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Laboratory density currents comprising warm talc powder turbulently suspended in air simulate many aspects of
dilute pyroclastic density currents (PDCs) and demonstrate links between bulk current behavior, sedimentation,
and turbulent structures. The densimetric and thermal Richardson, Froude, Stokes, and settling numbers match
those of natural PDCs as does the ratio of thermal to kinetic energy density. The experimental currents have
lower bulk Reynolds numbers than natural PDCs, but the experiments are fully turbulent. Consequently, the exper-
iments are dynamically similar to the dilute portions of some natural currents. In general, currents traverse the
floor of the experimental tank, sedimenting particles and turbulently entraining, heating, and thermally expanding
air until all particle sediments or the currents become buoyant and lift off to form coignimbrite plumes. When
plumes form, currents often undergo local flow reversals. Current runout distance and liftoff position decrease
with increasing densimetric Richardson number and thermal energy density. As those parameters increase, total
sedimentation decreases such that >50% of initial current mass commonly fractionates into the plumes, in agree-
mentwith someobservations of recent volcanic eruptions. Sedimentation profiles are best described by an entrain-
ing sedimentation model rather than the exponential fit resulting from non-entraining box models. Time series
analysis shows that sedimentation is not a constant rate process in the experiments, but rather occurs as series
of sedimentation–erosion couplets that propagate across the tankfloor tracking currentmotion and behavior. Dur-
ing buoyant liftoff, sedimentation beneath the rising plumes often becomes less organized. Auto-correlation anal-
ysis of time series of particle concentration is used to characterize the turbulent structures of the currents and
indicates that currents quickly partition into a slow-moving upper portion and faster, more concentrated, lower
portion. Air entrainment occurs within the upper region. Turbulent structures within the lower region track sedi-
mentation–erosionwaves and indicate that eddies control deposition. Importantly, both eddies and sedimentation
waves track reversals in flow direction that occur following buoyant liftoff. Further, these results suggest that indi-
vidual laminations within PDC deposits may record passage of single eddies, thus the duration of individual PDCs
may be estimated as the product of the number of laminations and the current's turbulent timescale.

Published by Elsevier B.V.
1. Introduction

Pyroclastic density currents (PDCs) rapidly transport and deposit
volcanic material over large areas, and the buoyant coignimbrite
plumes generated by currents can inject tephra into the stratosphere,
dispersing ash and aerosols over 1000 s of kilometers (Wilson, 2008).
Because PDCs are 100 s of meters thick, travel at speeds generally
>30 m/s, and are composed of hot (often >500 °C) particles turbulent-
ly suspended in air, they present substantial proximal hazards to people
and structures (Bursik et al., 1998; Druitt et al., 2002; Macias et al.,
2008; Dellino et al., 2010), and coignimbrite plumes formed by the lift-
off of PDCs pose distal hazards to aviation (e.g.Woods and Kienle, 1994;
Calder et al., 1997). Understanding the behavior of PDCs is thus critical
+1 202 357 2476.

.V.
to interpreting ancient eruptions and predicting and mitigating future
hazards. Unfortunately, direct observational records do not exist for
prehistoric eruptions or are fragmentary for many historic eruptions,
and the interiors of PDCs are impossible to directly observe because of
their size, velocity and temperature.

Deposits provide insights into PDCs not otherwise available. Ana-
lyses of deposit grain size distributions and componentry provide a di-
rect record of at least some portion of the particles transported by
currents and changes in the composition of deposits can be used to
infer spatial or temporal changes in current behavior and the ability,
or lack thereof, of the current to transport particles (Cole, 1991;
Branney and Kokelaar, 1997; Sparks et al., 1997; Bryan et al., 1998;
Calder et al., 2000; Branney and Kokelaar, 2002; Brown and Branney,
2004; Browne and Gardner, 2005; Vasquez, and Ort, 2006; Dufek and
Bergantz, 2007). Structures within the deposits, such as bedding, grad-
ing, or cross-stratification, reflect properties of the transporting current,
such as its duration or steadiness (Cole, 1991; Branney and Kokelaar,
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1997; Sparks et al., 1997; Bryan et al., 1998; Calder et al., 2000; Branney
and Kokelaar, 2002; Brown and Branney, 2004; Houghton et al., 2004;
Vasquez and Ort, 2006). Two substantial problems, however, often
arise when inferring current behavior from deposits. First, coupling be-
tween the transport and depositional systems within a PDC is poorly
understood, thus interpretation of sedimentary structures and the rela-
tionship between deposits and currents is controversial (Branney and
Kokelaar, 2002; Brown and Branney, 2004). Second, not all particles
that initially contribute to PDCs are depositedwithin “PDCdeposits.” In-
deed large fractions of particles are elutriated into buoyant coignimbrite
plumes whose deposits are often areally extensive but very thin and
easily eroded, resulting in large uncertainties in the initial properties
of currents and the volumes and extent of PDC and coignimbrite de-
posits (Sigurdsson and Carey, 1989; Fierstein and Nathenson, 1992;
Calder et al., 1997; Branney and Kokelaar, 2002).

Scaled laboratory experiments provide a means of analyzing both
the transport of PDCs as well as some aspects of the resulting de-
posits. In particular, time-series analysis of the currents and deposits
can identify relationships between flow behavior, turbulent struc-
tures, and deposition. Coignimbrite mass can be calculated from the
difference between the initial current mass and that of the deposit.
Because many aspects of PDC behavior depend upon the entrainment
and thermal expansion of a compressible fluid (e.g. Woods and
Kienle, 1994; Bursik and Woods, 1996; Freundt, 2003; Dufek and
Bergantz, 2007; Doronzo, et al., 2010), our experiments are con-
ducted using warm particles turbulently suspended in air. We will
show that the bulk, turbulent, and thermal properties of the currents
and sediment are properly scaled, thus these laboratory experiments
are dynamically similar to dilute natural PDCs.

2. Background

PDCs are mixtures of hot particles transported through a combina-
tion of turbulent, tractional, and granular processes. As these mixtures
are more dense than the atmosphere, they flow as density currents.
The generally accepted model of PDCs is that these currents are often
stratified into two regions: a lower, denser region, and an upper, more
dilute region (Branney and Kokelaar, 2002; Gardner et al., 2007). The
terms pyroclastic flow and pyroclastic surge are often used for dense
and dilute end-members of current behavior. It should be noted, how-
ever, that a continuum should exist in PDC density and stratification
(Burgisser et al., 2005), thus in this paper we will refer to dense and di-
lute PDCs. Although a dense undercurrent often underlies the dilute re-
gion, dilute lobes have been observed to propagate ahead of the denser
undercurrent; such lobes are then overridden by themain current (Fujii
andNakada, 1999). In general, the dense portions of PDCs are often con-
fined to valleys and topographic lows whereas the dilute overcurrents
can overtop substantial topographic barriers (Fisher et al., 1993;
Gardner et al., 2007; Andrews and Manga, 2011). Although this differ-
ence in flow behavior can separate the dense and dilute portions of a
PDC, flows can evolve surges and surges can generate flows, thus de-
posits from “dense” currents can be found on the lee side of topographic
barriers that blocked the PDC undercurrent but were surmounted by
the dilute overcurrent (Bursik et al., 1998; Bursik and Woods, 2000;
Druitt et al., 2002; Gardner et al., 2007).

There is now general acceptance that deposits form aggradationally,
rather than en masse (Dade and Huppert, 1996; Branney and Kokelaar,
1997; Calder et al., 2000; Branney and Kokelaar, 2002), even in dense
flows (e.g., Lube et al., 2004; Girolami et al., 2010). Consequently, both
massive “flow” deposits and stratified “surge” deposits are deposited in
a grain-by-grain fashion. Numerous questions and controversies remain,
however, regarding the nature and timescales of deposition and their re-
lation to transport. Stratigraphic complexity of proximal PDC deposits
suggests a complex variation in transport and depositional behavior
over lateral scales of b100 m (Cole, 1991; Bryan et al., 1998; Calder
et al., 2000; Houghton et al., 2004; Vasquez and Ort, 2006). Erosional
contacts between PDC depositional units record erosion of early deposits
by later currents, but the extent and duration of erosion and duration of
deposition remain poorly constrained (Sparks et al., 1997; Calder et al.,
2000). Cross-stratified deposits are thought to reflect turbulent deposi-
tion (Branney and Kokelaar, 2002), but it is not known which turbulent
structures control deposition (e.g. the largest eddies that may span the
thickness of the current or smaller structures nearer the substrate).

Coignimbrite plumes are generated by PDCs when at least some
portion of the current becomes less dense than the ambient atmo-
sphere (Woods and Kienle, 1994; Bursik and Woods, 1996; Calder
et al., 1997). The density of PDCs evolves during transport through
sedimentation and entrainment of particles, and the turbulent en-
trainment and thermal expansion of air (e.g. Bursik and Woods,
1996; Dufek and Bergantz, 2007). Because dilute overcurrents have
lower densities and entrain more air than dense undercurrents, dilute
regions of currents are more likely to undergo buoyancy reversal and
generate coignimbrite plumes.

The fraction of tephra that enters coignimbrite plumes, and is there-
fore not in PDC deposits, can be quite large, complicating interpretation
of PDC transport processes from analysis of PDC deposits. Mass parti-
tioning into coignimbrite plumes of >50% is estimated for eruptions
ranging in size from the 1991 Redoubt eruption (Woods and Kienle,
1994), to the B3 phase of theMay 18th 1980Mount St. Helens eruption
(Carey et al., 1990), to century-scale caldera-forming eruption (e.g.
KsudachKS1; Andrews et al., 2007). In very large eruptions, partitioning
is expected to be as large, but the extent and preservation of the flow
deposits make accurate volume estimates difficult (Sigurdsson and
Carey, 1989; Fierstein and Nathenson, 1992).

3. Methods

Experiments were conducted in a 6.5×1.8×0.6 m acrylic tank
(Fig. 1), using heated 22±6 μm talc powder to generate dilute particle
laden gravity currents in air. Talc particles were chosen for the experi-
ments as theywere available in a narrow size range, have a known den-
sity and heat capacity (2400 kg m−1 and 15.56 J °C−1, respectively),
and do not damage the acrylic tank. Measured masses of powder, mo,
were heated up to 80 °C above ambient temperature within an oven
controlled by a proportional–integral-derivative controller (PID) and
PT-100 thermistor probe. Once the powder thermally equilibrated, it
was evenly loaded over a specified belt length, L, of a conveyor and
the temperature of the powder, To, was measured with a second PT-
100 probe. The conveyor was then run at a known speed, vb, to intro-
duce the powder into the tank at a controlled rate,Mo:

Mo ¼
movb
L

: 1

Following each experiment, the mass of the powder that remained
within the chute, md, was measured and the mass of powder within
the current, mc, was calculated as the difference between mo and
md. Ranges in experimental parameters are compiled in Table 1; pa-
rameters for all experiments are listed in Supplementary material 1.

Temperatures within the tank and the chute were measured before
and after each experiment with PT-100 probes mounted ~30 cm from
the inlet at heights of 5, 20.5, 35.5, 80, 124.5, and 169 cm above the
tank floor and within the chute. Humidity within the tank was mea-
sured before and after each run with Extech hygrometer probes
mounted at heights of 20.5 and 124.5 cm.

Experiments were illuminated from below using an array of eight
250-W halogen lamps evenly spaced at 60 cm intervals 48 cm below
the centerline of the tank; the light from the array was directed
through a 1.5 cmwide slit to generate a light sheet illuminating a ver-
tical plane imaged by the cameras. The lighting array was turned on
immediately before each experiment, and thus heating of the tank
by the lights is considered insignificant.
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Fig. 1. The experimental apparatus measures 6.5×1.8×0.6 m. Experiments are illuminated with eight 250-W lamps that produce a light sheet down the tank centerline. Temper-
ature and humidity are measured before and after each experimental run using a vertical array of PT-100 thermistor and hygrometer probes (indicated with stars). Particles are
heated to the desired temperature in a PID controlled oven (not shown), then evenly loaded onto length L of a conveyor belt. The conveyor is run at a controlled speed to deliver
particles at a controlled rate down a chute. Dilute density currents form at the base of the chute and flow across the tank floor. Possible reflections of currents off the downstream
end of the tank are minimized with baffles that open into a passive exhaust chute. Experiments are recorded with 4 high definition (HD) video cameras.
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Initial velocities, uc, and current thicknesses, h, were measured
from each experiment, and were used to calculate the temperature
and density of the currents as they exited the chute. The initial mass
discharge of each current is

Mc ¼
mc

t
2

where eruption duration t is the interval L/vb. Initial particle concen-
tration, Co, was calculated from

Co ¼
Mc

uchmp
3

wheremp is the mass per particle. Current densities and temperatures
assume thermal equilibrium between particles and air within the
chute such that the mixture that exits the chute with concentration
Co and thickness h has a temperature given by the equation

Tc ¼ Tc hute þ
mcCp;talc To−Tchuteð Þ
Cp;curr mc þmchuteð Þ 4

where Cp denotes the heat capacities of the talc powder
(15.56 Jg−1 °C−1) and air (1.05–1.16 Jg−1 °C−1, varying with temper-
ature and humidity) within the chute, and mchute is the mass of air
Table 1
Ranges in experimental runparameters.Duration is the time interval overwhichparticles are
supplied to the experiments; Δρ is the difference between current and atmospheric densi-
ties;ΔT is the difference between current and ambient temperatures; h is current thickness;
U is mean current velocity; h is the current thickness; Re is the bulk Reynolds number; Ri is
the densimetric Richardson number; TEb/KE is the ratio of buoyant thermal to kinetic energy;
Runout is runout distance;Runout* is the dimensionless runout; L is the ratio of liftoff position
to runout distance; mcurr is the mass of the current; fcoig is the current mass fraction that
enters the coignimbrite plume; Wall/h is the ratio of wall height to current thickness. The
parameters of individual experiments are presented in Supplementary material.

Duration (s) 12.7–72.7
Δρ (kg/m3) 0.007–0.104
ΔT (C) 0–20.1
h (cm) 12–21
U (cm/s) 8.5–19.9
Re 522–1476
Ri 0.5–18.3
TEb/KE 0–8.66
Runout (cm) 179–>500
Runout* 0.14–0.55
L 0.35–1
mcurr (g) 6.2–68.4
fcoig 0–0.93
Wall/h 0–2.8
contained within the current, calculated as the product of air density
within the chute, the height, width, velocity, and duration of the cur-
rent. The current densities are calculated using the temperature from
Eq. (4), air density, and specific heats as a function of temperature and
humidity, and the initial particle concentration:

ρc ¼
mc

tU hw
þ ρchute 5

wherew is the tank width (60.4 cm) and ρchute is the air density within
the chute at the start of the experiment calculated using Eq. (4). The
density of ambient air, ρatm, in the lower portion of the tank is calculated
as a function of the average temperature and humiditywithin the lower
35 cm of the tank.

Experiments were conducted with and without topographic bar-
riers. Barriers were built of 1.9-cm thick plywood oriented vertically
(on-edge) with heights of 4.8, 7.5, and 17.8 cm, and of 0.8 cm wide
Lego® bricks to heights of 8, 15, 30 and 45 cm. All walls spanned
the full width of the tank. Barriers were placed at distances of 120,
180, and 240 cm from the source.

Experiments were recorded with 4 Canon HF-S100 Vixia HD cam-
corderswith stock lenses and apertures of 2.0. The cameraswere spaced
at 1.3 m intervals with fields of view that overlapped ~5 cm in the light
sheet. Experiments were recorded at 30 fps (deinterlaced) and
1920×1080 pixel resolution, corresponding to a nominal pixel size of
~0.7 mm/pixel. Because the cameras internally compress the image
files, the functional resolution, e.g. the smallest features within the cur-
rents that are easily resolved, is ~7 mm in processed images. Although
the functional resolution of these consumer grade cameras is far too
coarse for identifying and tracking individual particles, it is more than
adequate for identifying and tracking large-scale structures within the
currents. Similarly, the camera frame rate iswell-suited for tracking tur-
bulent structures in our modeled currents; it should be noted that
higher frame rates (e.g. 1000 fps) would result in impractically large
data sets that would require decimation prior to processing. Data pro-
cessing begins with conversion of the video files into grayscale image
series. Barrel distortions were removed from each image series using
Adobe Photoshop®, and all subsequent processing was performed
using MATLAB®. Lighting corrections based upon distance from each
lamp were made and grayscale intensities less than the average back-
ground intensitymeasured prior to each experimentwere set to 0 to fa-
cilitate flow visualization and image processing; that threshold value
corresponds to the grayscale intensity of the rear wall of the tank
prior to each experimental run. Processed images are stitched together
to form single time series for each experiment. The stitched gray-scale
images are converted into concentration fields by dividing the initial
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particle concentration by the average gray-scale intensity of the current
10 cm downstream from the outlet. We assume that for the very dilute
currents we generated, the relationship between concentration and
brightness is linear over the concentration range within the experi-
ments (particle concentrations b0.003 vol.%). This assumption implies
a concentration of ~0.013 vol.% above which the camera detectors
would saturate. Importantly, however, many of the analyses presented
belowdonot rely on the absolute particle concentration, but instead de-
pend on relative changes in concentration or brightness, and brighter
regions correspond to higher particle concentrations.

We characterize turbulence with the autocorrelations, RC(t),
through time of the concentration at each position

Rc tð Þ ¼ 1
n
∑tf−t

i¼tn

Ci−Cavg

� �
Ciþt−Cavg

� �

Cvar
6

where n is the number of correlation pairs with lag time t in the time
series (t0 to tf) of interest, Ci and Ci+ t are the concentration at times i
and i+ t, and Cavg and Cvar are the average and variance in concentra-
tion over the time series. The characteristic, zero-correlation timescale
is measured as the lag time, t, at which RC first reaches zero (Andrews
et al., 2011). These timescales, hereafter referred to as “turbulent
timescales”, are similar to integral timescales of turbulent fluctuations
in concentration, and represent the time it takes for the largest turbu-
lent structures to pass a particular position (Bernard and Wallace,
Table 2
Scaling and expressions for energy densities of experimental currents and natural PDCs. The
their difference, and ρp is particle density. The mean, turbulent, and particle fall velocities are
ness is given as h, and the characteristic turbulent length scale as Λ. The coefficient of ther
current and atmosphere, and the temperature difference between the current and atmos
using the methods described by Burgisser et al. (2005). f is a particle drag coefficient. Valu
Fr that is based on scaling arguments for gravity currents (e.g. Simpson, 1997). Table was m

Natural dilute PDCs Experiments Descriptio

Re ρcUh
μ 106–109 103 Ratio of tu

Ri ρgh
ρatmU2 0–10 0–20 Stratificati

Rib1 indic
RiT

gTαh
U2 0–5 0–5 Ratio of bu

RiT>10 in
Fr Uffiffiffiffiffi

g0h
p ~1 ~1 Inertial to

ST
τv u0ð Þ
fΛ 1þ ρc

2ρp

� �
0.01–200 10−4 Coupling o

ST>1 indi
ΣT

uT
u0 10−6–105 b1 Ratio of pa

ΣTb1 indic
KE ρcU

2

2 103–104 J/m3 0.01–0.04 J/m3 Kinetic en
TEb ρc

Cp;curr

Cp;atm
αTgh 103–104 J/m3 0–0.2 J/m3 Buoyant th
2002). Because the currents are transient and evolve with space and
time, the timescales are calculated over total lag times of 6 s at inter-
vals of 1 s. To facilitate data processing, timescales are calculated on
a uniform 4-pixel grid. Although these timescales are calculated for a
two-dimensional plane, whereas the flow is three-dimensional, the
timescales describe streamwise variation in the turbulent field and
should be representative of three-dimensional structures within the
currents assuming that the turbulent field is not highly anisotropic.

Deposit mass per unit area, termed “sedimentation,” was measured
for two experiments at 18 and 20 positions along the floor of the tank.
Themeasuredmasses ranged from7×10−4 to 8.4×10−3 g correspond-
ing to ~10−4 to ~10−3 g cm2. The light intensity along the centerline of
the tank floorwasmeasured from the corrected images at the end of the
experimentwhen all particles had settled.Measured sedimentation, S, is
proportional to measured brightness, B, (Fig. 2), permitting calculation
of sedimentation in units of mg cm−2 with the expression

S Bð Þ ¼ 10� exp 0:0225Bð Þ 7

The tank floor is always the brightest part of the field of view
(greater than a factor of 2) and we consider any illumination of the
floor by light scattered from turbulently suspended particles to be
minor. As a result sedimentation can be calculated as a function of
time and space for all experiments using the time series of brightness
at the tank floor. Sedimentation rate as a function of position, x, and
time, t, is calculated as

Srate ¼
Stþ1:5s−St−1:5s

3s
: 8

Sedimentation rate is calculated over time intervals of 3 s, corre-
sponding to the longest turbulent timescales generally observed in
the currents.

The coignimbrite mass,mcoig, is calculated as the difference between
mcurr andmsed, the integrated deposit mass over the tank floor. The ratio
mcoig/mcurr describes mass partitioning into the coignimbrite plume.

The relevant bulk and turbulent scaling parameters are defined in
Table 2. Although the Reynolds numbers of our experiments are sub-
stantially lower than those of natural, dilute PDCs, the modeled cur-
rents are fully turbulent and the other dimensionless numbers are
within the range of natural PDCs. Thus we are confident that the ex-
periments capture the large scale dynamics of some dilute PDCs.

We estimate measurement uncertainties of b3% for U, 10% for h,
b3% for mc, 10% msed, and b0.2 °C for temperatures. Those measure-
ment uncertainties correspond to uncertainties of 17% for Co, 17%
for ρc/ρ, 10% for mcoig, 13% mcoig/mcurr, and 4% for ΔT. Energy densities
bulk current and atmospheric densities are denoted with ρc and ρatm, respectively, Δρ is
given as U, u′ and uT. Gravity and reduced gravity are shown as g and g′. Current thick-

mal expansion for air is given as α, Cp,curr and Cp,atm are the bulk heat capacities of the
phere is indicated with ΔT. The characteristic particle response time, τv is calculated
es for natural dilute PDCs are from Burgisser et al. (2005), except for the estimate of
odified from Table 1 in Andrews and Manga (2011).

n

rbulent to viscous forces
on stability. Ri>10 indicates unstable stratification;
ates stable stratification; 1bRib10 indicates transitional behavior.
oyant to forced convection, RiTb0.1 indicates negligible buoyant convection;
dicates negligible forced convection; 1bRiTb10 suggests a combination of behaviors
gravitational forces.
f particles to turbulent motion. STb1 indicates complete coupling;
cates complete decoupling; ST~1 indicates particle cluster along eddy margins.
rticle settling velocity to turbulent component of fluid velocity.
ates suspension; ΣT>1 indicates sedimentation.
ergy density.
ermal energy density.
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have uncertainties of 15% for TEb, and 17% for KE; the ratio TEb/KE has
an uncertainty of 14%.

4. Results

A list of experiments is presented in Supplemental material 1 and
movies of an experimental current, its sedimentation rate, and its tur-
bulent timescales are presented in Supplementary material 2. Labora-
tory density currents generated in our experiments have initial
thicknesses ho of 0.15–0.25 m, initial current head velocities of
0.1–0.2 m/s, temperatures 0–10 °C greater than ambient, and initial
densities of ~1.21–1.25 kg/m3, corresponding to particle concentra-
tions of ~0.0007–0.003 vol.%. Atmospheric density within the tank
ranges from 1.18 to 1.23 kg/m3 during experiments. Current heads
generally have lengths that are 3–4 times the current thickness and
form the thickest portions of the currents (Fig. 3). The current heads
are followed by tails with thicknesses typically two-thirds as those
of the heads. Variation in the duration of experiments does not no-
ticeably affect the length of current heads, but does affect the current
tails such that short-duration experiments generate currents that are
composed almost entirely of the head, whereas longer-duration cur-
rents have well-developed tails. Current thicknesses increase during
transport prior to current liftoff, with thicknesses approximately dou-
bling over 3 m of transport; current thickness is roughly proportional
to the square root of the distance traveled.

Current runout distances range from 1.8 to 4.8 m. For comparison
between experiments and with natural currents, we have normalized
the measured runout distance with that predicted by the ratio of cur-
rent speed and thickness to the Stokes settling velocity of the parti-
cles.

Runout� ¼ Runout
hU=uT

: 9

The normalized runout distance decreases with increasing TEb/KE,
such that hot currents with TEb/KE>4 propagate only 20% as far as
currents that begin in thermal equilibrium with the atmosphere
(Fig. 4). Buoyant liftoff generally occurs near the maximum runout
position or, if currents traverse barriers, above topographic obstruc-
tions; the effects of topography on PDC behavior are discussed more
fully in Andrews and Manga (2011).

During horizontal propagation (as opposed to buoyant liftoff), the
largest turbulent structures form along the top of the current. In gen-
eral, the forward-most appearance of those eddies is at the rear of the
current head, although occasional large structures grow from instabil-
ities that develop along the nose and leading edge of the head. In
well-developed tails, growth of Kelvin–Helmholtz instabilities at the
interface of the currents and atmosphere generates large, regularly-
spaced eddies (Fig. 5). The largest eddies typically have streamwise
length scales of h and heights of 0.25–0.5 h. Smaller eddies are readily
apparent as components of the larger structures and as independent
features.

As currents approach their termini, their velocities decrease and
thicknesses increase (Fig. 3). Notably, the combination of those two
changes often results in the formation of a sharp, vertical, nearly sta-
tionary, and sustained “wall” at the end of the current (Fig. 3): parti-
cles remain in turbulent suspension on one side of the interface,
Fig. 3. Images of current 062510-3 as it propagates across the tank and lifts off. Particle con
developed head with apparently minor mixing. By 30 s, however, Kelvin–Helmholtz instab
thickness of the head has increased. The current has also begun to segregate into a more con
ing along the top of the current increases, and the thicknesses of the current head and tail g
forward motion slows. By 75 s the current has essentially reached its maximum runout dista
this time introduction of particles into the tank ceases. More proximal portions of the curren
the total runout distance, and the plume begins to noticeably spread downstream at heights
105 s, but the plume remains attached to the tank floor as an upstream propagating eddy be
concentration region near the floor at positions of ~350 cm and 300 cm at 120 and 135 s, r
whereas the other side comprises uncontaminated air. When liftoff
begins, this boundary recedes slightly at the base of the current. As
liftoff progresses, eddies form on the margins of the rising plumes;
the turbulent structures on the upstream and downstream sides of
the plumes have length scales of ~h. The current tails generally ap-
pear to transition directly into the rising plumes, with occasional
pulses of material remaining non-buoyant and on the tank floor. A
recirculating structure often forms at the forward edge of the currents
beneath the rising plume; this structure does not lift off, but remains
at the base of the plume and is periodically resupplied by denser
pulses from the tail. When the conveyor ceases to feed particles into
the tank and the current tails no longer supply mass and thermal en-
ergy to the buoyant plume, the plume detaches from the base of the
tank. Detachment generally begins at the distal end of the current
and “rolls back” toward the source, resulting in a series of eddies
that propagates upstream beneath the rising and detaching plume
(Fig. 3). Importantly, those eddies propagate upstream with speeds
comparable to the earlier, downstream current transport (>0.1 m/s).
4.1. Sedimentation

Deposit mass per unit area (sedimentation) varies systematically
within each experiment as a function of distance and time. In general,
msed can range from 0.1 to 1.0 of mcurr; the fraction sedimented varies
with Ri, thermal energy, and topography (Fig. 6). Deposit mass de-
creases with distance from the source for every current. The form of
the decrease, however, is not uniform between different currents:
cold currents tend to show very steep initial decreases followed by
a gradual decline in sedimentation over the remaining 90% of the
traveled distance, whereas the initial decrease in hotter currents oc-
curs over a greater distance relative to the total runout. Sediment de-
position does not show exponential decay with distance. In some
currents, deposition increases slightly in the vicinity of the liftoff
position.

Sedimentation decreases with increasing Ri number and thermal
energy density (Fig. 7). In general, the mass fraction sedimented de-
creases approximately by a factor of 2 as Ri increases from 0 to 2, 2
to 4, and 4 to 8. The effects of thermal energy density follow a similar
pattern, with sedimentation halving as TEb/KE increases from 0 to 2
and from 2 to 4. As either Ri or TEb/KE increase, sedimentation decays
at a reduced rate with distance such that stably stratified or cold cur-
rents have steeper initial decreases in sedimentation. Net sedimenta-
tion at each position is proportional to the time averaged particle
concentration above that position (Fig. 7).

Topographic barriers affect both the total deposit mass fraction
and the deposit profile, most likely because walls can focus buoyant
liftoff and arrest runout (Andrews and Manga, 2011). In general, as
wall height increases, the mass fraction sedimented decreases; this
effect is most pronounced in currents that encounter obstructions
comparatively early. Because tall barriers can terminate forward
flow propagation, deposits of currents that encounter large obstruc-
tions extend over a shorter distance and are thicker at their termini
than those from similar currents that traverse a flat terrain. Currents
that transit barriers often run out as far as similar currents that transit
flat topography, but the resulting deposits downstream of the walls
are thinner.
centration is indicated by color. Initially, the current is b30 cm thick, and shows a well
ilities have formed along the upper surface of the current following the head, and the
centrated lower region and more dilute upper region. From 45–60 s, the degree of mix-
row; this is particularly apparent in the head, where the current begins to lift off as its
nce and an increasing fraction of particles are directed upward into the rising plume; at
t begin to lift off such that by 90 s the base of the plume occupies approximately half of
>40 cm. Nearly all portions of the current have essentially stopped forward motion by
gins to form at the downstream base of the plume. That eddy is still apparent as a high
espectively. By 150 s, the plume is essentially detached from the tank floor.
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4.2. Coignimbrite mass partitioning

Mass fractionation into the coignimbrite plume ranges from 0 to
0.9. In general, fractionation into the coignimbrite plumes increases
with both Ri and TEb/KE (Fig. 7). Interaction with topographic barriers
may slightly increase coignimbrite fractionation, particularly in cur-
rents that encounter large barriers comparatively early (Fig. 7). The
total mass that enters the coignimbrite plumes is proportional to
the excess thermal energy of the currents (Fig. 7). This relationship
is approximately linear: b5 g enters the plume when excess thermal
energy is b50 J, 20–25 g separates for energies of 200–250 J, and
>25 g enters the plume when thermal energy exceeds 350 J.

4.3. Sedimentation and erosion rates

Sedimentation and erosion rates are shown for two currents in Fig. 9
and Supplemental material 3. Sedimentation does not proceed at a con-
stant rate during experiments, but instead particles accumulate through
the apparent propagation of a series of depositional and erosional
waves, pairs of which are hereafter referred to as sedimentation
waves. Integrating those rates through time produces the final current
deposits. The currents are net-depositional, thus although the instanta-
neous depositional and erosional rates are of similarmagnitude (ranging
from 0 to ~400 μg cm−2 s−2, but typically ~50 μg cm−2 s−2), the cu-
mulative or average rates of deposition are much lower, on the order
of 5 μg cm−2 s−2. Both the instantaneous and average sedimentation
rates decay with distance from the source.

The sedimentation waves track the current front, with the size
of the first wave being the longest and similar in size to the current
head, and subsequent waves are smaller. When the currents begin
to lift off, the leading sedimentation wave slows down, resulting in
a merging of that first wave with several of the trailing waves
(Fig. 8). When the current stops forward propagation, sedimenta-
tion often becomes disorganized behind the leading wave as per-
sistent depositional structures are not necessarily present. During
this time, sedimentation waves that were well-defined in more
proximal regions deposit very little sediment beneath the rising
plume.

Sedimentation waves also track roll back of buoyant plumes as
they detach from the tank floor. Specifically, when detachment be-
gins, a sedimentation wave begins from the most distal reach of the
current and propagates back toward the source; such waves are
often followed by a series of smaller waves that originate at the distal
end of the current. The regions of disorganized sedimentation also
propagate upstream, and they disrupt and engulf downstream propa-
gating sedimentation waves.

Times series of sedimentation from currents that encounter bar-
riers show distinct differences compared with currents that traverse
flat topography (Fig. 8). First, although the first few sedimentation
waves propagate toward and encounter the obstruction with little
change, subsequent waves are often disrupted within 1–2 wall
heights by upstream propagating waves with similar amplitudes as
the downstream propagating waves. Second, the sedimentation pat-
terns of currents that run out past the barriers show a bifurcation in
sedimentation wave direction downstream from the wall where the
currents reattach to the surface: minor sedimentation waves propa-
gate upstream from the reattachment position toward the wall
whereas the bulk of the current propagates downstream toward the
eventual runout position. Further, short period sedimentation waves
that are present upstream of the topographic barrier merge into
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longer period structures downstream of the reattachment point. Last-
ly, upstream-propagating waves resulting from flow reversals do not
proceed upstream past the topographic obstruction.

4.4. Turbulent timescales

Turbulent zero-correlation timescales as functions of position are
shown for several times in Fig. 10; video of these timescales are pre-
sented in the Supplementary material. Turbulent timescales of varia-
tion in particle concentration provide a means of examining mixing
and entrainment within the currents and studying how those pro-
cesses vary with time, position, and current behavior. Because the av-
erage current velocity is equal to the ratio of the characteristic length
scale and timescale, U=Λ/τ, timescales can be transformed to turbu-
lent length scales; essentially, long-period turbulent structures are
equivalent to long-wavelength structures (Bernard and Wallace,
2002).

During horizontal transport, the dominant features of the currents
are large, long-period (2–3 s) structures that formmost of the current
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flat topography (a) and traverse barriers (b). a) At low Ri the thickest deposits form primari
current runout. Similarly, as TEb/KE increases, the deposits spread out. b) Currents that trave
The most distal deposits of currents that encounter but do not pass barriers are much thicke
dicated by squares; wall positions are shown with triangles in (b).
head and somewhat smaller structures with similar periods that fol-
low (Fig. 9). The structure at the current head generally spans the en-
tire thickness of the current. Between those features are structures
with much shorter turbulent periods (b1 s) that evolve quickly
through time and space. Initially the trailing structures are also as
thick as the currents, but as Kelvin–Helmholtz instabilities develop,
the structures partition into two layers: an upper portion that
moves comparatively slowly downstream and a lower region where-
in eddies propagate downstream with the velocity of the current
head. These two regions typically form within the initial 120 cm of
transport (similar in scale to 4–5 ho). Usually, the lower, faster mov-
ing region has a thickness of 0.3–0.5 ho throughout most of the prop-
agation distance, whereas the thicknesses of the upper, slower
regions tend to grow during transport.

When the currents reach their runout distance and begin to lift off,
the turbulent field significantly changes. The large structure at the
current head stretches vertically before breaking into smaller struc-
tures with similar periods (~3 s) (Fig. 9). Simultaneously, the trailing
structures flow up and over the leading structure and into the
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developing plume. As flow continues, the point at which structures
detach from the base and flow upward progresses upstream and the
region of small turbulent structures grows; this region develops as a
complex group of convective cells with upward motion along the up-
stream and downstream edges, and intermittent upwelling and
downwelling in the interior. The chaotic motion at the base of the
plume interior appears to result from the lower, more vigorous por-
tion of the current shedding non-buoyant eddies into the plume
base; some of those non-buoyant eddies also resupply a structure
that persists at the forward base of many plumes. When the last
large structure propagates into the upstream side of the plume, smaller
structures at the base of the convective cell at the downstream edge of
the plume merge together and begin to propagate upstream as a large
eddy with timescale of ~3 s. Several smaller eddies with timescales of
1–2 s follow in the wake of that larger structure. All of these structures,
large and small, lift off beneath the upstream edge of the plume.

Currents that lift off at topographic barriers often develop persis-
tent structures at the upstream base of the barriers. Those structures
are essentially bypassed by the current as it flows over the wall and
lifts off, but occasionally they spread in the upstream direction for a
distance equivalent to 1–2 wall heights. When currents overtop bar-
riers they display more complexity in their turbulent structures. As
a current head proceeds over an obstruction, it is initially mantled
by a long timescale structure, but as the current head begins to col-
lapse back to the tank floor, the underside of that structure breaks
into a large structure that continues downstream and a small struc-
ture that propagates back toward the lee side of the barrier; this smal-
ler structure often persists for the duration of the flow as a region of
circulation underlying the main current as it flows over the wall.
Downstream of the reattachment point and during buoyant liftoff,
the currents behave similar to those that traverse flat topography,
with the exception that rollback of eddies proceeds from the runout
position upstream to the topographic barrier.

5. Discussion

5.1. Current behavior and sedimentation

Total sedimentation and coignimbrite fractionation are closely
linked to current behavior and bulk current properties. First, the de-
posit length records the farthest extent of particle transport by
ground hugging currents, notably, however, those deposits can be
quite thin in distal regions as seen both in our experiments and in
natural PDCs (e.g. Wilson and Walker, 1982; Druitt et al., 2002;
Vasquez and Ort, 2006). Second, the deposit profiles occasionally
show secondary thickening near the location of plume liftoff suggest-
ing the importance of sedimentation as a source of buoyancy and
indicating that locally enhanced sedimentation may occur beneath
some rising plumes.

Total sedimentation is highly dependent on Ri and TEb/KE, largely
because these two parameters control coignimbrite fractionation.
Given that a current has some excess thermal energy, then some por-
tion of the current will undergo a buoyancy reversal if ambient fluid is
entrained and thermally expanded prior to the current sedimenting
all particles (Woods and Kienle, 1994; Bursik and Woods, 1996;
Calder et al., 1997). Currents with high Ri are able to more effectively
entrain ambient fluid, and a higher TEb/KE allows for more thermal
expansion of each parcel of entrained fluid. Thus as Ri and TEb/KE
increase, the mass fraction sedimented decreases.

It should be noted that although our experiments were conducted
using a very narrow grain size distribution, whereas those of natural
dilute PDCs are much broader, the basic processes through which
mass is transported and sedimented or fractionated into coignimbrite
plumes should be similar in both systems. The effects of broader and
coarser natural grain size distributions on the behavior of dilute PDCs
are largely predictable. First, as the currents are dilute, particle–particle
interactions are not significant within the transport system, and thus
sedimentation of each clast size and density should occur independent-
ly. In currents with broad particle size and density distributions, we
should expect that the different classes of particles have different de-
grees of coupling to the turbulent motions of the fluid, governed by ST
and ΣT (Burgisser et al., 2005), resulting in segregation of the larger,
denser particles into the lower regions of the current or the depositional
system (such systems are not present in our modeled currents). If the
segregation occurs relatively quickly, then the thermal energy of those
particles is unavailable for thermal expansion of entrained air. More
specifically, if the residence timeof the particlewithin the dilute portion
of the current is shorter than the timescale of thermal equilibrationwith
the atmosphere, ~102 s for cm-size clasts (Stroberg et al., 2010), then
some of the particle's thermal energy is removed from the current.
Currents enriched in coarse or dense particles will most likely have
increased deposition in proximal regions, shorter runout distances,
and reduced coignimbrite fractionation compared with finer-grained
currents. Differential responses of the particles should also affect the
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degree of sorting within deposits; this is discussed in more detail in
Section 5.4.

5.2. Coignimbrite fractionation

The total mass fractionated into coignimbrite plumes is directly
proportional to the excess thermal energy of the currents, and in
many currents the mass fraction that enters the plumes, which is pro-
portional to Ri and TEb/KE, exceeds 50%. Together, those observations
suggest that the currents are very efficient at converting thermal
energy into buoyancy, which is not surprising given the small particle
size, and good coupling between particle and fluid motions as indicat-
ed by ST and ΣT. Application of these relationships to natural currents
indicates that understanding the timescales of air entrainment, ther-
mal expansion, and particle residence in the transport system, specif-
ically whether particles can transfer their heat to the entrained
atmosphere prior to sedimentation, is critical to understanding the
development of coignimbrite plumes.

Knowledge of the mass and thermal discharges of coignimbrite
plumes is required for predicting the altitudes to which the plumes
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will rise and their ability to distribute particles (Sparks, 1986; Woods
and Kienle, 1994; Calder et al., 1997). Although our experiments were
not designed to calculate plume discharges, we can estimate the mass
discharge into the plumes as the product of the coignimbrite mass
fraction and initial current discharge, yielding discharges of up to
0.9 times the initial current discharge. Such discharges seem high,
but are in agreement with mass-balance based calculations of ~57%
of the mass erupted as PDCs entering the Mount St. Helens coignim-
brite plume (Carey et al., 1990), about half entering plumes at Re-
doubt Volcano (Woods and Kienle, 1994), and about half entering
coignimbrite plumes during the Ksudach KS1 eruption Gray Phase
(Andrews et al., 2007). Calculating the thermal discharge into the
plumes is not possible with the measurements we made.

Lastly, that large fractions of the initial currents enter coignimbrite
plumes is a reminder that PDC deposits may be unrepresentative of
the initial current grain size distributions and componentry. Specifi-
cally, as fine-grained and low density particles are more likely to
enter the plumes, the deposits should be depleted in those types of
particles, particularly for hotter or more energetic (high Ri) currents.
Further, dense PDCs can generate ash during transport through parti-
cle–particle collisions (Dufek and Manga, 2008), likely resulting in
reduced sedimentation rate, increased transfer of thermal energy to
entrained air, and thus increased coignimbrite fractionation.

5.3. Non-exponential sedimentation from entraining currents

The rate at which deposit thickness decays with distance is strong-
ly affected by Ri and TEb/KE of the bulk current. This is not surprising
given the effect of those parameters on coignimbrite partitioning and
thus reduced sedimentation. As Ri grows, entrainment increases,
resulting in increased current thickness, and thus the distance over
which particles must fall to sediment from the currents also grows.
Increases in current thickness are magnified in currents with high
thermal energy densities because the entrained fluid thermally ex-
pands and the currents slow and eventually stop forward motion.
Consequently, medial and distal regions have enhanced total sedi-
mentation in currents with higher Ri or TEb/KE when compared
with traditional, exponential models of sedimentation that do not
consider entrainment (Fig. 10) (e.g. Dade and Huppert, 1995).

Here we develop a box model for sedimentation in entraining
density currents. This model does not account for buoyancy reversal
and coignimbrite plume formation, but does explain final deposit pro-
files. The instantaneous sedimentation rate at any given position is

dM
dt

¼ dcH
dt

α
Cuo

h
: 10

Eq. (10) can be converted into a spatial derivative using the cur-
rent velocity

dC
dx

α
Cuo

Uh
: 11

Because the currents have Fr=1, the current velocity is propor-
tional to the square root of particle concentration and current thick-
ness. Observations of the currents show that current thickness
grows with the square root of propagation distance, thus Eq. (11)
may be rewritten as

dC
dx

α
C2=2uo

h3=2
α
C1=2uo

x3=4
: 12

Integrating Eq. (12) with respect to x shows that sedimentation, S,
for entraining currents is

S xð ÞαðA1�A2uox
1=4Þ2 13
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where A1 and A2 are empirical fitting constants related to the initial
sediment concentration, current thickness, and fluid entrainment
and expansion rates.

Our derived sedimentation expression compares favorably with
experimental results over the entire deposit length (Fig. 10). Notably,
the expression fits a single curve to the entire deposit rather than fit-
ting multiple exponential curves to different segments of the profile.
The expression does not, however, account for secondary thickening
beneath coignimbrite plumes.

5.4. Turbulent timescales, sedimentation, and current behavior

Sedimentation is proportional to the time integrated concentra-
tion in the lower portions of the currents (Fig. 11), suggesting there
is a direct link between particle transport and deposition in our ex-
periments. Further, because the turbulent timescales described in
Section 4.4 are a measure of concentration variation through time
and space, it is reasonable to think that there are links between turbu-
lence, sedimentation, and general behavior of the currents. Video files
in the Supplemental material show a time series of a current, turbu-
lent timescales of concentration variation, and sedimentation rate.
The videos document that sedimentation waves are coincident with
turbulent structures that propagate near the current base, thus the
timescale and sedimentation data are complementary and can pro-
vide insights into one another and bulk current behavior.

Evolution of the turbulent structures of the currents during trans-
port is expected given that current density, velocity, and thickness
evolve during transport. The bulk of fluid entrainment occurs along
the upper surface of the currents, and thus the density of the upper
portion of the currents decreases during transport. Moreover, shear
between the current and atmosphere act to reduce the velocity of
the upper portion of the current. Lastly, the development of this com-
paratively slow, inflated region effectively isolates the lower portion
of the current from interactions with the atmosphere, and thus the
currents develop a stratified velocity structure. That a similar struc-
ture does not develop at the current head is most likely a result of
low density, low velocity regions of the head being stripped rearward
into the tail.

During liftoff, the turbulent structures become chaotic. This is
most likely the product of three sources of turbulence interacting
with one another. First, particle supply into the base of the plume is
unsteady as the lower portion of the current alternately flows into
the base or up into the plume. Second, eddies at the forward margin
of the plume periodically flow into the base of the plume. Third, the
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Fig. 11. Total sedimentation as a function of the time integral of pixel intensity asmeasured
along the floor of the tank. The regionswith integral intensities >3.5×105 are located near
the source; their offset results from integration over an interval that includes time after the
current has passed.
convective rise of the plume produces unsteady upwelling and down-
welling structures at the plume base.

The upstream motion of eddies that occurs during plume detach-
ment is predictable by considering continuity. As the plumes detach
from the surface, they draw particles and fluid upward. At the base
of the tank, however, the vertical velocity is zero. Continuity thus re-
quires that the upward motion of the detaching plume induces a hor-
izontal flow near the tank floor. That eddies propagate upstream is
most likely the result of detachment beginning at the distal reach of
the currents and then rolling upstream.

The ST and the ΣT indicate that the particles are in general well-
coupled to the turbulent motions of the currents (Burgisser et al.,
2005). As a result, sedimentation rates track the eddies because the
particles follow the eddies, and regions of high concentration deposit
at faster rates. That sedimentation tracks eddies near the base of the
currents thus suggests that sedimentation only occurs from the base
of the eddies. That is, particles are only deposited from the portions
of the eddies nearest the floor. If we consider that near the floor of
the tank the vertical component of fluid velocity approaches zero,
then wemay assume that the local ΣT is >1 and thus particles can de-
couple from the current. The turbulent timescales provide an esti-
mate of the residence time of a particle in this region near the floor,
and thus the product of that time with the particle fall velocity is an
estimate of the thickness of the current from which sediment may ac-
cumulate. In our experiments, with τ=3 s and uT=0.4 mm/s, this re-
gion is ~1.2 mm thick. The sedimentation waves thus track the base
of the lowest turbulent structures. The initial sedimentation waves
that propagate behind the current head record passage of the head
and the well defined eddies in the lower portion of the current. Sed-
imentation patterns become disorganized during liftoff when eddy
motions at the plume base are chaotic. Lastly, sedimentation waves
record the upstream propagation of eddies during plume detachment.
5.5. Implications for bedforms in PDC deposits

The sedimentation patterns observed in our experiments offer in-
sights into the formation and interpretation of sedimentary struc-
tures in natural PDC deposits. In general, massive deposits should
form from periods of sustained sedimentation whereas stratified
and cross-bedded deposits should record sedimentation at a non-
constant rate (Branney and Kokelaar, 2002). Although individual lam-
ina may form through tractional depositional processes (e.g., Dellino
and La Volpe, 2000) or cycles of particle accumulation and avalanch-
ing (Branney and Kokelaar, 2002), it is unlikely that those processes
occur in our very small and comparatively low energy currents. Fur-
ther, we note that although the particles in our experiments are the
size of fine ash, a size that does not typically form tractional bedforms
in PDC deposits, the talc particles have similar ST and ΣT as 100 to
300 μm ash transported by pyroclastic surges; ash of that size range
is commonly deposited in laminated and cross-laminated bedforms
by PDCs. Our experiments are thus applicable to natural PDCs if we
consider how dilute currents supply their underlying depositional
systems. Depositional systems with particle residence times equal to
or less than the eddy timescales should preserve depositional signals
related to turbulence within the current, whereas records of turbu-
lence should be attenuated in systems with longer residence times.

That sedimentation waves track individual turbulent structures
suggests that each lamina records the passage of a large eddy. Individ-
ual laminations record deposition over a time interval approximately
equal to the characteristic timescale of the eddy. Although occasional
turbulent structures persist through the length of the current, indi-
vidual eddies generally evolve through time and space and only re-
main recognizable for a few turbulent timescales (Bernard and
Wallace, 2002). Consequently, we should expect that individual lam-
ina should be deposited over distances no greater than 2–3 times the
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characteristic eddy lengthscale, Λ, andmore commonly over distances
approximately equal to Λ.

The sedimentation patterns recorded in our experiments thus pro-
vide insight into the extent of individual laminations and how packages
of laminations may be used to estimate transport characteristics of
PDCs. If we assume a dilute current with average velocity of 30 m/s,
total thickness of 200 m, and Λ=0.5 h, then the current has a turbulent,
and thus depositional, timescale of ~3 s. The greatest extent of any sin-
gle lamination within its deposits should be b300 m, and most layers
should be present over approximately 100 m. If the particles suspended
in this current have 0.25 mm diameters and densities of 2000 kg/m3,
then they should have fall velocities of ~3.4 m/s, and thus the lower
~10 mof the eddies should be sampled by the deposits. Each lamination
records approximately 3 s of the current, but there are likely similar
intervals of reduced deposition or erosion between each well-sorted
lamination. A sequence of n laminations with timescale τ, records a
depositional time tdep on the order of

tdep ¼ 2nτ: 14

For example, a 0.5-m thick sequence of 1-cm laminations each re-
cording 3 s of the example current records ~300 s of total deposition-
al time.

Many PDC deposits contain cross-stratified laminations. Although
the deposits within our currents are too thin to examine directly, the
periodic and directional natures of deposition suggest that they
should be cross stratified. We expect that the depositional–erosional
couplets that compose each sedimentation wave should produce
sequences of cross-stratified laminations dipping in the direction of
transport. Cross-stratification should be particularly common be-
neath the rising plumes where sedimentation waves become disorga-
nized; within these regions the orientation of cross-laminated units
should be irregular, reflecting the unsteady and variable propagation
of eddies.

Anti-dunes are also found in many PDC deposits. These units,
cross-stratified with laminations dipping in the “upstream” direction
(toward the volcano), are generally interpreted in the context of re-
search conducted in fluvial and subaqueous systems relating bed-
forms to various flow regimes (Cole, 1991; Bryan, et al., 1998;
Valentine and Fisher, 2000; Branney and Kokelaar, 2002; Brown and
Branney, 2004). In fluvial systems, anti-dunes are deposited beneath
an upstream propagating surface wave and indicate supercritical
flow conditions (Fr>1). In subaerial systems, however, there is very
little density contrast between dilute currents and the atmosphere,
and thus there is at best a subtle free surface to form an upstream
propagating wave. In the lower parts of PDCs, greater density con-
trasts may exist between regions dominated by particle–particle in-
teractions or tractional processes and more dilute regions, but the
interface between the dilute and dense regions may be gradational
and unsteady (e.g. Branney and Kokelaar, 1992; Branney and
Kokelaar, 1997). Consequently, interpretations of supercritical flow
in PDCs may be inappropriate in some instances. Indeed, where
anti-dunes have been observed forming in aeolian systems, formation
occurs through adhesion of particles on the wet stoss faces of dunes;
these “anti-dunes” are actually adhesion ripples and form through an
entirely different process than subaqueous bedforms (Kocurek and
Fielder, 1982). In our experiments, sedimentation waves often prop-
agate up to ~0.3 of the total runout distance following plume detach-
ment, and these waves should form cross-stratified deposits as they
are otherwise indistinguishable from downstream-propagating sedi-
mentation waves. These cross-stratified units, however, should dip
toward the particle source, thus the units would appear to be anti-
dunes but are in fact dunes that record flow reversal. Importantly,
even if a tractional depositional system supplied by the dilute current
is required for the formation of cross-stratified deposits, that system
should change direction to record a flow reversal provided the
duration of the reversal is longer than the particle residence time
within the depositional system. Our experiments suggest that some
“anti-dunes” in PDC deposits, particularly in regions where coignim-
brite plumes were likely generated, are not “anti” but instead record
reversals in the flow direction.

6. Summary

Sedimentation from dilute PDCs does not necessarily follow an ex-
ponential decay with distance, and deposits frequently become cha-
otic in distal regions, reflecting the importance of air entrainment
and thermal expansion during transport and buoyant liftoff. Very
large fractions of fine-grained material initially transported by PDCs
do not accumulate in PDC deposits but are instead elutriated into
coignimbrite plumes. Coignimbrite mass depends upon excess ther-
mal energy, and coignimbrite fractionation depends on Ri and TEb/
KE of the current. Sedimentation rate is not constant but rather prop-
agates as a series of depositional and erosional waves through the
system; these waves record transit of the largest turbulent structures
in the currents. Flow reversals often occur when coignimbrite plumes
form, resulting in backward propagation of eddies and sedimentation
waves, suggesting that anti-dune structures may record local flow
reversals, not necessarily supercritical flows.

Supplementary materials related to this article can be found online
at doi:10.1016/j.jvolgeores.2012.02.011.
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