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Abstract

Unlike aeolian and fluvial grain-size distributions that vary
longitudinally across bedforms, unimodal and multimodal
grain-size distributions from individual laminae and thin beds
across pyroclastic climbing dunes in exposures at Kilbourne
and Hunts Hole maars remain similar, regardless of location
on the dunes. By analogy with aeolian and fluvial deposits,
distributions in the climbing-dune facies of these maar deposits
are interpreted to be dominantly a fine-grained (0.15-0.35 mm)
saltation mode, with removal of finer particles in suspension and
incorporation of lesser creep fractions coarser than the saltation
mode. In some laminae, coarser grains up to 10 mm in diameter
are present. Like aeolian and some fluvial dune deposits, the
saltation distributions may be described by the four parameters
of hyperbolic distributions: slopes of asymptotes on fine and
coarse sides of the distributions (¢ and y), abscissa of the vertex
where the two limiting lines of the hyperbola cross (u), and peak-
edness or the shape of the distribution near the mode (). Sampled
saltation distributions from dunes at Kilbourne and Hunts Hole
maars have gentler asymptotic slopes, compared to aeolian
and fluvial deposits, and have slightly smaller average x4 and 4.
Removal of particles in suspension above individual laminae in
the dunes appears to result in two kinds of logarithmic decreases
in mass amounts on the fine side of the grain-size distribution
curves. One type of decrease is very similar to steep decreases seen
in aeolian and fluvial ripples and dunes, perhaps related to flow
separation and suspension near the crests of the dunes. The other
type is more gradual in laminae that have an order of magnitude
more ash incorporated in the thin beds. If the saltation fraction
is deposited by aeolian processes, impact threshold velocities
at these two maars appear to be on the order of only 0.12 to
4 m/sec. Unlike experimental aeolian saltation fractions, which
decrease in modal size and amount downwind in waning wind
conditions, the pyroclastic saltation populations remain constant
over a distance of at least 0.4 km at Kilbourne Hole, and the
saltation populations at Hunts Hole are similar. Coarser-grained
creep populations in the surge deposits appear to be more
complex than their aeolian counterparts, and in some samples
contain maximum grain sizes that are up to nine times coarser
than the modal saltation values. The fractions coarser than the
saltation mode exhibit a range of decreases in mass amounts and
some samples appear to exhibit separate coarse modes similar
to distributions seen in some aeolian granule megaripples and
fluvial gravelly megaripples. In these pyroclastic surge deposits,
coarse grains may have been added by fallout and entrained in
thin beds mixed with saltating grains. However, if the coarse
grains are mixed with a saltation population and emplaced
as thin, dense, granular shear layers, the mechanisms respon-
sible for deposition of discrete, continuous layers across large
bedforms are unclear, perhaps analogous in some respects to
granular shear layers in fluvial gravelly megaripples.

Introduction

Phreatomagmatic processes forming various facies in tuffs
along maar rims are interpreted to involve pyroclastic
surges and dilute pyroclastic density currents generated
under a variety of conditions, ranging from high-velocity,
hot, dry, ash-laden pyroclastic density currents, to
relatively cool, wet, mud-laden winds (Moore, 1967;
Fisher, 1970; Waters and Fisher, 1971; Lorenz, 1973;
Walker, 1983; Sheridan and Wohletz, 1983; Cas and
Wright, 1987; Cole, 1991; Valentine and Fisher, 2000;
White and Houghton, 2000; Houghton et al. 2000;
Branney and Kokelaar, 2002; Gencalioglu-Kuscu et
al., 2007; White and Ross, 2011; Sulpizio et al., 2014;
Valentine et al., 2015; Breard and Lube, 2017), to even
cooler, wetter pyroclastic density currents wherein steam
condensed to water within the moving cloud and along the
ground (e.g., Sheridan and Wohletz, 1983; Gencalioglu-
Kuscu et al., 2007). Although volcanic eruptions have
occurred subaqueously and through shallow groundwater
(White and Houghton, 2000; Gencalioglu-Kuscu et al.,
2007; White and Ross, 2011; Valentine et al., 2015), the
co-eruption of quantities of sediment-laden water along
with the pyroclastic surges and flows remains less inves-
tigated, even though many bedform descriptions were
originally taken from fluvial sedimentology. Variables
including temperature, density and concentrations of
particles and dust within the ash clouds and a host of
other properties make interpretations and models com-
plex. The transport medium makes a big difference in the
ways clasts are transported and sorted because rock clasts
are more than 2000 times denser than air, whereas the
same grains are only 1.8-2.6 times denser than water.
In addition, the viscosities of the media are orders of
magnitude different (Bagnold, 1979; c.f., Douillet et al.,
2014). Thus, wind-driven ballistic impacts in air dislodge
and move larger grains downwind as creep, but impacts
in water do not. Other more massive and reverse-graded
facies are likely generated as debris flows with interstitial
fluids being either air or water. Mechanisms of transport
and deposition of clasts in many types of pyroclastic
deposits continue to be topics of investigation and dis-
cussion (Branney and Kokelaar, 2002; White and Ross,
2011; Andrews and Manga, 2012; Sulpizio et al., 2014;
Douillet et al., 2014; Valentine et al., 2015; Breard and
Lube, 2017 ). Recently, several researchers have begun
wind-tunnel experiments that incorporate volcanic clasts
and fine-grained “dust,” coarser-grained clasts on the
wind-tunnel bed, and variable bed-slope angles (Andrews
and Manga, 2011, 2012; Doronzo and Dellino, 2011;
Douillet et al., 2014; Breard and Lube, 2017).
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The thin laminae and their grain-size distributions
across pyroclastic dunes generate questions and inter-
pretations concerning the processes that resulted in their
formation and preservation. Many discussions describe
and interpret the generation of bedforms and some types
of laminae during passage of pyroclastic surges and dilute
pyroclastic flows. Interpretations have included settling of
particles from suspension (Dellino et al., 2008), by individ-
ual eddies at the base of pyroclastic surges (Andrews and
Manga, 2012), high-frequency fluctuations in velocities
along the ground surface (Sulpizio et al., 2014), passage
of “plug flows” and “traction carpets,” (Sohn 1997;
Sohn and Chough, 1989; Douillet el al., 2015) and pro-
cesses of “fluidization” (Wilson, 1980, 1984; Roche et
al., 2004; Gravina et al., 2004; Girolami et al., 2015).
Of particular interest is the transport, deposition, and
formation of facies and bedforms at the base of pyroclastic
surges and currents.

Some researchers approach the problem using prin-
ciples of fluid dynamics and the physics of particle inter-
actions within currents (Burgisser and Bergantz, 2002;
Dellino et al., 2008; Andrews and Manga, 2012; Sulpizio
et al., 2014). The basal layer where deposition takes place
has been considered in terms of particle concentrations,
particle-particle interactions, and rates of shearing within
the layer (summarized in Sulpizio et al., 2014; basal gran-
ular-fluid flow of Breard and Lube, 2017). In contrast,
a simpler set of approaches to gain an understanding of
transport and sedimentation by wind, water, and debris
flows, based on the basic physics of the ways the masses of
individual particles are supported by either fluids or other
particles, was offered by Bagnold (1941, 1966, 1968,
1973, 1977, 1979).

Fine particles transported by wind are supported in
suspension by turbulent eddies; wind-blown sand grains
are supported by episodic contact with the ground surface
(saltation), and larger grains are bombarded and moved
along the ground surface by impacts of saltating grains
(short hops by large grains are called reptation; those that
slide and roll are called creep). Grains avalanching down
slip faces of dunes also move other grains in a down-
gradient direction. Aeolian laminae are generated by at
least three processes: the passing of low, wind-driven
ripples across larger bedforms or planar surfaces, high-
frequency fluctuations of wind speeds along the surface,
and avalanching of grains down slip-face slopes of larger
dune bedforms (Kok et al., 2012).

Sand grains saltate in water and go into and out of
suspension similar to the way they do in turbulent air.
Flowing water is more dense and viscous than air, so
laminae may be generated by other processes, including
planar sheet flow as well as passage of ripples and grain-
avalanching off slip faces of ripples or dunes (Allen, 1982;
Fourriere et al., 2010). Larger grains in flowing water
move more by rolling and dragging along finer-grained
beds, without ballistic impacts from other grains,
particularly in low-gravel, low-gradient streams. Along
gravelly channel bottoms, shear stresses within the
bedload move larger clasts upward and they tend to remain
at the surface, while smaller clasts move and aggrade
beneath them (Bagnold, 1979). In addition, thin layers may
be produced by the passage of hyperconcentrated flows
or shearing processes within thin gravelly traction-sheets
similar to debris flows. Also, along channel-margins,
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slower-flowing backwaters and eddies, and under
waning flows, finer grains settle from suspension to form
climbing ripples and plane beds with continuous lami-
nations. These are very different from the volcanogenic
forms discussed herein.

We studied pyroclastic dunes from the rims of
Kilbourne and Hunts Holes in southern New Mexico in
order to compare grain-size distributions from laminated
and thin-bedded maar deposits with previously studied
bedforms in wind-tunnel experiments and other aeolian
deposits, and from waning flows in rivers. The nature of
basal pyroclastic “granular-flow pulses” versus aeolian
and fluvial saltation and thin gravelly “debris-flow” sheets
leads to questions concerning mechanisms of deposition
and the amounts of sediment-laden water generated by
phreatomagmatic eruptions at these maars.

Kilbourne and Hunts Holes are 2.7 and 2.4 km-wide,
91 and 76 m deep, late Pleistocene maars located 42 and
47 km southwest of Las Cruces, New Mexico, formed
by phreatomagmatic eruptions followed by significant
post-eruptive subsidence (Stuart, 1981; Seager, 1987).
These are typical maars with low, outward-sloping rims
of ejecta cut by collapsed craters below the former ground
level as defined by Wood (in Cas and Wright, 1987,
p. 376-377) and Vespermann and Schmincke
(2000). Kilbourne Hole maar has an age of 45+4 ka
(M. Zimmerer, pers. commun., 2017; c.f., Gile, 1987).
Hunts Hole remains undated but appears to be similar
in age to Kilbourne Hole. The climate is semiarid and
depth to groundwater is now approximately 100 m,
so little alteration of the ejecta appears to have taken place
below the zone of soil development, although commonly
the deposits are partially consolidated. Only slight erosion
of associated deposits has taken place on the edges of
the crater rims. Excellent exposures of bedded and
laminated deposits in the maar rims show a progression
and repetition of several volcaniclastic facies in 4 to
20 meter vertical sections (Stuart and Brenner, 1979;
Wohletz, 1980; Stuart, 1981; Seager, 1987; Bahar, 1991).
Bedforms associated with these deposits include mas-
sive beds, planar beds, several types of dunes including
progressive and regressive forms, and scours (Waters
and Fisher, 1971; Stuart, 1981; Sheridan and Wohletz,
1983; Cas and Wright, 1987; Cole, 1991; Douillet et al.,
2013). Some of the crossbedded dune deposits are similar
to fluvial, pebbly sand crossbeds in subaqueous dunes
(Fig. 1). Others are similar to aeolian ripples, dunes, and
granule megaripples.

AtKilbourneHole,Bahar(1991) showed thatindividual
beds within pale, sandy, cross-bedded dune deposits along
the maar rim are more than 90 percent reworked fluvial
pebbly sand from underlying ancestral Rio Grande depos-
its, and that darker, coarser beds consist of 25-27 percent
juvenile basaltic clasts and 58-71 percent ancestral Rio
Grande pebbly sand. The exposed deposits also show many
beds with soft-sediment deformation, as well as cratered
structures formed by impacts of volcanic bombs that
embedded themselves in laminated deposits, indicating
water saturation in the deposits shortly after initial
deposition. Accretionary lapilli, also characteristic of
wet phreatomagmatic deposits, are present at more than
one stratigraphic level. The preservation of individual
laminae and thin beds within climbing dunes where indi-
vidual laminae can be traced across parts or all of the
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Figure 1. Pyroclastic sand-wave bedforms exposed at Kilbourne Hole maar. A) Exposure of crest, lee,
bottomset, stoss, and crest of successive climbing dunes on the southeast side of Kilbourne Hole where
samples were taken. Trenching tool for scale. B) Closeup of migrating stoss, crest, and lee bedsets
(type b dune of Cole, 1991). Tape measure is extended 30 cm.

bedforms (i.e., types b and ¢ sand waves of Cole, 1991;
very different from dunes described by Douillet et al.,
2013; Fig. 1) permits sampling and granulometric analysis
of discrete depositional units. Granulometric analyses
of volcaniclastic deposits in general are important to
understand mechanisms of mobilization, transport, and
deposition of clastic grains, and secondarily for purposes
of classification of these types of deposits (Wohletz, 1980;
Sheridan et al., 1987; Bahar, 1991; Wohletz et al., 1995;
Gencalioglu-Kuscu et al., 2007). At Kilbourne Hole, sam-
pling was done in low-amplitude climbing dunes (Stuart
and Brenner, 1979; type ¢ sand waves of Cole, 1991),
in which stoss, lee, and bottomset beds are preserved
during aggradation on the south and southwest exposures

Fall 2018, Volume 40, Number 2

1.8 to 2.2 km from the center of the crater and about 4 m
above the base of the surge deposits. Following bedding
terminology summarized by Reineck and Singh (1980),
the smallest-scale depositional units in the dunes consist
of laminae and thin beds (Figs. 1, 3).

In this paper we (1) describe Bagnold’s (1937) illus-
trative technique and Barndorff-Nielsen’s (1977, 1979)
hyperbolic mathematical models to characterize grain-size
distributions; (2) present the results of grain-size analyses
of individual laminae from climbing dunes along the rims of
Kilbourne and Hunts Holes; (3) compare these results with
Bagnold’s (1941) experimental aeolian deposits created
under waning wind conditions and other reported
aeolian megaripples, and with deposits in waning-flow
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fluvial dunes from the Rio Grande, (4) present hyper-
bolic models for some of the grain-size distributions and
(5) speculate on the processes generating both the laminae
and grain-size distributions.

Methods

We sampled individual layers in dune bedsets that could
be traced longitudinally over distances of a few meters
because the dunes progressively climb down-gradient;
stoss, crests, lee sides, and bottomsets are preserved.
One particular bedset at Kilbourne Hole contains a
pinkish clay coating that allows it to be traced laterally,
so that adjacent bedsets above and below can be identi-
fied and sampled accordingly. In the climbing dunes we
studied, crests progress down-gradient and increase in
height, but due to thickened deposition on the lee slope
and bottomsets, the bedsets shallow upward before the
sequence tops out in nearly horizontal parallel laminae.
Similar sequences of bedforms in the section may
be interrupted by scour, with completely preserved
bedforms above and below. We used the terminology
shown in the Figure 3 field sketch, and sampled individual
beds at locations indicated by letters on the sketch.
Centimeter-scale samples of stoss, crest, lee, and bot-
tomset beds of fine parallel laminae ranged in mass from
15-50 g. Coarse beds were sampled in masses as much as
1,400 g. We used quarter-phi-size brass sieves to deter-
mine the masses of grain sizes from 0.045 to 10 mm.

As an alternative to conventional probabilistic
lognormal sedimentological methods, we use the
graphical technique presented by Bagnold (1937, 1941)
to illustrate grain-size distributions using log grain
size—log mass frequency plots (discussed below). This
illustrative technique is independent of assumed proba-
bilistic models of distributions and is quasi-independent
of sieves used as long as the sieve interval is relatively
narrow. The technique also may show problems with
aperture diameters in individual sieves if one assumes
that the distribution curves should be smooth. In the
following log-differential plots, it can be seen that some
of the sieves are less than ideal, having mesh holes larger
or smaller than labeled, such as the 0.212 mm sieve, pro-
ducing downward deflections in the curves at 0.212 mm.
Also note that the slopes of plots at the fine-grained ends
(silt sizes) are likely influenced by the assumed size of the
smallest fraction (0.001 mm). The illustrative technique
has led to the formulation of hyperbolic probability
distributions (Barndorff-Nielsen, 1977, 1979) that may
be applied to aeolian and fluvial, and here to pyroclastic
maar-rim deposits.

Bagnold’s illustrative technique
and resulting models

Bagnold (1937, 1941) developed log-differential dia-
grams to illustrate grain-size distributions. He pointed
out that sieves do not have ideal aperture sizes or
uniform intervals between successive sieves. He also
pointed out the large range in mass percentages caught
on the sieves. In order to account for and normalize
effects from non-ideal sieves and size intervals, the
mass percentage for each size interval is divided by the
difference in the logarithms of the sizes of the largest
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and smallest clast (in mm) in the interval. The resulting
number is plotted using a logarithmic ordinate, with the
logarithmic midpoint of the size interval as abscissa.
Such diagrams show small size-grade amounts equitably
with larger amounts, and because each interval is qua-
si-independent of other intervals, the shapes of portions
of the curves remain similar even if portions of other
sizes are added or subtracted. The illustrative technique
is independent of any assumed probability model for
the distribution.

Traditional lognormal probability distributions are
parabolas on log-differential diagrams, but as Bagnold
(1937, 1941; Bagnold and Barndorff-Nielsen, 1980) has
shown, size distributions of many aeolian and fluvial
deposits are hyperbolic in shape (Fig. 2). Furthermore,
Bagnold (1941) indicated that for “regular” aeolian
sands, the slopes of the lines on the coarse and fine sides
of the distribution curves (asymptotic lines) approach
limits of approximately 9 and 2.5 respectively (“regular”
sands are those with size-grading curves that illustrate
nearly linear slopes descending from a modal value of
grain diameter).

Barndorff-Nielsen (1977) developed a family of
mathematical equations for hyperbolic distributions
using four parameters. Hyperbolic distributions can be
generated in both deterministic and random ways, includ-
ing being the product of infinite mixtures of lognormal
distributions. Unlike the four moment descriptors com-
monly used in sedimentology (mean, standard deviation,
skewness, and kurtosis), the four hyperbolic parameters
can be used quantitatively in probability expressions to
model grain-size distributions.

Barndorff-Nielsen et al. (1982) showed that the four
parameters of hyperbolic size distributions varied longi-
tudinally across a small aeolian dune. Love et al. (1987)
showed that fluvial grain-size distributions were also
location-dependent, and varied as flow waned. In addi-
tion, they showed that sorting processes take place on at
least two scales, affecting the four hyperbolic parameters
in different ways in a down-flow direction.

Mathematical treatment of
log-hyperbolic distributions

As developed by Barndorff-Nielsen (1977) and applied
byLoveetal.(1987),hyperbolicdistributionsaregeneraliza-
tions of normal distributions and require four parameters.
For appropriate grain-size data, the logarithm of the
grain diameter is assumed to have a hyperbolic distribu-
tion. By analogy with lognormal distributions, the grain
size is thus said to be a log-hyperbolic random variable.

If V = In d (where d is grain diameter), the probability den-
sity function of ¥V with four parameters is:

In f(V) = Com ([&"+ (V=" (0 =2+ (V- ) (-2 (1)

where u is the abscissa of the point where the asymptotes
cross, d is a scale parameter influencing the sharpness of
curvature of the peak, and ¢ and y represent the slopes of
the asymptotic lines of the hyperbola. C, is the ordinate
of the point where the two limbs of the hyperbola cross
above the vertex, and is a constant related to an expres-
sion involving K,, which is a modified Bessel function of
the third kind with index v = 1.
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Figure 2. Hyperbolic models of grain-size distributions. A) Effect of slopes of asymptotes (¢, y) on shapes of hyperbolic
grain-size distributions. Upper abscissa scale is log,,, lower scale is natural log. B) Effect of parameter § on peakedness
of hyperbolic distributions. C, D) Hyperbolic fits (lines) to grain-size data (dots) for aeolian deposits. Data from Bagnold
(1941) are “regular” (C, saltation) and “skewed” (D, ultimate creep) modes, showing hyperbolic shapes and slopes of the
coarse and fine limbs of the curves. Hyperbolic model parameters (¢, y, d, and u) are log,, values. E, F) Fluvial examples are
an upper foreset of a sandy dune, and a large ripple, both from the Rio Grande (Love et al., 1987). G, H) Pyroclastic-surge
examples from bottomset and stoss locations from Kilbourne Hole deposits (v and t respectively in Fig. 3).
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According to Barndorff-Nielsen (1977), C, can be calcu-
lated as follows:

C, = In [0/0kK (k)] 2
where
K= (pp)* (©)
@y
T oty ®

If (1) is used to describe the behavior of V = In d, the
proportion (P;) of grains with d between dy; and d,; can be
calculated by letting Vy; = In dy;, V2 = In dy; and evaluating

V2i
Pi(u, 6,99 = J. SV o, 0,9 dV (5)
Vli

If In dy; - In d,; is small, then the ratio P/(In d\;-In d,)
approximates the hyperbolic probability density.

The mode, or maximum value for the probability density
function is given by

Vi =+ 0 (9 —7) 20y (10)

The four parameters are estimated using a maximum
likelihood iterative technique

m
MLE =Xt,1n P, (u, 6, ¢, y) (11)
i=1

where r; is the observed proportion of grains found in the
range dy; to d;.. We used the Rosenbrock hill-climbing
method with constraints (Kuester and Mize, 1973) to
approximate the integral for P,.

For illustrative purposes, the abscissa on the data
graphs presented here use a logy rather than a natural
log scale and g, the point on the abscissa where the two
asymptotes cross, is left in log;, units rather than mm.
Because one of the four parameters used in Barndorff-
Nielsen’s analysis is designated ¢, we use ¢ for the mathe-
matical parameter and use the spelled-out term “phi-size”
to distinguish the commonly used sedimentological units
of sieve size. Figures 2A and B illustrate how the slopes
of the two asymptotes (p and y) affect the shape of the
distribution, and how the scale parameter (§) affects the
sharpness of the peak of the distribution.

Bagnold and Barndorff-Nielsen (1980) show that on
log size-linear percent graphs, the hyperbolic distributions
can be used to illustrate the properties of skewness and
kurtosis commonly used to describe deviations from nor-
mal probability distributions.

Comparisons of grain-size
distributions from maar-rim, aeolian,
and fluvial deposits

Kilbourne and Hunts Hole bedforms
and distributions

As Figure 3 shows, variability of size distributions is large
from similar locations on a dune (such as stoss, crest, lee,
or bottomset beds), but size distributions along individual
beds are similar, despite location on the form. At most,
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lee-location beds tend to have slightly more rounded
modal portions (Fig. 3: d, v) due to increased amounts
in the 0.3 to 2 mm range relative to the adjacent stoss
and bottomset samples. Some beds show unimodal hyper-
bolic distributions, but exhibit variable coarse and fine
slopes. The decreases in masses of grains finer than about
0.2 mm have two types of slopes—steep slopes (Fig. 3: k,
I, n, q) and gradual slopes (Fig. 3: a, e, g) (Stuart, 1981).
Those with gradual slopes are apparently affected by a
large (up to 33 percent) fraction of grains less than about
0.09 mm in diameter. Similarly, the coarse sides of the
distributions have more than one type of slope, some
steep, some gradual, and some extending subhorizontally
with significant coarse fractions between 0.9 and 10 mm
in size (Fig. 3: I, m, p). Many of the distributions have
hyperbolic shapes in sand sizes, with additions of coarser
fractions (Fig. 3: j, k). The coarser fractions may or may
not be in separate modes (Fig. 3: k, I, m, p, q). In some
cases the distribution on the coarse end is nearly flat over
a wide range of sizes, and decreases in a “regular” manner
on the fine side of the distribution (Fig. 3: m, p). Samples
from similar locations along, above, and below the pink
marker bed on the next well-exposed dune away from
the crater (a few meters down-gradient) showed nearly
identical size distributions. Samples from a smaller, more
distal bedform 2.2 km from the center of Kibourne Hole
showed similar unimodal distributions. In particular, the
mode and the shape of the fine portions were nearly iden-
tical to the distributions observed from samples obtained
closer to the center of the maar (e.g., Fig. 3: g, u, w).

At Hunts Hole, samples were taken from fine and
coarse bottomset, stoss, crest, and lee positions along
beds forming a large climbing dune with a progressively
enlarged amplitude of over 3 m, similar to the one illus-
trated by Stuart (1981, fig. 3). Except for the coarsest
fractions, the distributions along the fine-grained bed are
similar, very “regular,” and match the fine-grained distri-
butions at Kilbourne Hole (Fig. 4). The coarse lee sample
(Fig. 4F) shows a separate coarse fraction with a mode of
2.18 mm (mid-point), similar to some of the distributions
from Kilbourne Hole samples (e.g., Fig. 3: k, n, o, q).

Grain-size distributions from wind-tunnel
experiments and other aeolian investigations

Although many studies of aeolian transport following
Bagnold (1941) have addressed sand saltation and suspen-
sion of dust, few have examined the processes of creep or
reptation (cf., Rice et al., 1995; Rasmussen et al., 1996;
Butterfield, 1999; Zou et al., 2001; Dong et al., 2002;
Namikas, 2003, 2006; Yizhaq, 2008; Duran et al., 2011;
Kok et al., 2012; Qian et al., 2012; Farrell et al., 2012;
Ho et al., 2014; Rasmussen et al., 2015; Valance et al.,
2015; Mayaud et al., 2017). A literature search did not
reveal other investigations replicating or expanding on
Bagnold’s (1941) investigations of creep in decreasing
winds. Bagnold (1941) constructed a wind tunnel with
a sediment trap to collect the creep fraction, and a ceil-
ing that diverged downwind to decrease wind velocity
(Fig. SA). He spread sand with a broad range of sizes on
the upper end of the tunnel, ran experiments at several
wind velocities, and analyzed the amounts and grain
sizes at down-tunnel locations. His experiments show
that first, as wind slackens down gradient, the amount of

Fall 2018, Volume 40, Number 2



(=)
E 3 L z ]
- E
E r/ E 3 b E
h] <-
E E I E ~ 3
[ 1. f— \
PR PPN PO PPN -
W N B - 08® B g4 © - ©
o - o o~ - o
ey £ peeeeeeee ey
: =1 ¢ P
E 37 E /; El
- -
E Eld E E
Y P F X \2
-
PFUITE TP I S NI I T B
W B - BV w o B - ®©
N - o [3Y] - o
(=)
F o F ]
- //—: - -
‘/"’ T /}’ E
\ i <\
E 3o E 3
I o e = p
P FETEE TR P - P B T SR
I I B T ]
aY) L o N - o
(=]
o ] £ :
L ] . ]
: 1 i b L] ]
B = 4\\ E
L o \\ - \ ]
-
MW SIS B S =) M WS P P
0 o~ 0 - ne R 0
o o (=] ~N -~ o
E 3 E 3
s o F ]
L lL— L 1
]
-
E 3 E S
E L E : // E
L q ] [ ]
[~ b k\ 4
F o 3 b < ™ 1
-
AITITS I S P - T FEEE R N
0N - S v B - 0
o - (=] o ;o o
)
E ER | o3
; / ] E // ]
\\ _g 1\\ i
[ © \'-,_ L o N ]
PP PPN P PP ) AU P P
0 o~ ) - ) @ ) & ) - 0
N - o o : i o

(renssyul azis boj Jad Juaoiad ssew) 6oj

Fall 2018, Volume 40, Number 2

10

0.1

0.01

10

0.1

0.01

10

0.1

0.01

10

0.1

0.01

10

0.1

0.01

10

0.1

0.01

grain size in mm

£
O
Q
®

NEw MEexico GEOLOGY

bottom set

30cm

10
10

TTT T T T T T[T T T TTTT L L L L

T
RETTY

T
121

\
N

\
N
. .“"1

/

4

0.1
0.1

TR ST SR N T W N

25
2
1
0.01
251
Sf
15
1
0.01

1
05
05

10

10

LI L i L

TTTTTTTTTTTTT

21
T
I

b

E q -~ + ~
E 3 E L
E E E %/ E
- - -
E ] ERd E \ Eld
: E \\_
o - 2 41
PP P I P PP IR PP I ()
o - no 1 - n O
o - oc o - =
) )
b N b /}‘
[ T I L.
7] | o=
3 F R E 1 ~
L . e -
E I~ ER=d E \ EN=]
F o i. > 1.
PRI NI S P - PPN I T e =
o -~ ®w8 1  ®w .~ 0o
o - 5 o - o
ey 2 ey ©
i ﬁ{ 1. , 1.
E 3 E // E
[ ] [ < ]
— - — -
3 \\EO E \\ io
9 . -: \ -
- =
P NS N e Q aaaa da gl e Q
b o - noe o w0 - n o
o - o o - =]
o o
eIy = prerrrrrerrrrrrrry S
{ /’)
- v 2 -
— = -
E ~ ERGA A ERG)
. . \' [ \ -
=
FFTITE S PR P ) PN I I N I
0 N - we o - S
N - o o - (=]
o o
Er ey = Err ey 2
F * - E q
E — | 3 E 3
F ] E ol
. o L |
o
L o v — .
I = &
E \° E N ERC]
[ E 1. L ]
PRAIFE] NPT (P P = R IS P I )
L N ¥ - wvw® vy © .~ 190
[aY] - o N L ad (=]

(renusyul ozis 6oj Jad Jusaiad ssew) Boj

grain size in mm

Figure 3. Labeled sketch of climbing-dune bedforms at Kilbourne Hole maar, and grain-size distributions from stoss, crest, lee, and bottomset locations. Sample locations for corresponding data

plots are shown on the sketch. The bedforms were sampled on the southeast side of the maar, 1.8 km from the center. “Pink” on sketch refers to distinctive marker bed discussed in text.
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sand in transit decreases and the peaks of the size distri-
butions get finer in proportion to the decreasing amounts
(Fig. 5B). Initially, the wind-sorted bed had peak sizes
smaller than that of the original mixture of sand. Later,
as the experiment continued, the bed stabilized at coarser
sizes, but with the same proportional decrease in size
downwind. Second, the slopes of the hyperbolic lines
increased to 9 for the coarse-end slope and near 2.5 for
the fine-end slope (except for the sediment trap samples
at the downwind end of the tunnel). Third, surface creep
also resulted in a “regular” distribution, but had different
asymptotic slopes (Fig. 2D; Fig. 5B; surface creep and
creep beyond ultimate threshold). Thus, the creep
distribution affects the size distribution of downwind
deposits as the creep load overtakes them, increasing the
amount of the coarsest sizes and decreasing the coarse-end
slope. Strong winds shift the creep distribution to even
coarser sizes and steepen the slope of the coarse end of
the distribution.

Williams (1964) ran experiments on sorting of
different shapes of sand grains saltating in a wind tunnel
that did not expand downwind. The size distributions
of grains closest to the floor of the tunnel (within
0.5 cm above the surface) were similar to those of
Bagnold’s creep fraction, while those saltating to greater
heights were similar to Bagnold’s “regular” saltation
fractions. Williams concluded that initial surface
size distribution and sphericity as well as the impact
shear velocity gradient affected the size proportions in
saltating grains.

Anderson (1990) and Anderson and Bunas (1993)
investigated and modeled ripple-migration laminations
described by Hunter (1977). Coarse grains move less than
fine grains when impacted by other sand grains so they
tend to concentrate near the crests of the ripples, whereas
finer grains move farther and tend to gather in the lower
lee faces and troughs of the ripples. This process leads to
the generation of nearly planar, fine and coarse laminae
as ripples move and climb downwind.

Rice et al. (1995) investigated the effects that
three-sizes of saltating “impactor” sand grains had on
beds of sand having three different sand sizes. As expected,
they demonstrated that smaller sizes of sand on the
bed were ejected at larger concentrations and speeds
whereas larger grains were ejected at lower speeds and
made only short “hops.” They suggested that grains could
be sorted by the distances they move, with smaller grains
moving farther and more quickly downwmd leaving
larger grains behind, while large grains moved more
slowly over shorter dlstances perhaps forming separate
coarse populations.

Namikas (2003, 2006) investigated particle sizes,
mass fluxes, and energy partitioning of saltating aeolian
sand grains. He concluded that there is a constant kinetic
energy level at liftoff for all sand size classes, which
therefore reflects an inelastic impact regime between the
saltating grains and the loose bed. Following Anderson
(1990) and Rice et al. (1995), Namikas suggested that
this provides a mechanism for size sorting wherein larger
grains “hop” or reptate only short distances close to the
bed whereas smaller grains take higher, longer trajectories.
This may explain Bagnold’s (1941) and Williams® (1964)
results regarding sizes of “creep” along the floor of the
expanding wind tunnel.

Fall 2018, Volume 40, Number 2

A lesser amount of literature describes and models
aeolian ripples that are larger and coarser than normal
aeolian ripples, known as “ridges,” “aeolian megaripples,”
“gravel ripples,” or “granule ripples.” Among others
Yizhaq (2008) and Qian et al. (2012) summarized what
is known about granule ripples. Yizhaq (2008) presented
a model for their generation, whereas Qian et al. (2012)
measured wavelengths, heights and grain sizes in granule
ripples generated in four areas of the Kumtagh Desert,
China. The granule ripples had wavelengths between 0.31
and 26 m with heights between 0.015 and 1 m. The granule
ripples had bimodal or trimodal grain-size distributions
with fine modes between 0.105 and 0.125 mm and coarse
modes at 2 mm. Some of these coarse ripples had a sec-
ondary coarse mode between 1 and 1.25 mm. None of the
coarsest grains were more than 4 mm in diameter. The
distributions shown by Qian et al. (2012) are similar to
those that include very coarse fractions shown in Figures
3 and 4, but the bedforms and internal stratigraphy of the
granule ripples are dissimilar to the pyroclastic deposits.
Yizhaq’s (2008) model generated granule megaripples by
concentrating reptating coarse grains (<4 mm) on larger
ripples and coalescing ripples into megaripples with coarse
crests and finer stoss, lee, and bottomsets.

Grain-size distributions from waning-flow
bedforms of the Rio Grande

Love et al. (1985, 1987) illustrated grain-size distributions
from subaqueous sandy ripples and dunes and gravelly
megaripples from waning flow in the Rio Grande near
Socorro, New Mexico. Many of the sandy distributions
are either unimodal (Fig. 2C, D), or bimodal, which could
be modeled by mixing two hyperbolic distributions. The
dominant hyperbolic distributions are considered to be the
saltation fraction, either forming sandy ripples or redepos-
ited as the ripples cascade off slip faces of larger bedforms.
Coarser sand and gravel fractions are not hyperbolic and
are multimodal (illustrated below). It is possible that due
to dispersive stresses of granular flow along the long stoss
surfaces of the gravelly megaripples, the coarsest grains
are concentrated at the surface of the bedforms and that
grains below the surface are less coarse. In the sampled
gravelly megaripples the very-fine-sand and silt fraction
formed a separate mode even though most of the fine-
grained fraction (between 0.06 and 0.2 mm) behaved
similarly to the fine fractions of sandy fluvial dunes.

Discussion

The maar-rim dunes we studied are consistently well-or-
ganized forms with multiple fine laminae and thin beds
creating the bedforms. They have consistent grain-size
distributions, suggesting some uniformity in mechanisms
of transport and deposition. The modes of the main sand-
sized fractions (0.15-0.35 mm) are rather fine-grained
and are similar to both saltating wind-blown sand and
fluvial dune crests. The steep and gradual types of linear
decreases in amounts of fine fraction (less than about
0.2 mm), described earlier, suggest that fine grains are
commonly only partially transported away in suspension,
or are incorporated in laminae of dunes in more than one
way. The differences in amounts of fine grains (at least
an order of magnitude) in the two types is illustrated in
Figure 6C (f and o versus n and q). Those distributions
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Figure 6. Comparison of grain-size distributions of upper foresets from sandy and pebbly megaripples in the Rio Grande (numbered lines, from
Love et al., 1985, 1987), and laminated dune deposits from Kilbourne Hole (lettered lines— see Fig. 3 for sample locations). A) The volcaniclastic
dune distributions are slightly finer grained than the fluvial dunes, and the shapes of the peaks are also different. The slope of the coarse-side
fractions (y) for the volcaniclastic deposits are similar to those for the fluvial sandy dunes. The slope of the fine-grained limbs (¢), however, are
different from the fluvial examples. The amounts of fine sand and silt (probably fragmental ash) are nearly an order of magnitude more than in the
fluvial examples. B) For the volcaniclastic samples, the modes are finer and the peaks broader than the fluvial examples, coarser grains are within
the range of the fluvial examples, and the slopes of the finer fractions are more similar to the fluvial examples than in Fig. 6A. C) These curves
were selected as examples of coarser-grained volcaniclastic deposits showing bimodal distributions. Included is a sample from Hunts Hole (curve
“F” from Fig. 4). The modes for the saltation fractions are all between 0.2 and 0.3 mm. Coarser fractions (>0.9 mm) for the surge deposits in these
examples appear to have a separate mode between 2 and 3.5 mm. D) Examples of coarser-grained deposits from Kilbourne Hole, together with
two samples from coarser-grained fluvial megaripples from the Rio Grande (Love et al., 1985). Note that the distributions still have a saltation
mode between 0.2 and 0.35 mm, with a flat or slightly peaked distribution from 1 to about 6 mm.
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showing relatively large amounts of fine sand and silt
(gradual fine-end slopes) are distinctly different from
fluvial sandy megaripple deposits. Other distributions
show a substantial decrease in sand and silt smaller than
the modes, similar to decreases seen in fluvial sandy dune
deposits (e.g., Fig. 6C, D).

Two observations may bear upon the question of why
there are two types of decreases on the fine end of the
hyperbolic distributions. First, low amounts of fines appear
to correlate with a well-defined gravel mode that makes
up less than half of the whole distribution (e.g., Fig. 6C:
n and q). Second, if one considers flow separation and
attachment similar to fluvial examples, perhaps both flow
separation and movement of a coarser gravel mode could
increase suspended load so less ash (particularly in lee and
bottomset positions) is deposited down-gradient.

Considering an aeolian analogy for deposition of the
pyroclastic deposits, the distributions may be explained
as mixtures of saltation and one or more coarse (possibly
creep) populations. The data are suggestive, but we cer-
tainly cannot prove that these populations are generated
in such an analogous manner, or that other mechanisms
of sorting are not taking place. The variability of fine and
coarse slopes of the saltation populations suggests that the
processes of saltation impacts, producing short hops for
larger grains and longer flights for smaller grains, are only
partially initiated and not as complete as the processes
resulting from aeolian and fluvial transport. The amounts
of fine grains incorporated in the saltation fraction may
also depend on the concentration of dust near the surface
during transport.

The small size range of the fine mode (between
0.125 and 0.350 mm) of the putative “saltation” frac-
tion is perhaps surprising, considering the documented
turbulence of pyroclastic density currents (Moore, 1967;
Thorarinsson, 1967; White and Houghton, 2000).
However, the important part of the pyroclastic cloud
from a deposmonal standpoint is near the ground sur-
face, where velocities go to zero and basal shear is set up.
From Bagnold’s (1941) and Anderson and Hallet’s (1986)
work, at ambient atmospheric conditions of temperature
and pressure, the calculated critical-impact shear stress
for saltating grains would be on the order of only 0.02
to 0.05 N/m?, and the impact threshold velocity would
be on the order of 0.12 to 2 m/sec. Douillet et al. (2014)
calculated velocities between 1.26 and 3.95 m/sec to drive
saltating granules (2—4 mm) of scoria in their wind-tunnel
experiments, depending on pressure and temperature of
the atmosphere within the pyroclastic currents. Following
Walker (1984), both the climbing aggradation of lamina
in the bedforms and the rather small dominant size of the
saltation fraction suggest wind speeds near the ground
may not have been substantial, or that other factors (such
as moisture or abundant suspended dust) were modifying
the depositional conditions.

In the dunes we sampled, the mechanisms sorting the
coarser grains did not produce the uniform distributions
exhibited by the finer mode, suggesting that processes
sorting coarse grains are not as uniform, continuous, or
as long-lasting as those in normal aeolian dunes. Coarse
grains may have been added initially by fall out of ejecta,
but the grains have been entrained in the transporting
medium and deposited with the rest of the grains. Coarse
modes are up to nine times larger than fine modes, possibly
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suggesting that large saltating grains played a dominant
role in movement of the creep contribution to the coarse
side of the grain-size distribution.

However, the incorporation of grains as large as
1 cm in diameter raises questions about mechanics of
transport and deposition of the grains. First, aeolian creep
and reptation of coarse grains requires saltating grains
to dislodge and drive them along the surface. The coarsest
of the saltation grains are 2-3 mm in diameter and are
only a small fraction of the total, while the modes of the
saltating population are less than a tenth as large, so how
many of these grains must frequently impact the larger
grains to drive them along? Second, if the decrease on
the coarse end of the saltation fraction is due to lessening
reptation of increasingly coarse grains, why is there a
separate increase in even coarser grains (in samples with
distinct coarse modes, including some with more coarse
mode than saltation mode)? Third, are both the saltation
and coarser populations produced durmg the same trans-
port episode, or might they be inherited from separate
processes? For example, could the saltation fraction and
incorporated amount of fines be generated during part
of an episode of pyroclastic flow, while the coarser frac-
tion is generated as a thin debris flow that incorporates
the saltation fraction too? Fourth, if the proposed debris-
flow mechanism is viable, how does it follow bedform
topography rather than concentrate along bottomsets? Is
it dry or water-saturated? If possible, tracing individual
beds over longer distances may provide evidence for
“downwind” sorting.

Yet, similar size distributions from different locations
in the climbing-dune facies of the maars at Kilbourne and
Hunts Holes argue for similar depositional conditions
and mechanisms. These mechanisms must be set up at the
base of the pyroclastic cloud without regard for variations
in velocities within the clouds, and must be maintained
over distances of at least 0.4 km. Such conditions must
have been maintained at a nearly constant threshold shear
velocity and critical shear stress over distances at least on
an order of hundreds of meters, producing nearly identi-
cal sorting. Additional wind-tunnel experiments would
probably provide stronger evidence for these mechanisms
under dry base-surge conditions. The range in amounts
of the coarse fraction(s) suggests that the mechanism for
transporting and depositing coarse grains does not depend
on ballistic-impact drivers.

Considering that many historic phreatomagmatic
eruptions also disperse large amounts of water, a
water-transported analogy should be considered as an
alternative for deposition of the pyroclastic-surge dunes.
Clearly the bedforms are different from “normal” sub-
aqueous dunes and ripples. However, some of the grain-
size distributions are remarkably similar to distributions
from bedforms deposited in the Rio Grande (Fig. 6).
The sand fractions of the surge deposits coarser than the
modes are similar to fluvial sandy dunes; some have steep
decreases in amounts of coarser grains, whereas others
have larger, variable amounts of coarser grains (Fig. 6A,
B). The coarse sand-granule-small pebble fractions may
derive from a separate mode (Fig. 3: 1, n, o, q; Fig. 6B,
C, D), which is also similar to distributions observed in
some fluvial deposits (c.f., Love et al., 1985, 1987). The
fact that most of the sand fraction in the surge deposits
is derived from reworked ancestral Rio Grande deposits
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might indicate that the distribution is partly inherited,
but the sorting must still take place under conditions of
transport and deposition in the bedforms as they develop,
and fine-grained clasts must still be winnowed away in a
log-hyperbolic fashion.

Individual laminae or thin beds were deposited on
top of the previous layers with minimal reworking of
the underlying layer (i.e., coarse clasts, if present, stay
within the previously deposited layer). If the dunes with
their thin beds were laid down by shallow moving water,
the implication would be that the water depth was at
least as much as the height of the dunes, but that seems
extremely unlikely. One could envision that an individ-
ual lamina could be laid down by an individual pulse
of shallow, muddy water, hyperconcentrated flow, or a
thin, wet debris flow driven laterally by hydromagmatic
explosions and/or cloud collapse. One could envision
runout zones similar to those at distal positions of allu-
vial fans where muddy water, hyperconcentrated flows,
and debris flows spread into sheet flows producing thin
laminated bedsets.

The water could come out of the developing crater as
steam-driven pulses with incorporated sand from underly-
ing ancestral Rio Grande deposits, or from condensation of
water from clouds of steam moving away from the crater.
The former condition would explain the erosion, trans-
portation, and deposition of these sandy deposits, but the
latter mechanism would still need to explain how adequate
amounts of sand and coarser grains could fall out of clouds,
be entrained by a wet fluid, and make consistent bedforms
and grain-size distributions over broad areas.

Bagnold (1977) showed that in flowing water, the
bedload transport rate decreases as an inverse function of
the ratio of flow depth (Y) to bedload grain size (D), Y/D,
so that where flows spread out and Y becomes shallow,
larger clasts are deposited and the size of transported
clasts decreases down gradient as Y decreases. However,
if the coarsest fractions are added from ballistic fallout,
large clasts may not decrease solely by mechanisms related
to transport in flowing water. If the coarse grains are
transported in thin debris flows, they would tend to move
toward the free surface and toward the front of the flows
(Bagnold, 1977), perhaps increasing the lateral extent of
coarse grains. If each blast of hypothetical flowing water
wanes at each location and away from the constructional
maar rims, why are sandy ripples and fine-grained plane
beds, so pervasive in sandy bedforms in waning fluvial-flow
regimes (e.g. Allen, 1982; Love et al., 1987), not abundant?
Probably because such a mechanism did not happen. If the
saltation and larger grain-size fractions are mixed together
to form laminae across the dunes, is it possible that thin,
wind-driven, wet debris flows only a few particles thick,
incorporating larger grains as well as saltation popula-
tions, could move across and deposit laminae uniformly
on climbing dunes? Wet debris might be able to stick to
and not erode previously formed topography better than
dry, wind-driven avalanches. After all, muddy debris is a
small step beyond mud-encrusted grains (pink layer and
accretionary lapilli) known from these deposits.

Bimodal grain-size distributions of pyroclastic depos-
its have been reported from many other volcanoes, such
as Mount St. Helens, Washington (Rowley et al., 1985),
Campi Flegrei, Italy (Dellino et al., 2004), Cora Maar,
Anatolia (Gencalioglu-Kuscu et al., 2007), Tungurahua,
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Ecuador (Eychenne et al., 2012), and Hekla volcano,
Iceland (Janebo et al., 2018). None of these bimodal
distributions is attributed to more than one mode of
transportation and deposition. Instead, most of the dis-
tributions are within proximal massive or reverse-graded
deposits and attributed to direct settling from pyroclastic
density currents.

Hyperbolic fits to aeolian, fluvial, and
pyroclastic dune deposits

Where aeolian and fluvial saltation populations and
pyroclastic-surge grain-size distributions appear to be
unimodal hyperbolic distributions (Figs. 3, 6A, 6B), hyper-
bolic curves may be fitted to them (Fig. 2). A w1de range in
the four model parameters is indicated, particularly in the
slopes of the asymptotes and peakedness (@, 7, and 6). The
parameters ¢ and y for aeolian distributions are consis-
tently larger (steeper slopes) than for the pyroclastic-surge
dunes. Fluvial distributions show a wider range in ¢ and
y (particularly y) than aeolian distributions, but not as
broad as pyroclastic dune distributions. Parameters 6 and
u for aeolian distributions are only slightly larger and
smaller, respectively, than for surge distributions (Fig. 2).
If more than one population is present, two or more
curves may be suggested (Figs. 3, 6). However, because
the coarse population is never found by itself without the
finer population, we have not determined the nature of the
coarse population(s), or the nature of the overlap between
the two suggested distributions. Do bimodal distributions
reflect mixtures of two continuous, overlapping distribu-
tions, as Bagnold (1941) interpreted for bimodal aeolian
sands, or are they truncated at either coarse or fine ends
due to changes in transport and depositional mechanisms?
In waning flow in the Rio Grande, small bedforms over-
took larger bedforms to mix grain-size populations, but
there is no evidence of small bedforms preserved in the
pyroclastic-surge dunes.

An iterative technique to obtain best-fit estimates for
two overlapping hyperbolic distributions was not devel-
oped here. It is straightforward, however, to mix two
hypothetical distributions with specified parameters to
construct bimodal distributions (Fig. 7). Such combinations
can clearly mimic bimodal distributions from Kilbourne
Hole, Hunts Hole, or from other pyroclastic deposits such
as those mentioned above. In previous interpretations of
“base-surge” grain-size distributions (Wohletz, 1983;
Bahar, 1991; Wohletz et al., 1995), as many as five phys-
ical processes were invoked to explain inferred mixtures
of lognormal populations as combinations of ballistic,
rolling, saltation, and suspension populations. However,
similar distributions may be reconstructed by Combmlng
just two hyperbolic distributions. This illustrates the
hazard of interpreting populations based on assumptions
about models and the difficulty of interpreting transport
mechanisms solely from multiple lognormal fits to granu-
lometric data.

Conclusions

We compared grain-size distributions from laminae in
pyroclastic-surge dunes from maar rims at Kilbourne
and Hunts Holes with distributions from aeolian and
fluvial deposits, and illustrated the log-differential
nature of grain-size distributions of these laminae. We
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Figure 7. Combined hyperbolic distributions (lines) that mimic
bimodal data (points) from base-surge deposits. A) Mixture of two
distributions that reproduce a bimodal distribution from Hunts Hole
(mix 42 percent ¢ = 1.228, y = -1.718, 6 = 0.307, x = -.548 with 58
percent of 9 =2.17,y=-3.32,6 = 0.569, u = 0.326). B) Mixture of two
distributions that reproduce a bimodal distribution from Kilbourne
Hole (mix 66 percent ¢ = 2.490, y = -8.042, 5 = 0.068, i = -0.673 with
34 percent of ¢ = 2.17, y = -3.32, § = 0.569, u = 0.996). C) Mixture
of two hyperbolic distributions that reproduce a bimodal distribution
from Kilbourne Hole (data from Wohletz (1980) sample 8 A1l; half
phi-size sieve intervals (mix 29 percent of ¢ = 6.05, y = -19.24, 6 =
1.95, u = -0.674, with 61 percent ¢ = 18.605, y = -9.079, 6 = 3.620,
and u# = 0.149).
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interpreted these pyroclastic-surge grain-size distributions
as having saltation modes that are as fine-grained or finer
than modes in aeolian and fluvial dunes. The saltation
fractions from surge laminae exhibit log-hyperbolic
distributions that are much more spread out (lower slopes
¢ and y of the fine and coarse sides of the distributions). If
moving air is the transport medium, the addition of fines
and/or moisture may have affected the nature of ballistic
collisions and resulting driving forces on the dominant
grains, but the cumulative processes affecting transport
and deposition of individual grains still generated hyper-
bolic saltation populations. Many fine-end limbs of the
hyperbolic distributions have an order of magnitude more
fine sand and silt (ash) than their aeolian and fluvial
counterparts, but others have steeply decreasing amounts
of fine sand and silt, similar to their aeolian and fluvial
counterparts. These slopes on the fine end of the distri-
bution curves must reflect the amount of removal of fine
particles through suspension.

The parts of the distributions coarser than the salta-
tion fraction may be creep components, similar to aeolian
granule-megaripple distributions, but most are more
similar to fluvial bedload distributions from gravelly
megaripples. Some grain-size distributions have more
coarse grains and larger clasts than would be driven by
ballistic impacts of saltating grains. We suspect that these
coarse grains may have moved as thin, granular basal shear
flows mixed with an already existing saltation fraction,
but the mechanics of moving such flows across preexisting
dunes remains undetermined. Because of the similarity
of the multi-modal distributions of coarse laminae from
pyroclastic dunes and fluvial gravelly megaripples, the
possibility that water was included as part of these basal
shear flows cannot be ruled out.

The mixtures of hyperbolic saltation populations
with coarser populations also raises questions about how
they are mixed. The low slope values for the fine sides of
the coarse populations do not appear to continue beyond
the coarse limit of the saltation population, so are the two
populations truncated where they meet or do they overlap
at lesser logarithmic amounts?

Aeolian, some fluvial, and some pyroclastic-surge
grain-size distributions exhibit hyperbolic shapes that
can be modeled using four parameters. The hyperbolic
parameters are different for the three kinds of deposits,
with the slope of the two asymptotic lines (¢ and y)
more gentle for the pyroclastic-surge deposits. Because
coarser modes in bimodal distributions do not occur by
themselves, we cannot determine hyperbolic fits for them.
However, mixtures of two hyperbolic models are able
to reproduce bimodal distributions from Kilbourne and
Hunts Holes (and other deposits of pyroclastic density
currents). We suggest that such bimodal models have a
slightly firmer physical basis (from aeolian and fluvial
analogies) than previously proposed models using mix-
tures of several lognormal distributions (Wohletz, 1983;
Wohletz et al., 1995).
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