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ABSTRACT
Extremely high-grade, lava-like welded ignimbrites are produced 

by many large explosive eruptions with volumes typically 101–103 km3. 
However, understanding of the physical properties of these unusual 
deposits, and their transport and depositional mechanisms, is incom-
plete. The lava-like and rheomorphic Grey’s Landing ignimbrite, 
Idaho (western United States), provides abundant fi eld evidence sup-
porting the upward migration of a transient, <2-m-thick, sub-horizon-
tal ductile shear zone at the interface between the pyroclastic density 
current and the deposit, through which all of the aggrading pyroclas-
tic material passed. Here we use a combination of rheological experi-
ments and thermo-mechanical modeling to test the syndepositional 
shear zone model. We show that syndepositional welding and ductile 
fl ow are achievable within a very restricted fi eld of likely tempera-
ture–strain rate space, where rapid deformation is favored by higher 
emplacement temperatures (≥850 °C). The fi eld of ductile deformation 
is broadened signifi cantly by accounting for strain heating, which per-
mits a sustained temperature increase of up to 250 °C within the shear 
zone and helps to explain the enormous extents of lava-like lithofa-
cies and the intense rheomorphism recorded in extremely high-grade 
ignimbrites. Recognition of strain heating within rheomorphic ignim-
brites suggests that large pyroclastic density currents may travel over 
a hot substrate, potentially hotter than the density current itself.

INTRODUCTION
Extremely high-grade ignimbrites exhibit lava-like lithofacies char-

acterized by intense welding resulting in pervasive fl ow banding, fl ow 
folding (rheomorphism), lower and upper vitrophyres, columnar jointing, 
minor autobreccias, and a paucity of the vitroclastic textures (e.g., fi amme) 
that are common in lower-grade examples (Branney and Kokelaar, 1992). 
Although characteristic of several large igneous provinces, including the 
Snake River Plain, Idaho (western United States; Branney et al., 2008), 
and disproportionally associated with the largest silicic eruptions docu-
mented (>1800 km3; volcanic explosivity index ≥8.5; Bryan et al., 2010), 
high-grade ignimbrites are atypical of most metaluminous volcanic 
sequences. Extremely high-grade tuffs exist toward the high-temperature 
and low-viscosity end of a welding continuum between non-welded tuffs 
and agglutinated fountain-fed lavas (Branney and Kokelaar, 1992). The 
evolving rheological and mechanical behaviors of low- and moderate-
grade tuffs (Quane and Russell, 2005a) and fountain-fed lavas (Sum-
ner et al., 2005) are well documented; in contrast, despite several fi eld 
descriptions of lava-like tuffs (e.g., Sumner and Branney, 2002; Andrews 
and Branney, 2011), the evolution of physical properties during transport, 
deposition, welding, and rheomorphic fl ow is not well understood.

Lava-like lithofacies are the result of intense welding and rheomor-
phism whereby hot, pyroclastic material is rapidly ductilely deformed 
such that non-coaxial fl ow of the deposit is pervasive (Branney et al., 
2004). In the fi eld, they are often indistinguishable from lavas (Henry 
and Wolff, 1992); their pyroclastic origin is often only recognizable at 
the microscopic level in low-strain domains. While rheomorphism is far 
from uncommon in ignimbrites, it is typically coaxial, controlled by local 
topographic gradients (Chapin and Lowell, 1979), and localized to dis-
crete zones within otherwise lower-strain domains (Wolff and Wright, 
1981; Kobberger and Schmincke, 1999). Lava-like tuffs are end-member 

examples of extreme welding and pervasive, intense, non-coaxial strain 
rheomorphism affecting an entire deposit. Based on fi eld observations of 
the Grey’s Landing (Idaho) ignimbrite, it has been proposed that lava-
like tuffs form by deformation of the pyroclasts in a transient, vertically 
migrating shear zone synchronous with deposition and welding (Fig. 1).

The Grey’s Landing Ignimbrite
The ignimbrites of the Miocene Rogerson Formation (Andrews et 

al., 2008), Snake River Plain volcanic province, include two that are per-
vasively rheomorphic and lava-like. They are examples of metaluminous, 
Snake River–type ignimbrites (Branney et al., 2008) and are inferred to 
have low magmatic water contents (<1.5 wt%), based on anhydrous crystal 
assemblages and crystallization experiments (Almeev et al., 2012). Min-
eral thermometry suggests magmatic temperatures of ≥850 °C (Cathey 
and Nash, 2004; Andrews and Branney, 2011).

The pervasively rheomorphic Grey’s Landing ignimbrite records 
strains of 10–1000 based on estimates from stretched vesicles, and sev-
eral lines of evidence suggest that rheomorphism was syndepositional 
(Andrews et al., 2008; Andrews and Branney, 2011); the most important of 
these are that (1) intense rheomorphism is recorded throughout the entire 
deposit, including in the rapidly quenched lower and upper vitrophyres, 
and (2) inferred syndepositional rheomorphic fabrics were pervasively 
refolded by later, demonstrably postdepositional, gravity-driven fl ow.

METHODS

Viscosity Measurements
We used parallel-plate viscometry to measure the apparent viscos-

ity of the basal Plinian ash-fall tuff (GLB; Andrews et al., 2008), which 
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Figure 1. Cartoon representations of the vertically migrating shear 
zone model (A) (Andrews and Branney, 2011) and the thermal model 
parameters and boundary conditions for model shown in A (B). Vis-
cosity (ηapp) as a function of temperature in the shear zone, T, is cal-
culated using Equation 5. Temperature as a function of depth in the 
shear zone is calculated via Equation 9. Other parameters are explic-
itly defi ned in Table 1. 
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together with the ignimbrite forms a single cooling unit; it is fused, but 
has not been affected by rheomorphism or devitrifi cation. The GLB unit is 
laminated, is moderately porous (~15%), contains 10%–20% crystals, and 
best represents the initial state of the overlying ignimbrite, prior to post-
emplacement crystallization. The apparent viscosity ηapp is determined by 
measuring the deformation rate of nominally anhydrous GLB cylindrical 
cores, initially 6–12 mm long and ~11 mm in diameter, under a constant 
load and temperature. Results are given in Table DR1 in the GSA Data 
Repository1. The temperature dependence of the viscosity is described 
by Equation 5 (in Table 1), and is similar to that of high-silica rhyolites 
erupted as lavas (Neuville et al., 1993).

Strain Heating Modeling
Rheomorphism may also be promoted by viscous heating caused by 

ductile deformation within the migrating shear zone. Viscous heating in 
melts has been investigated in the context of lavas and volcanic conduits 
(Costa and Macedonio, 2005; Cordonnier et al., 2012), but not in welded 
tuffs. We modeled strain heating in the shear zone in one dimension by 
solving the heat-fl ow equation numerically (Equation 9 in Table 1; Fig. 1B), 
using the fi nite difference method implemented in MATLAB (see the Data 
Repository). The widths of the enveloping surfaces of curvilinear folds and 
sheath folds observed in the fi eld constrain the vertically migrating shear 
zone to 1–2 m in width (Andrews and Branney, 2011). The maximum total 
time for deformation is the duration of the eruption (up to tens of hours; Self, 
2006). Strain rate can be estimated independently based on fi nite strain from 

fi eld measurements, and assuming deposition from a quasi-steady pyroclas-
tic current, with a constant strain-rate distribution across the shear zone. 
This is equivalent to the strain rate experienced by a pyroclast deforming in 
a vertically migrating shear zone with a linear translation velocity profi le, 
where strain rate is defi ned as the ratio of translation velocity to shear zone 
thickness. We leave shear stress to be defi ned by the apparent viscosity of 
the material being deformed in our experiments because it is not possible 
to obtain independent constraints on shear stress experienced by the deposit 
during deformation. The intensity of strain (ε) recorded at any particular 
height in a lava-like rheomorphic ignimbrite is a function of both the strain 
rate, ε�def, and the duration of the transient period in which that particular 
level resided within the migrating shear zone, tres. The deformation time 
scale is defi ned as the inverse of the strain rate. The apparent viscosity (ηapp) 
data derived from our viscosity experiments allow us to calculate the Debo-
rah number, De, defi ning the lowest-temperature or highest-strain-rate con-
ditions at which ductile deformation is possible. The relaxation time scale 
of the melt is obtained through the Maxwell relation τrel = ηapp/G∞, where G∞ 
is the unrelaxed elastic shear modulus (~1010 Pa; Dingwell and Webb, 1989; 
Whittington et al., 2012). The evidence for ductile deformation obtained 
from fi eld relationships implies that the deformation time scale in the shear 
zone had to be longer than the relaxation time scale (De < 1). In practice, 
the deformation in the shear zone will be brittle before De = 1 is reached, 
and the onsets of non-Newtonian and brittle behavior occur three and two 
orders of magnitude before the theoretical Maxwell criterion, respectively 
(Webb and Dingwell, 1990; Cordonnier et al., 2012).

1GSA Data Repository item 2013286, details of numerical modeling, and Table DR1 (sample characterization and viscosity results), is available online at 
www.geosociety.org/pubs/ft2013.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Symbol Defi secnerefeRtinU*eulaVnoitauqEnoitin 

ter )6002( fleSh)05–5( sneTnoitarud noitpurE
hdep )1102( yennarB dna swerdnAm)05( 001 ot pUssenkciht tisopeD
hsz )1102( yennarB dna swerdnAm)2( 2–1ssenkciht enoz raehS

vsz

Shear zone vertical 
migration velocity

=v
h

tsz
dep

er

 (EQ. 1) 1–10 m h–1 This study

tres

Residence time in the 
shear zone

=t
h
vres

sz

sz  
(EQ. 2) <<50 (0.2–20) h This study

ε )001( 0001–001niarts devresbO Andrews and Branney (2011), 
Andrews et al. (2008)

ε
def

Deformation strain rate ε = ε
tdef

res  
(EQ. 3) 1.4 × 10–2−1.4 × 10–1 s–1 This study

 τdef
Deformation time scale τ =

ε
1

def
def  

(EQ. 4) 7.2–72 s This study

ηapp

Apparent viscosity of 
deposit )(

η = − +
−T

log 4.5
13,441
K 304.5app

 
(EQ. 5) Pa·s

τrel
Relaxation time scale τ =

η

∞Grel
app

 
(EQ. 6) s

De Deborah number = τ
τ

De rel

def  
(EQ. 7)

G∞

Unrelaxed elastic 
shear modulus 1010 Pa Dingwell and Webb (1989), 

Whittington et al. (2012)

Tdep

Deposition 
temperature <1050 °C See text

CP gk J3231yticapac taeH –1 K–1 Bouhifd et al. (2006)
D 01 × 5.0ytivisuffid lamrehT –6 m–2 s–1 Romine et al. (2012)

ρ m gk0032ytisneD –3 This study

Qstrain Strain heating = η × εQstrain app def
2

 (EQ. 8) W m–3 This study

∂
∂
T
t

Temperature change 
over time

∂
∂

=
ρ

∂
∂

ρ ∂
∂

⎛
⎝

⎞
⎠+

ρ
T
t C t

C D
T
z

Q
C

1

P
P

P

strain

 
(EQ. 9) K s–1 This study

*Values used in calculations are as listed or specifi ed in parentheses.
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RESULTS

Rheology of the Grey’s Landing Ignimbrite
Our viscosity measurements show that high deposition temper-

atures (>900 °C), or lower temperatures if the melt contained some 
dissolved water (~850 °C for ~0.1 wt% H2O), would allow for syn-
depositional rheomorphism to impose total strain up to ~100 in ~2 h. 
A deposition temperature higher by ~50 °C in both dry and slightly 
hydrous scenarios allows for syndepositional rheomorphism to impose 
total strain up to 100 in ~12 min. Alternatively, total strain up to 1000 
may be applied during syndepositional rheomorphism in ~2 h at those 
higher temperatures.

Rheomorphism can occur on the short time scales required by the 
fi eld observations (i.e., synchronous with aggradation) only if deposition 
temperatures matched the high magmatic temperatures of the Grey’s 
Landing ignimbrite. For example, dry GLB at ~900 °C plots just inside 
the fi eld of possible rheomorphism for a 2 h shear zone residence time 
(dark gray arrow in Fig. 2). Shorter residence times (e.g., light gray arrow 
in Fig. 2) require higher deposition temperatures or dissolved volatiles 
for deformation to be ductile. If strain heating is not considered, only 
high deposition temperature–low strain rate combinations allow for duc-
tile deformation. The dry melts making up the Grey’s Landing deposit 
would require excessively long deformation times of days to weeks to 
produce the strain measured in the deposit.

The Contribution of Strain Heating
In Figure 3, we show a compilation of models with deposition 

temperature–strain rate (or residence time) combinations that allow for 
ductile deformation within the shear zone. Field evidence in favor of 
ductile deformation is overwhelming, and we therefore reject all con-
ditions resulting in brittle deformation (De > 10–2), for which strain 
heating as defi ned in Equation 8 (in Table 1) is no longer applicable. 
Thermal modeling demonstrates that strain heating of at least a few tens 
of degrees will occur under likely deposition conditions, with higher 
strain rates resulting in higher peak temperatures (Fig. 3). The rate of 
temperature increase is initially large just after deposition when viscos-
ity of the material is high. As deformation progresses, the temperature 
increase due to strain heating results in a decrease of viscosity, which in 
turn slows the rate of further heating. If dynamic thermal equilibrium 
is achieved, heat will concentrate in the center of the shear zone (e.g., 
Figs. 3H–3K). For shorter residence times, where steady-state has not 
been achieved, the temperature profi les are truncated and plug like (e.g., 
Figs. 3A–3C). For longer shear zone residence times at lower strain rates 
than shown in Figure 3, conductive heat loss exceeds heat production by 
strain heating.

DISCUSSION
The results demonstrate that initial deposition temperatures of 850–

900 °C are consistent with syndepositional rheomorphism for shear zone 
residence times on the order of ~2–20 h, with strain heating resulting in 
peak temperatures of ~1030–1100 °C. Therefore, pervasive rheomor-
phism leading to lava-like lithofacies does not require high pre-eruptive 
temperatures (≥1000 °C, depending on the amount of cooling during 
transport) or high volatile contents to reduce the viscosity. Strain heating 
is only effi cient above a critical strain rate, which is higher for hotter depo-
sition temperatures. Below this critical strain rate, strain heating simply 
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Figure 2. Deborah number (De; ratio of relaxation time scale [τrel] over 
deformation time scale [τdef] of the material) against dimensionless 
temperature (ratio of deposition temperature [Tdep] over glass transi-
tion temperature [Tg] approximated by temperature at which appar-
ent viscosity of material is 1012 Pa·s). Two main fi elds are defi ned in 
this space: (1) a fi eld where deformation is brittle (hatched pattern), 
and (2) a fi eld where rheomorphism is possible because deforma-
tion is ductile. Hollow white squares represent measured apparent 
viscosity of the Grey’s Landing basal ash tuff unit, GLB, at differ-
ent temperatures, from left to right: 856.3, 904.9, 951.4, and 978.3 °C 
for viscosities of 11.82, 10.82, 10.18, and 9.67 log Pa·s, respectively. 
Black circles are viscosity data calculated using Equation 5 in Ta-
ble 1. Open circles show calculated effect of dissolved H2O (wt% in 
parentheses) on viscosity of GLB using the Giordano et al. (2008) 
model. Two arrows represent different shear zone residence times of 
12 min (light gray arrow) and 120 min (dark gray arrow).

Figure 3. Results of one-
dimensional thermal 
modeling of strain heat-
ing organized by deposi-
tion temperature versus 
residence time in the 
shear zone. Each panel 
shows temperature on 
horizontal axis and depth 
in shear zone on vertical 
axis. Curves represent 
snapshots of tempera-
ture in the shear zone 
for each tenth of the to-
tal residence time. First 
and last time steps are in 
black, intermediate time 
steps in gray.
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buffers cooling of the deposit. When strain rates are too high, deformation 
is brittle, and thus the infl uence of strain heating in syndepositional rheo-
morphism is restricted; initial deposition temperature–strain rate condi-
tions must be at De < 1 for strain heating to start.

Pervasive syndepositional rheomorphism resulting in lava-like litho-
facies therefore requires an unusual concatenation of circumstances, with 
strain rates restricted to a narrow window. If strain heating begins quickly 
during the deposition of a large ignimbrite, then the pyroclastic density 
current will travel over a hot substrate, potentially hotter than the current 
itself, which would have important implications for the thermal budget 
of the current and runout distance of the deposit. These large ignimbrites 
will be very hot, thoroughly welded, and lava-like by the time they emerge 
from the depositional shear zone, and can be easily remobilized; for exam-
ple, the middle and upper parts of thick sections of the Grey’s Landing 
deposit are pervasively refolded (Andrews and Branney, 2011).

Once a volume of the deposit has passed out of the high-strain-rate 
regime of the depositional shear zone, it may still be above the glass tran-
sition and still be able to weld or vesiculate, even if it was not hot enough 
to deform ductilely within the shear zone. In many ignimbrites that are 
only locally rheomorphic (e.g., the Huckleberry Ridge Tuff, Idaho; Geiss-
man et al., 2010), rheomorphism probably occurred entirely postdeposi-
tion. Just as gravity-driven strain heating has been suggested as a contrib-
uting factor to extensive, sustained fl ow of viscous lavas (Nelson, 1981; 
Avard and Whittington, 2012), it could equally facilitate localized postde-
positional rheomorphism. Our modeling shows that cooling can be buff-
ered for as long as strain rates >10–6 s–1 can be sustained in a 50-m-thick 
deposit (or lava) at 700 °C. This overlaps with the upper end of strain rates 
for welding by compaction (Quane and Russell, 2005b). Strain heating is 
an inevitable result of magma transport both pre- and post-eruption, and 
should be taken into account in thermal-rheological modeling of volcanic 
processes at both high and low strain rates.
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