triggering (e.g., 

Eichelberger, 1980; Ruprecht et al., 2008; Wright 
et al., 2011; Till et al., 2015; Shamloo and Till, 
2019; Bardelli et al., 2020; Shamloo et al., 2021).

Diffusion chronometry is a powerful tool for 
estimating time scales using the chemical gra-
dients recorded in zoned erupted material but is 
commonly applied to mineral zoning (e.g., Costa 
et al., 2020, and references therein). Glass zoning 
(i.e., the contact between distinct bands in pum-
ice), on the other hand, has been underutilized by 
diffusion chronometry, despite also experiencing 
elemental diffusion across zone boundaries, which 
is recorded as chemical gradients rather than an 
abrupt step in composition. In the case of banded 
pumice, we assume the chemical gradient repre-
sents the timing between the !rst contact between 
two rhyolite compositions in the conduit (i.e., 
magma mingling) and their eruption, when dif-
fusion ceases. Here, we apply diffusion chronom-
etry to the chemical gradients recorded across the 
boundaries within banded pumice to estimate the 
timing of magma mingling and ascent. In addition, 
we test the role of viscosity as proposed by Blake 
(1981) where less-viscous materials ascend faster 
than more-viscous materials and lead to heteroge-
neities in explosive eruptive products. The novel 
technique of applying diffusion chronometry to 
vesiculated material poses many additional chal-
lenges. Our method serves as a proof of concept, 
demonstrating the ability to calculate time scales 
of pre- and syn-eruptive magmatic processes asso-
ciated with threatening explosive eruptions using 
a commonly observed rock type.

BANDED PUMICE OF THE 
RATTLESNAKE TUFF, HIGH LAVA 
PLAINS, EASTERN OREGON

Spectacular dark-light banding preserved 
in pumices of the Rattlesnake Tuff make it the 
target of this study (Fig. 2; Fig. S1 in the Sup-
plemental Material1). The ca. 7 Ma Rattlesnake *shamlooh@cwu .edu
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1Supplemental Material. Additional !gures with discussion of analytical and modeling methods (File S1: Figs. S1–S6), data collected (File S2: Tables S1–S4), and 
Python script (File S3). Please visit https://doi .org /10 .1130 /GEOL .S.23749350 to access the supplemental material, and contact editing@geosociety .org with any questions.
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Tuff eruption is part of basalt-rhyolite volca-
nism in the High Lava Plains of eastern Oregon 
(northwestern United States) (Fig. S2; Streck 
and Grunder, 1995, 1997, 2008; Laib, 2016) 
resulting in a poorly welded to nonwelded tuff 
with an estimated magmatic volume of 280 
km3. Rhyolites within this single eruptive unit 
fall into !ve compositionally distinct rhyolite 
groups (A–E; Fig. 1B; Fig. S3), characterized 
mainly by variations in Si, Ba, and Fe but also 
minor and trace elements including Ti, La, Eu, 

Ta, Nb, Zr, Hf, Rb, Cs, Th, and U (Fig. S3; Streck 
and Grunder, 1997; Swenton and Streck, 2022). 
As many as four groups have been documented 
in a single sample (Swenton and Streck, 2022). 
Pumice are !nely vesicular throughout (typically 
∼70% vesicularity), with vesicle sizes ranging 
from a few microns to >100 µm wide (Fig. S4).

Swenton and Streck (2022) veri!ed that the 
!ve distinct rhyolite types (A–E) were likely 
strati!ed by density (Streck and Grunder, 1997) 
and experienced little to no chemical mixing 

prior to eruption. Their density calculations 
show that the less-dense rhyolite A, with the 
most evolved composition, resided at the top 
of the magma reservoir and rhyolite E at the 
bottom (Fig. 1A; Streck and Grunder, 1997; 
Swenton and Streck, 2022). This interpretation 
is supported by rhyolite A occurring alone at the 
base of the eruptive unit, indicating it was the 
!rst composition to erupt (Streck and Grunder, 
1997). The boundaries between bands in rhyolite 
pumice are sharp to crenulate, suggesting they 
were not in contact for very long, and mechani-
cal mixing (or mingling) likely occurred within 
the conduit itself upon and during ascent.

In addition to being density strati!ed, the 
pre-eruptive Rattlesnake Tuff magma was ther-
mally zoned (Fig. 1A). Rhyolite E storage tem-
perature was 900 ± 70 °C and rhyolite A was 
800 ± 40 °C (rhyolite-MELTS thermometry; 
Swenton and Streck, 2022). Quartz-albite-
orthoclase and clinopyroxene barometry yield 
pressures between 170 (rhyolites A and B) and 
215 MPa (rhyolites C, D, and E), or ∼6–8 km 
depth (Swenton and Streck, 2022). Rhyolite A 
was likely water saturated, whereas the other 
rhyolites were barely undersaturated, as inferred 
from the position of rhyolite compositions rela-
tive to the water-saturated minimum in haplo-
granite ternary space (Streck and Grunder, 1997).

ELEMENTAL DIFFUSION ACROSS 
PUMICE BAND BOUNDARIES

Chemical gradients of major and minor ele-
ments were measured across band boundaries 
using an electron microprobe with variable spac-

A B

Figure 1. (A) Schematic representation of the pre-eruptive con!guration of the Rattlesnake Tuff magma reservoir based on compositional 
variability of banded pumice (Streck and Grunder 1995, 1997; Swenton and Streck, 2022). Rhyolite groups A through E refer to distinct com-
positional types based on groupings shown in B. Dashed circles represent spherical shells successively sampled upon eruption, after Blake 
(1981). Black arrows represent "ow paths of magma draw-up between compositional boundaries. Temperature, pressure, depth, and density 
estimates are provided for inferred top and bottom of the chamber (Streck and Grunder, 1997; Swenton and Streck, 2022). (B) Element variation 
diagrams collected via electron microprobe of distinct rhyolite groups preserved within Rattlesnake Tuff banded pumice. FeO* represents total 
Fe, and the error bars represent the uncertainty in concentration measurements via electron microprobe. Streck and Grunder (1997) data are 
shown by diamonds and outlined by shaded regions in the !rst two panels. Data are colored coded (or compositionally binned) based on the 
respective rhyolite group after the characterization established by Streck and Grunder (1997) and Swenton and Streck (2022).

Figure 2. Electron microprobe transect measured across a band boundary in Rattlesnake Tuff 
pumice. Best-!t solution to the diffusion equation is shown by the dashed line (for modeling 
details, see text). The diffusion equation is included in the lower right corner, where C is the 
normalized concentration, C1 and C2 are the initial amounts of the elements on each side of 
the interface at time zero, Di is the calculated diffusivity in m2/s, t is the diffusion time, and x 
is the midpoint of concentration gradient. Location of probe transect (red arrow) is shown on 
photo of thin section in bottom right, and associated hand sample is shown in upper right. 
Shaded boxes are shown to demonstrate how plateau data points on each side of the pro!le 
were averaged and used to characterize into a respective rhyolite group. Here, the pro!le rep-
resents timing between mingling and eruption for rhyolite E with B.
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ing depending on the available pumice surface 
(Fig. 2; Table S1 and Fig. S5 in the Supple-
mental Material). Note that not all measured 
transects yielded resolvable diffusion pro!les 
but all are included in Table S1. The data in the 
distal plateaus (i.e., the elemental concentra-
tions on each side of the band boundary) were 
averaged and assigned a rhyolite composition 
based on the criteria from previous studies to 
establish mingled end members and therefore 
spatial context for the mingling and ascent time 
calculated (Fig. 1B; Streck and Grunder, 1997; 
Swenton and Streck, 2022). A full suite of trace 
elements was not analyzed, and therefore not all 
the discriminants of previous work are applied.

Diffusion modeling was employed using 
Si and/or Ba zoning (preferably both where 
both elemental pro!les were resolvable on the 
probe) across the boundaries between distinct 
bands within Rattlesnake Tuff pumice samples 
(Fig. 2). The measured concentration pro!les 
were modeled with a Monte Carlo least-square 
minimization procedure implemented in Python 
to !nd the complementary error function that 
best !t each observed element pro!le assuming 
an initial condition of a step function that physi-
cally represents the !rst contact of mechanical 
mingling between rhyolites (Fig. 2; Fig. S5). 
Arrhenius parameters for Ba were used from 
Magaritz and Hofmann (1978), which were 
determined for high-silica rhyolites with con-
ditions relevant to the Rattlesnake Tuff (Table 
S3). Arrhenius parameters for Si were less 
straightforward, and instead two diffusivities 
for Si in rhyolite (i.e., Si in rhyolite with 3 ver-
sus 6 wt% H2O; Baker, 1991) were tested. Water 
content for the Rattlesnake Tuff has been placed 
at 2–4 wt% H2O and no more than 5 wt% H2O 
based on rhyolite-MELTS modeling (Swenton 
and Streck, 2022). The exact water content in the 
conduit between mingled pairs is unknown, but 
when modeling Si pro!les using the diffusivity 
of Si in rhyolite with 6 wt% H2O, the resulting 
time scales disagree with Ba time scales. In addi-
tion, the general width of the Ba and Si pro!les 
are the same, indicating that they record simi-
lar amounts of diffusive relaxation; therefore, 
we favor the time results using diffusivity of Si 
in rhyolite with 3 wt% H2O, which yield time 
scales that agree with Ba time scales.

To best account for sources of error intro-
duced from performing diffusion chronometry 
on vesiculated material, the model iteratively 
varied the concentration of each plateau by cre-
ating a Monte Carlo synthetic normal distribu-
tion of possible plateau values (after Brugman 
et al., 2022) as well as varying the center of the 
diffusion pro!le to account for the uncertainty 
in distance and the uneven spacing of measure-
ments to avoid vesicles during measurement. A 
range of temperatures was modeled based on 
thermometry results for each Rattlesnake Tuff 
rhyolite group (e.g., 760–970 °C; File S1). The 

diffusion length scale (i.e., the square root of the 
product of the diffusion coef!cient and time) 
was varied by calculating a range of diffusion 
coef!cients using the uncertainties in Arrhenius 
parameters D0 and EA (pre-exponential factor 
and activation energy). Therefore, rather than 
reporting a “best-!t time,” the model reported 
results as a best-!t pro!le that produced the low-
est mis!t between measured and modeled gradi-
ents from a combination of time–temperature–
diffusion coef!cient values (Brugman et al., 
2022). A cumulative distribution function of 
times was produced for a given pro!le, where the 
5th and 95th percentile of the distribution was 
taken as the reported minimum and maximum 
values in a given time interval (Fig. 3; Table S2).

Lastly, while our modeling approach tries to 
account for uncertainty in the measured pro!le 
itself, we acknowledge the additional limita-
tions to this study (further discussed in File 
S1). For example, if vesiculation were to have 
occurred during or after diffusion, then the dif-
fusion length would have been expanded, yield-
ing an apparently longer diffusion time. This is 
a likely scenario given that the Rattlesnake Tuff 
magma was stored at relatively shallow pres-
sures and was water saturated. This implies that 
calculated time scales here represent maxima. 
Additionally, a sensitivity test was performed 
by !tting multiple pro!les from the same 
boundary but with variable degrees of vesicu-
larity (File S2). We !nd time scales within error 
of each other (e.g., combination CD in Fig. 3), 
which indicates either !ne differences in time 
scales are lost in the spatial resolution of our 
measurements, or the differences in time scales 

are enveloped in the error associated with best-
!t time intervals.

THE TIMING OF MINGLING AND 
ERUPTION OF RATTLESNAKE TUFF 
RHYOLITES

In general, diffusion times range from min-
utes to hours depending on the rhyolite mem-
bers involved in mingling. The most striking 
observation is that time scales involving the 
mingling of rhyolite A (i.e., combinations AE 
and AD in Fig. 3) are generally longer than time 
scales involving the mingling of rhyolite B and 
C (i.e., BE and CD in Fig. 3). For example, the 
average time scale for mingled rhyolites A and 

E is 630
430
160
+
−

 min or 10
7
3
+
−

 hr, whereas the 

average time scale for mingled rhyolites C and 

D is an order of magnitude shorter at 8
6
1
+
−

 min. 

Based on its proximity to the conduit, rhyolite A 
should theoretically have been the !rst magma 
to enter the conduit and erupt, which is re#ected 
in the !eld observations of rhyolite A being at 
the base of most sections (Streck and Grunder, 
1997). Therefore, it is possible that rhyolite A 
generally spent the most time in the conduit, 
contributing to the longer time scales observed 
from our data set.

Another factor that could have led to longer 
time scales for mingled pairs involving rhyolite 
A is viscosity—where low-viscosity magmas 
are drawn up more quickly than high-viscosity 
magmas as originally proposed by Blake (1981). 

Figure 3. Summary of cal-
culated diffusion times 
for both Si and Ba. Diffu-
sion times are presented 
in separate panels by 
their respective rhyolite 
mingling combinations. 
The two-letter identi!er 
in each panel indicates 
the two rhyolite groups 
involved in mingling (see 
Fig. 1 for explanation of 
the five groups). Thick 
vertical lines are best-!t 
time, and shaded region 
surrounding each best-
!t time is the associated 
error envelope. Viscos-
ity contrast ratios are 
reported in parentheses 
and calculated by divid-
ing the average viscosity 
of the higher-viscosity 
magma by the average 
viscosity of the lower-
viscosity magma.
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Viscosity calculations were performed for each 
distinct rhyolite composition preserved in the 
banded pumice (Fig. 4; Table S4). As expected, 
rhyolite A is the most viscous relative to the 
other rhyolites (i.e., rhyolite A: 105.6–5.8 Pa·s; 
rhyolite E: 104.6–5.2 Pa·s) based on its chemi-
cal composition, water content, inferred tem-
perature, and crystal content (<1 vol%; Streck 
and Grunder, 1997; Swenton and Streck, 2022) 
likely contributing to the longer time scales 
associated with the mingling and ascent of rhy-
olite A. Additionally, viscosity contrast ratios 
were calculated for each mingled pair, illustrat-
ing that the higher the viscosity contrast, the 
longer the ascent times. These results potentially 
provide predictive power to ascent times of mag-
mas based on their viscosities.

Conduit ascent rates are calculated assuming 
the shallowest pressure recorded by Rattlesnake 
Tuff pumice marks the roof of the chamber and 
therefore the base of the conduit (i.e., 170 MPa 
≈ 6 km; Swenton and Streck, 2022). Generally, 
ascent rates range from 101 to 103 m/s (Table 
S3). These are in broad agreement with ascent 
rates determined from other explosive eruptions 
using other diffusion techniques (e.g., Fig. S6; 
Humphreys et al., 2008; Myers et al., 2016; 
Newcombe et al., 2020).

CONCLUDING REMARKS
We conclude maximum conduit ascent 

times for an explosive rhyolite eruption are on 
the order of minutes to hours and are strongly 
controlled by magma viscosity. While many 
limitations exist within this approach, this 
study serves as a proof of concept that diffu-
sion chronometry across compositional bound-
aries in banded pumice can be used to calculate 
pre- and syn-eruptive time scales for threaten-
ing volcanic eruptions. This work also provides 
support to numerical models related to magma 
#ow conduits.
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