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AsstracT:  The Udden-Wentworth grain-size scale is widely used as
the standard for objective description of sediment, but it inadequately
covers gravel, the dominant fraction in many environments such as
alluvial fans. The scale is most detailed in the sand and mud fractions,
where grades such as ‘‘fine sand’’ are defined by particle intermediate
axial length (d,). We propose similar detailed grades for gravel with d,
boundaries consistently determined by extending the Udden-Went-
worth scheme of multiples of 2 (whole ¢ increments). The 2 to 4 mm
granule class (—1to —2 ¢p) in this system consists of just one grade,
but the pebble class comprises four: fine pebbles with d, from 4 to 8
mm (—2 to —3 ¢b), medium pebbles from 8 to 16 mm (—3to —4 ¢),
coarse pebblesfrom 16 to 32 mm (—4to —5 ¢b), and very coarse pebbles
from 32to 64 mm (—5t0 —6 ¢p). Coarser grades are fine cobbles with
d, from 6.4 to 12.8 cm (—6to —7 ¢p), coarse cobbles from 12.8 to 25.6
cm (—7to —8 ¢), fine boulders from 25.6 to 51.2 cm (—8 to —9 ¢),
medium bouldersfrom 51.2 t0 102.4 cm (—9to —10 ¢b), coarse boulders
from 102.4 to 204.8 cm (—10to —11 ¢), and very coarse bouldersfrom
204.8 t0 409.6 cm (—11to —12 ). These terms can be used in Folk’s
texture classification to derive detailed descriptions such as*‘angular,
poorly sorted, fine to coarse boulder conglomerate’”.

This grain-size scheme is further extended to account for particles
coarser than boulders (d, > 4.1 m), which we collectively call mega-
clasts, and the sediment they comprise megagravel or, if lithified, me-
gaconglomerate. Megagravel is divided into four classes based on d,,
including blocks from 4.1 to 65.5 m (—12 to —16 ¢), dabs from 65.5
t0 1049 m (—16 to —20 ¢), monolithsfrom 1 to 33.6 km (—20to —25
¢), and megaliths from 33.6 to 1075 km (=25 to —30 ¢). The first
three classes cover the coarsest sediment currently known. Their
grades are fine blocks, with d, from 4.1 to 82 m (=12 to —13 ¢),
medium blocks from 8.2 to 16.4 m (—13 to —14 ¢), coarse blocks from
16.4 t0 32.8 m (—14 to —15 ¢), very coarse blocks from 32.8 to 65.5
m (—15to —16 ¢), fine dabs from 65.5 to 131 m (—16 to —17 ¢),
medium slabs from 131 to 262 m (—17 to —18 ¢), coarse slabs from
262 t0 524 m (—18'to —19 ¢), very coarse dabs from 524 to 1049 m
(—19to —20 ¢), very fine monoaliths from 1.0 to 2.1 km (—20to —21
@), fine monalithsfrom 2.1to 4.2 km (—21 to —22 ¢b), medium mono-
liths from 4.2 to 8.4 km (—22 to —23 ¢), coarse monaliths from 8.4
to 16.8 km (—23 to —24 ¢), and very coarse monoliths from 16.8 to
336 km (—24 to —25 ¢). These grades also can be used in Folk’s
texture classification for objective sediment description. Wereservethe
megalith class and five attendant grades for even coarser megaclasts,
with d, spanning from 33.6 to 1075.2 km (=25 to —30 ).

INTRODUCTION

The **Udden-Wentworth'” size scale for detrital particles (Udden 1914;
Wentworth 1922, 1935; Tanner 1969; Folk et a. 1970) is widely accepted
and used as the practical standard for objective and detailed description of
grain size needed for communicating observations and deductions about
sediment and sedimentary rocks. This scale recognizes three fractions, grav-
el (2 to 4096 mm), sand (1/16 to 2 mm), and mud (< 1/16 mm). The mud
fraction has been divided into silt and clay classes, and the gravel fraction
into granule, pebble, cobble, and boulder classes (Fig. 1). Udden (1914)
devised more detailed subclasses called **grades”, with boundaries defined
by a logarithmic scale using 1 mm as the starting point. Coarser grade
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boundaries were established by progressive multiples of 2, and finer ones
by progressive multiples of 1/2 (Fig. 1). Wentworth (1922) assigned the
now widely used names for the sand grades, including very coarse sand (1
to 2 mm), coarse sand (1/2 to 1 mm), medium sand (1/4 to 1/2 mm), fine
sand (1/8 to 1/4 mm), and very fine sand (1/16 to 1/8 mm; Fig. 1). Udden’s
(1914) silt grades are still used, including coarse silt (1/16 to 1/32 mm),
medium silt (1/32 to 1/64 mm), fine silt (1/64 to /128 mm), and very fine
silt (1/128 to 1/256 mm). The use of sieves for size anaysis dictates that
the intermediate axia length (d,) of a grain is the one that determines
classification (e.g., Folk 1974).

Krumbein (1934, 1938) devised the phi scale (¢), based on the equation
¢ = —log, of the grain d, in mm, to convert the sediment grade boundary
values from fractional numbers to more simple whole numbers. The neg-
ative sign in this equation causes an unnecessarily complicated inverse
relationship between ¢ and d, rather than a direct one. This sign was added
so that phi values in most of the sand fraction are positive (Fig. 1), ex-
emplifying the historical emphasis on sand and the limited consideration
of gravel. This emphasis also has resulted in more formal divisions (five)
for the small size range covered by sand, than the four that have been
established for the gravel fraction.

A better focus on gravelly sediment has developed during the last three
decades because of an expanded interest in the deposits of rivers, pied-
monts, glacial settings, volcanic slopes, and marine sopes, as well as in
the rubbly deposits on the surface of other planets (e.g., Birkeland 1968;
Boulton 1978; Lucchitta 1978; Siebert 1984; Blair 1987; Moore et .
1989). This multidisciplinary attention has generated a need for both the
systematic subdivision and the objective and detailed description of gravel
deposits akin to what has been achieved for finer sediment. Four approaches
have emerged to deal with this need. The first is to use a direct or com-
parative description, such as ‘“‘boulders 4 m across”’, or **boulders the size
of Volkswagens'’. A second approach is to propose more general terms
not consistent with the Udden—Wentworth system, such as ‘*megaboulder’’
(Sundell and Fisher 1985), or terms based only partly on size used primarily
by those studying glacia deposits, such as ‘‘diamicton’, “‘tilloid"’, **mix-
tite'”’, “‘symmictite”’, ‘‘psephites’, ‘‘aquatillite’’, ‘‘megamictite’’, “‘ter-
amictite”’, and ‘‘oromictite’” (e.g., Flint et a. 1960a, 1960b; Schermerhorn
1966). These terms are problematic because they are not self-explanatory,
precise, or nongenetic—attributes critical to the objective description of
sediment (e.g., Rodgers 1950; Crowell 1957). Fortunately, such terms have
not taken hold, although **diamicton’ is used especialy by glaciologists
for a poorly sorted, gravelly sediment texture.

A third approach to gravel characterization now widely used in place of
objective description entails classifying a deposit into a choice of *‘litho-
facies” from the Miall (1985) ‘‘facies and architectural element code’.
This code is based on the studies of river deposits, but is promoted and
used by many as a comprehensive scheme applicable to other environments
such as dluvid fans. One of the problems of this approach is that it deals
with grain size only in the broadest sense, whether it is mud, sand, or
gravel. Planar-cross-bedded gravel, for example, is classified in this code
as''Gp"’ regardless of if it consists of granules or boulders (e.g., Cole and
Stanley 1995). As applied by most users, this code aso has a problematic
genetic connotation. The **Gp’* facies, for example, is interpreted by this
system as a ‘‘transverse bar’’ of a river whether a river deposit or not,
whether a “‘bar’” or not, and regardless of flow regime (also see Bridge
1993 for discussion). This problem is compounded by the fact that pub-



CLASSIFICATION OF COARSE SEDIMENTARY PARTICLES 7

PARTICLE FRACTION
LENGTH (dr) GRADE CLASS
mm 7] Unlithified Lithified
4096.0 2 5 )
2560 8 BoJIder Lk
’ Cobble
64.0 R Gravel Conglomerate
A scale change 40 {\2’\ Pebble
20 4 Granule
10 o | _very coarse
050 ] coarse
0'250 s medium Sand Sand Sandstone
| fine
0125 s very fine
0.063 4 ry
0.031 5 Cogrse
0.015 6 me_ um Silt
fine
0008 ! very fine Mudstone
. 8
0.004 Mud or Shale
0.002 9
——  0.001 10 Clay
0.0005 11
00002 12 l l Fic. 1.—Widely used Udden-Wentworth
0.0001 13 b4 » sedimentary grain-size scale (after Udden 1914;

lished articles using the “‘code’” commonly lack sufficient basic descrip-
tion, beginning with grain size and texture, for readers to otherwise deter-
mine the character or origin of the deposit.

The fourth approach, and the one promoted in this paper, is the logical
extension of the Udden-Wentworth grade system into the gravel fraction,
resulting in terms such as ‘‘fine to medium boulder gravel’” (Blair 1987,
Blair and McPherson 1994). The key purpose of this paper is to present
and exemplify this fundamental scale for coarse sediment. A second ob-
jective is to demonstrate how these grades can be incorporated, with some
modifications, into Folk’s (1954, 1968; Folk et a. 1970) textural classifi-
cation to produce descriptions of gravelly sediment rivaling in objectivity
and detail those of finer sediment. The final goal is to summarize the ter-
restrial occurrence of coarse sedimentary particles by surveying their gen-
erative mechanisms, and the surficial processes capable of transporting this
material.

GRAVEL SIZE GRADES AND THEIR USE IN TEXTURAL CLASSIFICATION
Pebble, Cobble, and Boulder Size Grades

With the exception of granules (d, between 0.2 and 0.4 cm or —1 and
—2 ¢), al of the gravel classes in the Udden-Wentworth scheme span
multiple whole-phi intervals, including pebbles with four (d, from 0.4 to
6.4 cmor —2to —6 ¢), cobbles with two (d, from 6.4 to 25.6 cm or —6
to —8 ¢), and boulders with four (d, from 25.6 to 409.6 cm or —8 to
—12 ¢; Fig. 1). We propose formal grades for these classes based on the
particle intermediate axial length (d). These grades, consistent with
Udden-Wentworth, are bounded by multiples of 2 (whole-phi numbers),
and designated by the modifiers ‘‘very fine'’, “‘fine’’, ‘‘medium’’,
“‘coarse’’, or “‘very coarse”’. Thus, the four phi units spanned by the pebble
class define four grades: fine pebbles, with d, from 0.4 to 0.8 cm (—2 to
—3 ¢); medium pebbles, with d, from 0.8to 1.6 cm (—3to —4 ¢); coarse
pebbles, with d, from 1.6 to 3.2 cm (=4 to —5 ¢); and very coarse
pebbles, with d, from 3.2 to 6.4 cm (=5 to —6 ¢; Fig. 2). These grades
generdly correlate to informal classes such as ‘‘fine gravel’” or *‘very
coarse gravel”’ denoted by Udden (1914) and Lane et . (1947), or to the
“small pebble’” or ‘‘large pebble’’ classes listed, but not discussed, by
Folk (1974, p. 26) in his phi-to-millimeter conversion graph. The finer of
the pebble divisions, like sand, can be analyzed by mechanica sieving, and
the coarser divisions by direct d, measurement (e.g., Folk 1974).
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Folk 1954, 1974; and Folk et &. 1970).

The proposed cobble and boulder grades are fine cobbles for clasts with
d, from 6.4 to 12.8 cm (—6to —7 ¢), coarse cobbles with d, from 12.8
to 25.6 cm (—7 to —8 ¢), fine boulders with d, from 25.6 to 51.2 cm
(—8to —9 ¢), medium boulders with d, from 51.2 to 102.4 cm (—9 to
—10 ¢), coarse boulders with d, from 102.4 to 204.8 cm (—10 to —11
@), and very coarse boulders with d, from 204.8 to 409.6 cm (—11 to
—12 ¢; Fig. 2). These grades are similar to the *‘small cobble’’, “‘large
boulder’’, and other grades proposed by Lane et a. (1947), but employ
terminology more consistent with the Udden—-Wentworth scheme. For eas-
ier commitment to memory, the d, value bounding the cobble and boulder
grades can be rounded off to a simple fraction or whole multiple of 1 m
(Blair 1987). For example, fine boulders can be rounded off to the 1/4 to
1/2 m span; medium boulders to 1/2 to 1 m; coarse boulders to 1 to 2 m;
and very coarse bouldersto 2 to 4 m. This rounding probably is sufficiently
accurate for field description given that the introduced error likely is less
than operator or true sampling error. Though this rounding and division of
1 m mimics the fractionation of sand based on 1 mm, Udden’s precise
numerical definition of grade boundariesis maintained for consistency (Fig.
2).

Use of Gravel Size Grades in Textural Description

Folk's (1954, 1968, 1974; Folk et a. 1970) textural classification for
sediment and sedimentary rocks is widely used because of its objectivity
and practicality. This classification is a flexible polynomia scheme in
which various sediment attributes are systematically listed. The roots of
this scheme are the textura classes (e.g., silty sand), which are qualified
by other attributes in an adjective string. The long version of this scheme
we find useful for describing clastic sediment is: color, fabric, dominant
sedimentary structure, rounding, sorting, textura class. Other parameters
that can be listed include clast shape and biological modifications. The
pebble, cobble, and boulder grades proposed herein can be incorporated
into Folk’s textural classification in the same manner as the sand and silt
grades with some slight modifications to better differentiate various gravel
mixtures.

Gravel Textural Classes—Our modified scheme for textural classesis
summarized herein, with the proposed changes evident by comparing it to
the origina (Fig. 3A, B). In keeping with Folk’s system, textura classes
are differentiated first by the key (usually modal) component, and secondly
by the lesser components, which are listed as descriptors of the key com-
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Fic. 2—Modified Udden-Wentworth grain-size scale proposed to better differentiate coarse sediment.
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Fic. 3—A) Commonly used sediment textural classification scheme (after Folk et al.
of gravelly sediment.

ponent. Gravelly sediment in this new scheme, like the origind, is cate-
gorized as one of 15 textural classes based first on the amount (weight
percent) of gravel, and secondly on whether the mud-to-sand ratio of the
rest of the sample is > 9:1, between 9:1 and 1:1, between 1:1 and 1.9, or
< 1.9 (Fig. 3B). These texture types are illustrated as partitions of a tri-
angle with poles representing 100% gravel, 100% sand, and 100% mud.
Five texture families are differentiated on the basis of ranges of gravel
volume, each comprising a tier on the triangle, and containing a similar
style of modifying terms. Sediment composed of > 90% gravel (tier 1) is
simply classified as gravel, or where lithified, conglomerate. If the gravel
content of a deposit is 80-90% (tier 2), then the textural term includes a
modifier denoting whether sand or mud makes up the mgjority of the re-
maining sediment, giving rise to dlightly muddy gravel or dightly sandy
gravel divisions (Fig. 3B). For sediment with gravel content between 30
and 80% (tier 3), four textures are differentiated on the basis of the > 9:
1,91to 1.1, L:1to 1.9, or < 1:9 mud-to-sand ratios. These are, respec-
tively, muddy gravel, sandy muddy gravel, muddy sandy gravel, and sandy
gravel (Fig. 3B). In sediment where the gravel volume is 5-30% (tier 4),
four textures are designated using the same mud-to-sand ratios: gravelly
mud, gravelly sandy mud, gravelly muddy sand, and gravelly sand. The
adjective dightly precedes each of these tier 4 textura classes in the case
where gravel constitutes a trace to 5% of the sediment (tier 5, Fig. 3B).

Like the origina scheme (Fig. 3A), the modal gravel class is specified
in dl fields (e.g., ‘‘cobbly sandy mud'’), the modal sand grades are spec-
ified where the sand-to-mud ratio is > 1.1 (e.g., ‘*slightly pebbly, muddy,
fine to medium sand'’), and the term silt or clay is substituted for mud
where determined (e.g., ‘* slightly pebbly, silty, fine to medium sand'’). We
propose, in addition, that the modal and common gravel grade(s) be pro-
vided where the gravel content of the sediment mixture is = 30% (e.g.,
““muddy, fine cobbly, coarse to very coarse pebble gravel’’, or **dightly
sandy, medium to coarse boulder gravel’’). Optionaly, the gravel grades
can aso be provided for more accurate description of sediment mixtures
with trace to 30% gravel (e.g., ‘*medium to fine pebbly, granular, coarse
to very coarse sand’’). In all cases, the various modifier grades are listed
in order of increasing abundance, consistent with Folk’s system.
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B) This paper
1970). B) Proposed adjustments to the Folk textural classification for better coverage

Sorting Terms—The descriptive textura classes are further character-
ized by a sorting term using the system of Folk (1968, 1974) and Folk et
al. (1970), modified particularly within the more poorly sorted ream to
better differentiate degrees of sorting encountered in gravelly sediment
(Fig. 4). Folk’s sorting categories are bounded by whole-phi numbers of
calculated standard deviation (S, the Inclusive Graphic Standard Deviation
parameter), using percentiles (in phi) from a cumulative curve of an ana-
lyzed sample (Folk 1974, p. 46), where § = (pgy — P16)/4 + (o5 —
$5)/6.6. Folk's categories of sorting are assigned the descriptive terms
“very well sorted”” for § values between 0.00 and 0.35 ¢, “‘well sorted”’
for § between 0.35 and 0.50 ¢, ‘‘moderately well sorted’” for § between
0.5 and 0.7 ¢, ‘‘moderately sorted”’ for S between 0.7 and 1.0 ¢, and
“poorly sorted” for § between 1.0 and 2.0 ¢. In contrast to the five
detailed sorting categories in this scheme into which muddy and sandy
sediment commonly plot, the more poorly sorted sediment domain typical
of gravelly sediment are provided just two categories, ** very poorly sorted”’
for § vaues between 2.0 and 4.0 ¢, and *‘extremely poorly sorted”” for
S > 40 ¢. We propose adjusting this more poorly sorted domain to
contain three categories. These are very poorly sorted for § between 2.0
and 3.0 ¢, extremely poorly sorted for § between 3.0 and 40 ¢, and
weakly sorted or unsorted for § > 4.0 ¢ (Fig. 4). Unsorted is used in the
latter case unless some indication of grain segregation, such as grading, is
apparent in the deposit despite its § > 4.0 ¢ value, in which case the
term weakly sorted instead is used. To simplify and balance Folk’s sorting
scheme, we further propose to reduce the number of categoriesin the better
sorted realm to two, well sorted and moderately sorted (Fig. 4). As with
the original Folk scheme, the proposed sorting categories are used as ad-
jectives of the textural class (e.g., poorly sorted, slightly granular, fine to
coarse pebble gravel). Also, as proposed by Folk, the sorting terminology
for a bimodal mix is characterized independently for each mode (e.g.,
“‘well-sorted, bimodal, fine and coarse boulder gravel’’).

Both the origina and modified versions of these sorting categories re-
quire quantitative grain-size analysis, data relatively easy to generate using
standard laboratory sieve, pipette, and |aser-particle methods for sediment
finer than about coarse pebbles (d, < 1.6 cm or —4 ¢), though some error
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Fic. 4—Sorting classification of Folk (1974; middle column) based on the Inclu-
sive Graphic Standard Deviation values (S), and the proposed adjustments to the
Folk sorting scheme (right column).

is introduced by combining these methods (e.g., Folk 1974; Konert and
Vandenberge 1997). Quantitative grade abundances are more difficult to
obtain for coarser-grained sediment mixtures, especially those with cobbles
and boulders, because their size precludes standard sieve anaysis. One
approach to this problem is to compare size distributions and parameters
such as § only for the sediment sizes that can be handled in the laboratory.
We have found in our studies that focusing laboratory analyses on sediment
of medium pebble grade and finer (d, < 1.6 cm or —4 ¢) is a useful
though arbitrary cutoff that allows standardized comparison and important
discrimination of sediment consistently based on weight percent. Another
method for determining size distributions of coarse gravel is to combine
the results of standard laboratory size analysis of the fraction that can be
processed in the laboratory with data from coarser constituents obtained
from scaled photographs of the sediment in a planar (usualy vertical) ex-
posure. In this case, the amount of each of the various coarse (= 1.6 cm
or —4 ¢) grades present in the sample is determined by point-counting
the area of the photograph they comprise (Blair 1987). These area-percent
data are used as a proxy for, and prorated and combined with, the weight-
percent data obtained from the finer fraction, the latter also prorated on the
basis of its area of the scaled photograph. This method is similar to deter-
mining the size distribution of a sandstone by thin-section point counting,
and it probably also contains the same inaccuracies such as overestimation
of elongated grains (e.g., Krumbein 1935; Greenman 1951; Friedman
1958). This area-percent method of size analysis of coarse sediment more
recently has been achieved digitally by computer imaging of sediment pho-
tographs collected with a video camera, a method called photo-sieving (1b-
beken and Schleyer 1988).

Folk et d. (1970, p. 947) dso offered a field method for estimating the
sorting class of sediment without the benefit of quantitative size analysis.
We find this method valuable, and also simple to use given our modified
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sorting classification and proposed gravel grades (Fig. 4). Sorting is esti-
mated in this procedure by examining the central two-thirds of the range
of grain sizes (i.e, disregard the coarsest one-sixth and finest one-sixth of
the sedimentary particles). If the central two-thirds of the size population
is of just one size grade, the sediment is classified as well sorted. A range
of two grades denotes moderate sorting, a three-grade range denotes poor
sorting, a four-grade range is very poorly sorted, a five-grade range is
extremely poorly sorted, and a six-grade range is either weakly sorted or
unsorted.

Rounding.—Anocther gravel attribute that can be objectively described
is roundness. This attribute is typified with terms such as **well rounded’’
or “*subangular’’ using a standard index (Krumbein 1941; Powers 1953).
The rounding descriptor is placed before sorting in the Folk scheme (e.g.,
“*subangular, moderately sorted, fine to medium pebble gravel’’). A range
in degrees of rounding is listed where such variation is common (e.g.,
““subrounded to rounded, well-sorted, coarse cobble gravel’’). In the case
of a gravel deposit with two prominent and nongradational rounding attri-
butes, both are listed and combined by the conjunction “‘and’” (e.g., *‘well-
rounded and angular, poorly sorted, fine to very coarse pebble gravel’).
Some gravel mixtures may have more than one typical roundness attribute
that is size specific. In this case, the rounding terms are intermixed with
the textural class, with each rounding term placed immediately before the
respective grain size (e.g., *‘weakly sorted, angular very coarse sandy, well-
rounded fine to coarse pebble gravel’).

Fabric.—Three objective aspects of fabric useful to gravel description
are: (1) whether the gravel is clast-supported, matrix-supported, or variably
clast- to matrix-supported; (2) whether the deposit is graded or ungraded,
and if so, whether it is normally graded or inversely graded; and (3) wheth-
er or not the various clast axes have a preferred (organized) or random
(disorganized) orientation (e.g., Krumbein 1939; Walker 1975). A simple
shorthand procedure to characterize axis fabric is to first identify whether
this fabric is disorganized or organized and, if the latter, to identify the
orientation of both the long (a) axis and the intermediate (b) axes. Follow-
ing Walker (1975), these orientations are abbreviated as: p = horizontal
and parallel to dope, t = horizontal and transverse to slope, v = vertical,
and i = imbricate. The shorthand scheme for river-bed gravel, for example,
with a axes preferentially oriented transverse to flow, and with b axes
preferentially dipping upslope, is alt, bli (Walker 1975). The terms ‘‘ma-
trix-supported’” or **variably clast- to matrix-supported’’ typically arelisted
in the description if this fabric attribute is common. In contrast, **clast
support”” tends to not be mentioned, although this characteristic can be
listed for clarity (e.g., ** clast-supported, inversely graded, organized (a/p b/
v), subangular to angular, weakly sorted, clayey, pebbly, cobbly, fine to
medium boulder gravel'’).

Other Descriptive Parameters—The descriptive string of fabric,
rounding, sorting, and textural class may be further characterized by listing
other objective parameters such as color, hiological modifications, shape,
and sedimentary structures. Color may be genera or detailed, the latter
option listing @ Munsell system number. Biological modifications of the
sediment include rooting, burrowing, boring, and bioturbation. These attri-
butes provide important and objective environmental information, and can
be added to the description by listing both the modification type and its
intensity (e.g., ‘‘extensively rooted. . ."” or “‘commonly burrowed. ..”). In
the latter case, the qualifiers **abundantly, commonly, dlightly, rarely, or
unburrowed’’ are useful. Shape may include terms, per Wadell (1935) and
Krumbein (1941), such as spherical, discoidal, platy, bladed, or tabular.
Sedimentary structure names should follow the established terminology
(e.g., McKee and Weir 1953; Ingram 1954; Reineck and Singh 1980; Allen
1982) for clarity, and be limited to objective, nongenetic terms (e.g.,
““brown, thick and horizontally bedded, sparsely rooted, variably clast- to
matrix-supported, normally graded, organized (a/p, b/i), discoidal, angular,
very poorly sorted, slightly sandy, fine to coarse pebble gravel'’).
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Examples of this proposed gravel description system are provided in
Figures 5 and 6.

BEYOND BOULDERS. CLASSIFYING THE COARSEST SEDIMENTARY
PARTICLES

Megaclasts, Megagravel, and Megaconglomerate

The upper size limit of bouldersis placed a d, = 41 m (=12 ¢; eg.,
Wentworth 1922; Tanner 1969; Folk 1974), yet coarser particles have been
documented in a variety of depositiona environments. Research on the
deposits of these environments requires a clear and consistent classification
for this coarsest end of the grain-size spectrum. We herein propose a new
fraction of sediment size to account for these megaclasts called megagravel
or, if lithified, megaconglomerate (Fig. 2). We further propose four new
size classes for the megagravel fraction, block, slab, monolith, and mega-
lith, based on particle d,, and by consistently extending the Udden-Went-
worth system beyond the boulder realm. The term “*block’” has long been
used to designate clasts coarser than boulders (e.g., Saussure 1796; Playfair
1802; Trowbridge 1911; Simons et a. 1966; Sundell and Fisher 1985). We
herein formally define the block class to account for particles with a d,
from 4.1 to 65.5 m (—12 and —16 ¢). Four grades bounded by whole-
phi units are present in this class: fine blocks with d, from 4.1 to 82 m
(—12 to —13 &), medium blocks from 8.2 to 164 m (—13 to —14 &),
coarse blocks from 16.4 to 32.8 m (—14 to —15 &), and very coarse
blocks from 32.8 to 65.5 m (—15 to —16 &; Fig. 2). Blocks and blocky
sedimentary facies are exemplified in Figure 7.

The term **slab’” is commonly used for geological entities of significant
size, especidly those related to dope failures (e.g., Masson et a. 1998).
We formally designate the dab class to cover particles with a d, between
65.5 and 1049 m (Fig. 2). Grades within this class, bounded by whole-phi
units, are fine slabs with d, from 65.5 to 131 m (—16 to —17 &), medium
slabs from 131 to 262 m (—17 to —18 &), coarse slabs from 262 to 524
m (—18 to —19 ¢), and very coarse slabs from 524 to 1049 m (—19 to
—20 &). The coarsest sedimentary particles documented on Earth are
monolithic in stature, having d, as large as 1 to 20 km (e.g., Siebert 1984;
Brocher and ten Brink 1987; Moore et a. 1989). We propose the monolith
class to account for these megaclasts (Fig. 2). This class is divided into
five grades bounded by whole-phi units: very fine monoliths with a d, from
1.0to 2.1 km (=20 to —21 &), fine monoliths from 2.1 to 4.2 km (—21
to —22 &), mediummonolithsfrom 4.2 to 8.4 km (—22to —23 &), coarse
monoliths from 8.4 to 16.8 km (—23 to —24 ¢), and very coarse monoliths
from 16.8 to 33.6 km (—24 to —25 ¢; Fig. 2). Sedimentary deposits
bearing slabs and monoliths are exemplified in Figure 8.

We reserve the megalith class for heretofore undocumented coarser sed-
imentary particles. Whole-phi-bounded very fine, fine, medium, coarse, and
very coarse megalith grades are established to cover such megaclasts, with
d, spanning from 33.6 to 1075 km (—25 to —30 ¢; Fig. 2). The rock
dlides that spawned the submarine rock avalanches illustrated in Figure 8E,
for example, were of megalith size prior to their break up into monolith-
rich deposits.

Megaclasts can be incorporated into the modified Folk textural classifi-
cation scheme by adding them to the gravel fraction in the gravel-sand-
mud triangular diagram, to form a megagravel +gravel-sand—mud plot
(Fig. 3B). Thus, to determine textura classes, the pigeonhole spot is first
located by plotting the estimated or calculated volume percentages, and
then the mode is used to determine whether this classis identified as gravel
or megagravel. The definitions of sorting, rounding, fabric, and other de-
scriptive parameters remain the same except that they are expanded to
incorporate the megaclasts. Thus, the proximal part of the submarine rock-
avalanche deposits illustrated in Figure 8E may be described as **angular,
unsorted, blocky, slabby, very coarse to very fine monolith megagravel’'.
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TERRESTRIAL OCCURRENCE OF COARSE PARTICLES

Gravel and megagravel are found in a variety of terrestrial sedimentary
environments where such clasts are generated, and where processes capable
of coarse-particle transport are operative. Our final section surveys these
generative and transport mechanisms from the perspective of grain size.

Generation of Gravel and Megagravel

Gravel and megagravel originate at or near the Earth's surface by a
variety of physical weathering mechanisms that disintegrate bedrock, es-
pecialy tectonic fracturing, jointing, shearing, and faulting. Breakdown of
bedrock by these mechanisms is accentuated by other weathering processes
such as ice wedging, salt crystallization, exfoliation, and mineral oxidation,
hydrolysis, and dissolution (Ritter 1975; Church et a. 1979). The formation
of gravel and megagravel is strongly promoted by the existence of relief,
especidly tectonic topography where relief is coincident with fracturing,
jointing, shearing, and faulting. The specific gravel grades yielded by phys-
ical weathering are dependent upon factors such as spacing or density of
the tectonic discontinuities, and the splitting properties of the bedrock
(Blair and McPherson 1994). Bedrock splitting is controlled by the pres-
ence or absence of internal planes of weakness or geologic discontinuities
such as bedding planes, foliation planes, lithologic contacts, and inherited
joints or faults. Isotropic bedrock such as granite commonly react to tec-
tonic stress by jointing and fracturing at an equidimensional spacing that
yields abundant boulders and blocks, whereas the same stress in layered
volcanic rocks yields abundant pebbles and cobbles. Rocks with *‘ coarse’”
splitting planes, such as thick-bedded sedimentary rocks or coarsely foliated
metamorphic rocks, weather along these zones to yield abundant boulders
and cobbles. Gravel and megagravel also are liberated by cataclastic shear-
ing between rock (Higgens 1971), and can be formed rapidly through dis-
integration of destabilized bedrock sSlopes that transform into rock ava-
lanches. Coarse sediment may also form by destabilization of rock slopes
induced by external affects such as earthquakes or extraterrestrial impacts.
Gravel may aso be of multicycle origin, yielded through erosion of older
gravelly deposits.

Gravel and Megagravel Transport

Gravel and megagravel are transported at the Earth’s surface by avariety
of sedimentary processes, which decrease in number as grain size increases
because of mechanical limitations and megaclast availability. We provide
an overview of these key coarse-particle transport processes, based on our
experience and a literature survey, as a way to summarize the terrestrial
distribution of the gravel and megagravel grades. These processes are or-
ganized into mechanical classes identified by the main agent of transport,
and with a focus on the size-process relationship, expanding on the ““fluid
gravity flow’’ versus ‘‘sediment gravity flow” scheme of Middleton and
Hampton (1976). This scheme is expanded to better differentiate and cat-
egorize the types of fluids (air or water), Sope materias (rock or pre-
existing sediment), and forces that are directly involved in the physical
trangport of coarse sediment (Fig. 9).

Air-pressure-gradient flows are flows that transport sediment as a by-
product of wind, a force created as the atmosphere responds to differential
pressure. Two types of such flows are distinguished on the basis of whether
the fluid medium of transport is air (eolian) or water (wind waves). Air is
apoor medium for gravel transport because of itslow density and viscosity.
Wind carries sediment as dust load, suspended load, and bed load, with the
last state the only one capable of moving gravel. Granules are a common
eolian bed-load size, whereas fine to coarse pebbles probably are the coars-
est sediment moved by terrestrial wind (Fig. 9; Kocurek 1996). Wind-
generated waves on a lake or ocean are a more competent gravel transport
agent. Gravelly shorezones are common in settings where standing water
abuts gravelly sediment, such as where lakes impinge upon piedmonts
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) Planar-bedded, clast-supported, angular, poorly sorted,
fine cobbly, coarse to very coarse pebble gravel rhythmically interstratified with sandy, fine to medium pebbly granule gravel. Jacob's staff (|€ft) is 150 cm long. Little
River fan sheetflood strata, New Zealand. B) Planar-bedded, organized (alt, bfi), angular, poorly sorted, fine to coarse pebble gravel interstratified with sandy, granular,
fine pebble gravel. These deposits contain a set of high-angle backset-bedded, angular, extremely poorly sorted, sandy, granular, medium to fine pebble gravel (A). Antidune
set (A) encased by sheetflood couplets, Anvil Spring fan, Death Valey, Cdifornia (fan slope is to left). C) Matrix-supported, clast-rich, slightly organized (alp, biv),
subangular to angular, unsorted, muddy, pebbly, cobbly, medium to fine boulder gravel (scale bar is 1 m long). Debris-flow levee, Ravin des Vouillordes fan, Chamonix,
France. D) Clast-supported, clast-rich, weakly inverse-graded, angular to subangular, extremely poorly sorted, muddy, fine cobbly, coarse to very coarse pebble gravel. Cut
1 m high through a debris-flow lobe on the Panamint Canyon fan, Cdifornia. E) Variably clast- to matrix-supported, slightly organized (alt, b/v), subangular to subrounded,
unsorted, sandy, granular, pebbly, cobbly, medium to fine boulder gravel. Noncohesive sediment gravity flow of the Tuttle Creek fan, Owens Valley, California. Fieldbook
is 20 cm long. F) Clast-rich, clast-supported, weakly inverse-graded, very angular, weakly sorted, silty, pebbly, coarse to fine bouldery, fine to coarse cobble gravel. Rock
avalanche on the EC-38 fan, Death Valey. Fieldbook (arrow) for scale.
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Fic. 6.—Gravelly non-fan examples described using the modified grain-size and texture classification. A) Variably clast- to matrix-supported, disorganized, subangular
to very angular, unsorted, clayey, sandy, pebbly, cobbly, very coarse to fine boulder gravel. Colluvium cut near Schurz, Nevada (person for scale). B) Variably clast- to
matrix-supported, disorganized, very angular, unsorted, sandy, pebbly, bouldery, fine to coarse cobble gravel. Rock avalanche triggered by a 1959 earthquake, southwest
Montana. C) Variably clast- to matrix-supported, sightly organized (alt, b/v), angular to subrounded, unsorted, sandy, granular, pebbly, cobbly, fine to coarse boulder
gravel. Glacial moraine exposed in Rocky Mountain National Park, Colorado. D) Horizontally and thickly bedded, clast-supported, well-imbricated (alt, b/i), subangular to
rounded, moderately sorted, slightly sandy, coarse to very coarse pebble gravel. Exposure is 2 m tall. Waiau River terrace, New Zealand. E) Upper set consists of large-
scale cross-hedded, clast-supported, poorly organized (alt, bip), subangular to rounded, poorly to very poorly sorted, bimodal, slightly pebbly, cobbly, medium to fine
boulder gravel interstratified with slightly sandy, cobbly, fine to very coarse pebble gravel. This upper set overlies low-angle bedded, angular to subrounded, very poorly
sorted, sandy, granular, coarse to fine pebble gravel. Truckee River lacustrine braid-delta front, Nevada. F) Bidirectionally dipping, low-angle bedded, clast-supported,
well-organized (a/p, bit), subrounded, moderately sorted, bimodal, fine cobbly, very coarse pebble gravel and coarse to medium pebble gravel. Lake Lahontan foreshore
(Ieft-dipping) and backshore (right-dipping) barrier-spit deposits, Churchill Butte, Nevada. Exposure is 3 m tall and 6 m wide.
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Fic. 7—Examples of blocks and blocky sedimentary facies. A) Mantle of very angular, medium to fine blocks deposited as rock fall, Death Valley (person for scale,
arrow). B) View of two rockslide megaclasts, the upper one (U) a very coarse block (d, = 55 m), and the lower one (L) a fine slab (d, = 128 m). Cottonwood piedmont,
Racetrack Valey, Caifornia C) Weakly sorted, fine blocky, medium to very coarse boulder gravel of the South Shanahan rock avalanche, Boulder, Colorado. D) Fine
blocky, fine to very coarse boulder gravel of the Roaring River fan, Colorado. The larger megaclasts (*‘k’") have d, of 4.5 to 5.5 m. E) Medium block (k) 8.4<12.9<16.8
m in size located 4 km from the Sierra Nevada range front, Owens Valley. Noncohesive sediment gravity flow deposit, Lone Pine Creek fan. F) Fine block (k) 2.6X7.3X85
m in size moved by rock fall from the Desert Mountains (background), and incorporated into a nearshore lake deposit; pit near Fallon, Nevada.
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Fic. 8—Examples of sedimentary slabs and monoliths. A) Two medium to coarse slabs of carbonate rock (arrows) with d, of 255 and 380 m transported to the piedmont
as rock dlides from the Grapevine Mountains (background); South Titanothere Canyon fan (T), Death Valley. B) Very coarse slab 320x540< 1020 m in size deposited as
arock dlide (RS) aong the Black Mountains front, Death Valley. Cobbly pebble gravel derived from the detachment have accumulated as talus (t); vehicle (arrow) for
scale. C) Lake Hills rock avalanche consisting of an 87 m thick, massive basal bed of unsorted, very angular, pebbly fine to coarse cobble gravel (m), Panamint Valley.
Thisbed is overlain (at arrow), by a coarse slab of intact and stratified bedrock 55 m thick and 3701770 m in area that rafted 5 km from the range front on the avalanche.
It consists of stratified quartzite (Q) and dolomite (D). D) Very fine monalith (M) 590+ m high and 10702160 m in area deposited as arock slide from the Cottonwood
range front in Panamint Valley. Taus () delineates the dlide detachment. E) GLORIA sonar image of the 2500-5000 m deep seafloor north of the Hawaiian Islands of
Oahu (O) and Molokai (M). Two rock-avalanche deposits as much as 2500 m thick blanket 40,000 km? of the seafloor (outlined). These avalanches were derived and
extend as far as 180 km from the islands (e.g., Moore et a. 1989). Irregular avalanche forms are imaged megaclasts, many with d, > 1 km. The largest megaclast, a very
coarse monolith called the Tuscaloosa Seamount (T), spans an area of 17 kmX30 km, rises 1.8 km above the avalanche top, and was transported 100 km north of its
Molokai source. Overall, the deposits have an angular, unsorted, blocky, slabby, very coarse to very fine monolith megagravel texture in the proximal zone, and amonoalithic,
blocky, very coarse to fine slab megagravel texture distaly. View is orthogonally oriented with north upward; true width is 175 km and height is 200 km. Photograph
provided courtesy of J.G. Moore and C. Gutmacher.

(Figs. 6F, 7F). Clasts as coarse as granules may be transported as inter- Water waves capable of transporting boulders and fine to medium blocks
mittent suspended load in the shorezone, whereas pebbles, cobbles, and  also are generated by severa catastrophic mechanisms. One type are waves
fine boulders commonly are moved as bed load (Fig. 9; e.g., Russell 1885; instigated by earthquakes, called seismic-wave flows or tsunamis (e.g.,
Emery 1955). Coarser boulders and fine to medium blocks are transported  Hearty 1997). Rare, highly competent waves also can beinstigated by water
by waves generated by especidly strong storms (e.g., Hearty 1997). displacement through rapid submersion of a solid mass such as alanddlide,
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Fic. 9.—Particle sizes transported by physical processes active under the Earth’s surface conditions.

producing displacement-wave flows (e.g., Miller 1960; McCulloch 1966;
Slingerland and Voight 1979; Evans 1989).

Water gravity flows are events in which sediment is transported by the
force of gravity acting directly on the water. Two types of water gravity
flows are differentiated, extraterrestrial and terrestrial, depending upon the
gravity source. Extraterrestrial water gravity flows encompass tidal cur-
rents, which result from the gravitational forces of the Moon and Sun. Tidal
currents most typically transport sediment finer than gravel (Reineck and
Singh 1980) but locally move granules and pebbles (Fig. 9; Thompson
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1968; Larsonneur 1975). Terrestrial water gravity flows are incited by wa-
ter moving downslope, such as in rivers. They are significantly more com-
petent because of the stronger force of Earth's gravity. Terrestrial water
gravity flows in mountainous terrane commonly transport the full spectrum
of granules, pebbles, cobbles, and fine to coarse boulders (Fig. 9; eg.,
Baker and Ritter 1975; Costa 1983). More rarely, particles the size of very
coarse boulders and fine to medium blocks have been transported by cat-
astrophic terrestrial water gravity flows (Krumbein 1940; Birkeland 1968;
Malde 1968; Baker 1973; Lliboutry et a. 1977; Elfstrom 1987). Megaclast
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transport in such flows results from the attainment of extraordinary depth
and velocity achieved by the rapid release of stored water during failures
of natural dams. Examples include the Ely, Minnesota flood resulting from
failure of the glacial moraine dam containing Bass Lake (Theil 1932), fail-
ure of the Red Rock Pass area of 1daho containing Lake Bonneville (Malde
1968; O’ Conner 1993), the Washington Channeled Scabland floods pro-
duced by rapid drainage of glacial Lake Missoula (Baker 1973), and the
Swedish Lapland floods resulting from rapid drainage of breached moraine-
dammed |akes along the Pite River (Elfstrom 1987).

Coarse sediment also is transported on the Earth's surface by unique
processes related to glaciation. These processes are grouped as ice gravity
flows because sediment transport results from the force of gravity acting
onice. The full spectrum gravel grades, as well as block and fine to coarse
slab megagravel, can be transported asice gravity flows. Such flowsinclude
movement by ice pushing, glacial entrainment, or rafting on top of or with-
in the glacier (Fig. 9). Gravel and megagravel are commonly transported
in apine glacia settings because of the availability of coarse sediment and
the presence of relief (e.g., Fig. 6C). Ice-gravity-flow transport of coarse
particles also occurs in continental glacial settings where clasts are derived
from reworking of river sediment or plucking of bedrock (Flint 1947; Boul-
ton 1978; Elfstrom 1987). Flint (1947) noted that the coarsest glacia er-
ratics in North America transported by continental ice sheets have d, values
of 12 to 30 m (medium to coarse blocks).

Sediment gravity flows are those in which sediment transport is achieved
by the force of the Earth's gravity acting directly on the sediment (Mid-
dleton and Hampton 1976), and which thus require the existence of topog-
raphy for activation. They are instigated by the failure of colluvium or
previously deposited sediment comprising a slope, and can occur in either
subaeria or subagueous settings. Colluvial slope failures result in a variety
of sediment transport mechanisms, such as fluidized flow, grain flow, tur-
bidity flow, debris flow, and sliding and Slumping (Middleton and Hampton
1976). All of these flow types can account for the transport of granules
and finer-grained sediment. Additionally, resedimented turbidity flows are
capable of transporting the spectrum of pebble grades (Waker 1979), and
grain flows can transport pebbles, cobbles, and various grades of boulders
(Fig. 9). Debris flows are competent to transport the spectrum of boulders
and fine blocks (Rodine and Johnson 1976; Johnson 1984). Noncohesive
sediment gravity flows, a clay-deficient debris-flow type, are competent to
move al grades of gravel as well as fine to coarse blocks (Blair 1987).
Slippage of colluvium on steep mountain slopes also facilitates the transport
of blocks and dabs (e.g., Campbell 1975).

Rock gravity flows, comprising rock falls, rock slides, and rock avalanch-
es, are sedimentary flows instigated by the failure of a rock slope under
the force of gravity (Fig. 9; Blair and McPherson 1994). They are respon-
sible for transport of the coarsest sediment documented on Earth. Like
sediment gravity flows, they require the presence of topography for acti-
vation. Rock fall is the least competent of these flow types, moving gran-
ules through boulders, and fine to medium blocks (Fig. 7A; Simons et a.
1966; Beaty and dePolo 1989; Turner 1996). In contrast, the full range of
blocks, slabs, monoliths, and probably megaliths are common sizes trans-
ported as rock dlides in either subaerial or subaqueous, high-relief settings
(Figs. 8A-B; eg., Schultz and Southworth 1989). Rock dlides in many
cases disintegrate and transform during motion into rock avalanches, aflow
type capable of transporting the newly formed particles ranging from clay
to very coarse monoliths (Fig. 9; Mudge 1965; Shreve 1968; Moore et al.
1989; Masson et a. 1998). The coarsest megaclasts documented in sub-
aeria rock avalanches vary from fine blocks to very coarse slabs (Crandell
and Fahnestock 1965; McSaveney 1978; Pflaker and Ericksen 1978; Porter
and Orombelli 1980; Siebert 1984; Fauque and Strecker 1988; Evans et al.
1989). Even coarser megaclasts have been transported by subagueous rock
avalanches, such as the monolith-rich deposits flanking the Hawaiian Is-
lands (Figs. 8E, 9; Moore et a. 1989, Moore et a. 1995).

Another form of sediment transport is achieved by volcanism, where hot
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material is gjected explosively from the release of confining pressure or by
gravitational collapse of actively growing lava bodies, forming volcanic-
gjecta gravity flows. The resulting pyroclastic sediment travels as dust load,
air fall, and bed load (Fig. 9). The latter two transport gravel, including as
pyroclastic flows and as air fall, where lapilli and bombs as coarse as blocks
areknown (e.g., Wentworth and Williams 1933; Fisher 1966; Sparks 1976).
Boulders, blocks, slabs, and monoliths also are transported as hot debris
avaanches or hot debris flows associated with eruptions (Kesel 1973;
Voight et a. 1983; Stoopes and Sheridan 1992).

The range of clast sizes and competency limits of the transport mecha-
nisms plotted in Figure 9 reflect conditions at the Earth’s surface. Key
factors promoting or limiting the range of sediment grades moved by these
mechanisms are the magnitude of Earth’s gravity, tidal forces, and topog-
raphy; aswell asthe existence of standing and frozen water, an atmosphere,
precipitation, volcanism, and tectonism. The latter attribute is especialy
important for the production of gravel and megagravel, and the creation of
topography instrumental to the initiation of the transport mechanisms. Var-
iations in any of these factors on the surface of other planets will change
the range of sedimentary particles that are produced, and the competency
limits of the various transport processes.

CONCLUSIONS

The detrital particle classes and subclasses of the Udden-Wentworth
grain-size scale, as modified by Folk (1954, 1974) and Folk et a. (1970),
are widely used for sand and mud, and are essential for the objective de-
scription of clastic sediment. This scheme can be extended to also cover
the coarser realm of sedimentary particles found on Earth, including various
grades of pebbles, cobbles, and boulders in the gravel fraction, and various
grades of blocks, slabs, monoaliths, and megaliths in the megagravel fraction
(Fig. 2). Such grades can be used in Folk’s texture classification to provide
an objective description of coarse sediment akin in detail to that achieved
for finer-grained sediment.
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