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Aerial thermal imaging is used to study grain-size distributions and induration on a wide variety of
alluvial fans in the desert southwest of the United States. High-resolution aerial thermal images reveal
evidence of sedimentary processes that rework and build alluvial fans, as preserved in the grain-size
distributions and surface induration those processes leave behind. A catalog of constituent sedimentary
features that can be identiﬁed using aerial thermal and visible imaging is provided. These features
include clast-rich and clast-poor debris ﬂows, incised channel deposits, headward-eroding gullies,
sheetﬂood, lag surfaces, active/inactive lobes, distal sand-skirts and basin-related salt pans. Groundbased ﬁeld observations of surface grain-size distributions, as well as morphologic, cross-cutting and
topographic relationships were used to conﬁrm the identiﬁcations of these feature types in remotely
acquired thermal and visible images. Thermal images can also reveal trends in grain sizes between
neighboring alluvial fans on a regional scale. Although inferences can be made using thermal images
alone, the results from this study demonstrate that a more thorough geological interpretation of
sedimentary features on an alluvial fan can be made using a combination of thermal and visible images.
The results of this study have potential applications for Mars, where orbital thermal imaging might be
used as a tool for evaluating constituent sedimentary processes on proposed alluvial fans.
& 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Alluvial fans are common features in arid, desert environments
on Earth. Their characteristic apron shape is the result of
channelized, sediment-laden ﬂuids from the source (catchment)
area being deposited as the mixture travels downslope, expands
into the basin and loses carrying capacity. The relative amounts of
ﬂuid and sediment, as well as the proportions of coarse-grained
vs. ﬁne-grained sediment, inﬂuence the types of sedimentary
processes that operate on the surface of the alluvial fan (Blair and
McPherson, 1994). We investigate the use of thermal images for
the detection of a wide variety of constituent sedimentary
features on alluvial fans within several geologic settings. Hardgrove et al. (2009) showed that day/night temperature variations
observed in aerial thermal images of an alluvial fan are
quantitatively correlated with differences in particle size distributions measured on the ground. This previous work also qualitatively demonstrated the utility of remote thermal images in
identifying regions where grain sizes have been sorted or
indurated by the limited set of sedimentary processes that
operated on the particular fan used as a test case for developing
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the technique. In the present work, we show that the technique
may be used to identify a much wider variety of sedimentary
features found on a diverse suite of alluvial fans that have been
formed and modiﬁed by a range of sedimentary processes. We
have chosen to use fans from Owens Valley and Death Valley, CA,
because they display a wide variety of sedimentary features
common to arid regions everywhere. The fans of Death Valley, in
particular, are considered to be some of the best examples of
alluvial fans in the world, and are among the most studied
(e.g., Denny, 1965; Hunt and Mabey, 1966; Denny, 1967).
Here we provide a catalog of common sedimentary features on
alluvial fans that can be inferred from aerial, high spatial
resolution (  2 m/pixel) thermal imaging used in conjunction
with high-resolution (  1 m/pixel) visible images. These sedimentary features include clast-rich and clast-poor debris ﬂows, incised
channel deposits, headward-eroding gullies, sheetﬂood, lag
surfaces, active/inactive lobes, distal sand-skirts and basin-related
salt pans. Although some inferences about these sedimentary
features may be made using aerial thermal images alone, the
addition of high-resolution visible images ( 1 m/pixel) provides
an albedo and morphologic context for interpretation of the
thermal data. Our work in using high spatial resolution thermal
image data to study relatively small-scale constituent sedimentary features on alluvial fans builds on previous work at moderate
spatial resolution (  50 m/pixel) that characterized variations in
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grain-size distributions at regional scales (e.g., Kahle, 1987;
Applegarth and Stefanov, 2006). These results have potential
applications for Mars, where orbital thermal imaging might be
used as a tool for evaluating constituent sedimentary processes on
proposed alluvial fans (Moore et al., 2003; Malin and Edgett,
2003; Kraal et al., 2008, Williams and Malin, 2008). Recently,
temperature images from the Thermal Emission Imaging System
(THEMIS) on the Mars Odyssey spacecraft have been used to
derive thermal inertias for various areas of geologic interest on
Mars (Michalski and Fergason, 2009; Fergason and Christensen,
2008; Bandﬁeld and Feldman, 2008; Cushing and Titus, 2008).

2. Sedimentology of alluvial fans
Blair and McPherson (1994) performed a detailed, survey study
of sedimentary processes on alluvial fans. Except where noted, the
discussion below follows from their work.
2.1. Primary and secondary deposits
Variations in grain sizes on alluvial fans are primarily related
to both the sediment source and the sedimentary processes that
have acted on the fan. Nominally, there is a trend towards larger
grain sizes (sometimes called ‘‘fanglomerates’’) in the upper fan,
intermediate grain sizes in the mid fan and smaller grain sizes in
the distal fan, or toe (Boggs, 2001). Upper fan grain sizes can be as
large as boulder-sized, and distal fan grain sizes can be sand-sized
or smaller (Blissenbach, 1952). Volumetrically, alluvial fans are
primarily composed of deposits that are initiated by major, yet
infrequent, storm events. These deposits can be the result of either
debris ﬂow processes (e.g., clast-rich or clast-poor) or ﬂuvial
processes (e.g., incised channel ﬂoods and sheetﬂoods). However,
this generalized conceptualization is oversimpliﬁed for most
alluvial fans, as their surfaces are often reworked by processes
that modify surface grain-size distributions. Overprinting of the
primary deposits by secondary aeolian and ﬂuvial processes can
inﬂuence the ﬁnal grain-size distribution on the surface of the fan.
Thus, the spatial pattern of surface grain-size distributions is
representative of both the primary, large-scale depositional
processes and these smaller-scale secondary processes. Although
the absolute grain sizes in these deposits can vary from fan to fan
due to differences in source material, relative grain size patterns
are observed to be consistent.
2.1.1. Primary deposits from debris ﬂow processes
Debris ﬂow is the most signiﬁcant sediment-gravity process in
terms of the volume of material deposited directly on alluvial fans.
Blair and McPherson (1994) characterized debris ﬂows as ‘‘a
mixture of granular solids (gravel, sand, clay, tree limbs, etc.) and
small amounts of entrained water and air that move downslope
under the force of gravity’’. They distinguish three classes of
debris ﬂows: (1) clast-rich, which consist primarily of gravel and
clay, (2) clast-poor, which are commonly called mudﬂows and (3)
non-cohesive, which is a clast-rich, clay-poor ﬂow. The lack of clay
reduces the cohesiveness of the ﬂow, thus reducing the run-out
distance when compared to cohesive clast-rich ﬂows. We did not
observe non-cohesive debris ﬂows in our study area; therefore, we
restrict our discussion to clast-rich and clast-poor debris ﬂows. In
clast-rich debris ﬂows, gravel-rich deposits are lobate and tend to
overlie pre-existing surface features. Often, the largest particle
size component moves towards the front and sides of the ﬂow
(Middleton, 1970; Fisher 1971). Subsequent winnowing and ﬂuvial
processes remove ﬁne-grained material around their margins,
leaving a lobate outline primarily of large clasts.

Fig. 1. (A) Schematic diurnal temperature curves for two surfaces with the same
thermal inertia, emissivity, insolation geometry and history, but with relatively
low (solid curve) and high (dashed curve) albedos (adapted from Watson, 1975).
The effect of varying albedo does not signiﬁcantly change the overall DT. (B)
Diurnal temperature data for sand (50 wt% of 200–500 mm, 40 wt% of 500–800 mm)
sloping at 01 (dashed curve) and a westward-oriented face sloping at 301 (solid
curve) showing the effect of decreasing slope on DT. For westward-facing surfaces
of equivalent composition and grain size, decreasing slopes tend towards lower DT,
opposite to the trends seen in our DT images, which consisently show higher DT
values towards the lower slopes at the toe of the alluvial fans. These results,
combined with our ground observations of smaller grain sizes near the toes of the
fans, indicate that DT images are dominated by changes in grain size.

Clast-poor debris ﬂows have a high fraction of clay and can
form either in association with clast-rich debris ﬂows or
independently. Whether clast-poor debris ﬂows form independent of clast-rich debris ﬂows depends on many factors including
catchment lithology and amount of ﬂuid inﬂux to the catchment.
Clast-poor debris ﬂows are found in association with clast-rich
debris ﬂows when the clast-rich debris ﬂow contains a mixture of
large and small particle sizes. In some cases, as the ﬂow moves
down the fan, the large clasts are deposited and the clast-poor
portion of the ﬂow continues down the fan. This leaves a lobate
rim of clast-poor material at the toe of the clast-rich deposit. Both
types of clast-poor debris ﬂows will mantle or ﬂow around preexisting fan material.
Incised channels also will accommodate the passage of debris
ﬂows, both clast-rich and clast-poor. If debris ﬂows have passed
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through the channel, larger grain sizes from clast-rich debris
ﬂows, indurated material from clast-poor debris ﬂows or both
may be found within the channel. Aeolian and/or ﬂuvial

Table 1
Thermal image acquisition dates and times for alluvial fans.
Alluvial fan

Image acquisition times
Day

BF
BF1
BF2
BF3
CCF
GGF
HGF
TCF
TAF
TF
WSF
FHF
UWF
FSF
GSF
DF

Night

3/20/2009,
3/20/2009,
3/20/2009,
3/20/2009,
3/20/2009,
3/20/2009,
3/20/2009,
3/20/2009,
3/20/2009,
3/20/2009,
3/20/2009,
3/21/2009,
3/22/2009,
3/21/2009,
3/21/2009,
3/21/2009,

37

12:35
12:35
12:36
12:36
12:37
12:28
12:19
12:10
11:24
11:40
11:29
10:50
12:28
10:53
10:54
10:56

3/21/2009,
3/21/2009,
3/21/2009,
3/21/2009,
3/21/2009,
3/21/2009,
3/21/2009,
3/21/2009,
3/21/2009,
3/21/2009,
3/21/2009,
3/22/2009,
3/22/2009,
3/22/2009,
3/22/2009,
3/22/2009,

6:25
6:26
6:26
6:26
6:27
6:19
6:09
6:00
5:15
5:30
5:20
6:24
6:25
6:26
6:27
6:29

winnowing of ﬁnes from the deposits left by the passage of these
ﬂows may leave a ﬂat bed of cobbles and boulders.
We have further subdivided the clast-rich/clast-poor classiﬁcations of Blair and McPherson because our technique (described in
Section 4) allows us to discern other characteristic features
of these ﬂows that are related to their formation. Both classes of
debris ﬂow deposits may be subdivided based on their degree
of conﬁnement (or lack thereof) and clast-poor debris ﬂow
deposits may be subdivided by their degree of induration.
2.1.2. Primary deposits from ﬂuvial processes
Fluvial processes are distinguished from debris ﬂow processes
by having a smaller proportion of sediment to ﬂuid. The most
prevalent primary ﬂuvial processes on alluvial fans are sheetﬂood
and incised channel ﬂows. Sheetﬂoods are unchannelized or
unconﬁned ﬂows that occur when the amount of water is
sufﬁcient to overﬂow the banks of any pre-existing channels
and form a thin layer moving as a sheet overlying the alluvial fan.
Seen from overhead, sheetﬂood deposits are relatively featureless,
unconﬁned and form a thin veneer over pre-existing topography.
Viewed in cross-section (in erosional exposures such as incised
channels) sheetﬂood deposits appear as planar bedded sand-skirts
and coupled gravel-pebble stacked deposits. Coupled deposits are
typically tens of centimeters thick and are oriented at an angle
sub-parallel to the local slope (Blair, 2000).
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Fig. 2. Context map showing the locations of alluvial fans within Owens Valley and Death Valley that are included in our study. The inset includes the abbreviations that
will be used to reference individual alluvial fans in subsequent sections as well as the latitudes and longitudes for each fan studied.
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Fig. 3. Mosaic of all DT images for alluvial fans in Owens Valley and Death Valley. Each fan is labeled with its associated abbreviation from Fig. 2. Warmer colors (reds)
correspond to lower DT values or high relative thermal inertias. Cooler colors (blues) correspond to higher DT values or low relative thermal inertias. Each DT image has
been independently contrast enhanced to accentuate the differences in DT on each alluvial fan. Full names and DT ranges (in 1C) for each fan are as follows: Badwater Fan,
BF (7.7–25.3); Badwater Fan 1, BF1 (15.0–26.7); Badwater Fan 2, BF2 (17.8–27.2); Badwater Fan 3, BF3 (14.4–27.0); Cofﬁn Canyon Fan, CCF (15.0–30.0); Gower Gulch Fan,
GGF (14.5–27.2); Hells Gate Fan, HGF (12.5–22.9); Titus Canyon Fan, TCF (10.1–20.0); Talc Canyon Fan, TAF (4.2–14.0); Trail Fan, TF (9.2–21.7); Warm Springs Fan (9.2–21.7),
WSF; Fossil Hill Fan, FHF (18.0–25.0); Union Wash Fan, UWF (21.5–33.2); French Spring Fan, FSF (9.9–26.2); Goat Spring Fan, GSF (18.0–28.0); Dolomite Fan, DF (14.6–27.8).
For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.
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Fig. 4. High-resolution visible images (&2008 DeLorme www.delorme.com; Licensed by SPOT Image Corp) for each alluvial fan studied. Spectral bands are at 0.45–0.52 mm
(blue), 0.52–0.60 mm (green) and 0.63–0.69 mm (red). See Fig. 3 for the corresponding DT image for each fan. Beneath the north arrow (represented by a star) on all DeLorme
ﬁgure legends MN stands for magnetic north, with the magnetic declination listed in decimal degrees to the right. For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.
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The other common transport mechanism for ﬂuvial processes
on alluvial fans is incised channel ﬂows. On the upper fan, incised
channels conﬁne the ﬂow and can facilitate the delivery of
sediment to lower parts of the fan. When the ratio of sediment
to water is low (normal ﬂuvial ﬂow), deposits within incised
channels contain the coarsest sediment fraction due to higher
ﬂow competence created by the conﬁnement. Finer-grained
sediment may accumulate on the margins of these coarsegrained deposits during the waning ﬂood stage or less-energetic
events.
2.2. Effects of secondary processes
Secondary processes tend to produce characteristic grain-size
distributions and can provide critical insight into the environment
and climate conditions experienced by alluvial fans in the period
after deposition. Secondary processes such as overland ﬂow,
aeolian weathering, induration or formation of salt crusts act to
sort sediment by size or cement grains.
The secondary processes that dominate the surface features of
alluvial fans are winnowing of ﬁnes and overland ﬂow. Aeolian or
ﬂuvial winnowing of ﬁnes within debris ﬂow deposits leads to the
preferential preservation of larger clasts within clast-rich debris
ﬂows as well as erosion of clast-poor debris ﬂows entirely. Erosive
overland ﬂow can also produce gullies, which erode headward
towards the fan apex. Often these depressions are ﬁlled with ﬁnegrained sediment that is presumably carried during low-energy
ﬂow events, not the high-energy ﬂow events characteristic of
primary processes. The gullies erode radially up the surface of the
fan; therefore, they tend to converge in V-shaped intersections
pointed towards the fan apex. On many fans, repeated annual
overland ﬂow or aeolian activity will result in a sand-skirt of
ﬁne material at the toe of the alluvial fan. In addition to the
winnowing of channel ﬁll described above, aeolian secondary
processes can result in the development of desert pavement
or other types of lag surfaces. Aeolian secondary processes can
also lead to the deposition of blown sand around vegetation
or irregular topography unrelated to primary deposits on
the fan.

3. Thermophysical remote sensing
A detailed description of the principles of thermophysical
remote sensing relevant to this study is covered in Hardgrove et al.
(2009). In brief, the temperature of a surface is governed by both
its albedo and its thermal inertia (Kieffer et al., 1977). Albedo is
simply the broadband reﬂectance of a surface. Thermal inertia can
be thought of as the resistance of a material to changing
temperature when incident sunlight is added or removed. Very
ﬁne-grained surfaces have relatively low thermal inertias and
coarse-grained surfaces or highly indurated surfaces have high
thermal inertias. Sophisticated multivariable analytical models
are required to quantify the thermal inertia of a surface from
diurnal temperature measurements. Although such models have
been developed (e.g., Watson, 2000), we make the simplifying
assumption that thermal inertia is inversely proportional to the
change in surface temperature (DT) between pre-dawn and midday. Using an image composed of DT values as a proxy for a
thermal inertia map affords us better separation between surfaces
of different thermal inertias than using a single pre-dawn
temperature image because the temperatures of high vs. low
thermal inertia surfaces trend in opposite directions in day vs.
night images. The DT image also partially eliminates the effects of
albedo on the diurnal temperature curve. Changes in albedo

Fig. 5. Mosaic of DT images for the eastern Badwater fans in Death Valley, CA,
using a single contrast enhancement for all images. Warmer (reds) colors
correspond to smaller values of DT. Cooler colors (blues) correspond to larger
values of DT. Note the overall increase in DT for fan surfaces from north to south.
For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.

primarily shift the entire diurnal temperature curve for a given
image pixel up or down in temperature (Fig. 1A). Because the DT
image is only sensitive to the diurnal temperature spread,
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variations in absolute temperature due to albedo differences are
minimized. Slope and azimuthal orientation of slopes can also
affect diurnal thermal behavior of geologic surfaces (Cushing
et al., 2009). The ﬁrst-order effects of slope and slope orientation
are phase shifting and mean value shifting of the diurnal thermal
curve compared to a horizontal surface. If signiﬁcant slope
orientation effects were present in temperature images, they
would appear as smoothly varying effects across the surface of the
fans because the slope azimuths themselves are smoothly varying.
We do not observe this effect in our mid-day or pre-dawn
temperature images; in fact, most of our analyses focus on
relatively discrete, well-deﬁned thermophysical features. In
addition, the mean slopes of the alluvial fans studied do not
vary signiﬁcantly, approximately 2–91, with the highest slopes
near the fan apex and the lowest slopes near the toe. To determine
how the effects of decreasing slopes on DT values, we conducted a
control experiment on well-characterized quartz sand grains
(50 wt% 200–500 mm diameter, 40 wt% 500–800 mm diameter) at
two different slope angles (01 and 301) and orientations. Diurnal
temperature curves were acquired for ﬂat lying sand and a
westward-facing slope dipping at 301 under clear sky conditions
(Fig. 1B). We have chosen to highlight westward-facing slopes
because they are most similar to the slope orientations of the fans
studied in Death Valley and Owens Valley. Gently sloped,
westward-facing surfaces of equivalent grain size have lower DT
values, which is opposite to the observed trends in our data where
we see higher DT near the toes of the fans (Section 6). As will be
seen, the trend of higher DT values towards the toe of the fan is
also veriﬁed by our ground observations of smaller grain sizes
near the toes of many fans. We are conﬁdent, therefore, that the
effects of grain size are dominant in our DT images, even across
areas of changing slope. Smaller-scale slope effects and shadows
are not taken into account; however, as will be seen, these
approximations are adequate for revealing surface thermophysical
heterogeneities associated with differences in particle size and/or
induration in the scene. We note, however, that the DT image is
only a proxy for in-scene relative thermal inertias, not absolute
thermal inertia values. Because of this, it is only proper to
interpret DT images in terms of relative differences in grain sizes
(or degree of induration) on the ground, not absolute grain size
values.

4. Methods and data sets
Two broad approaches were used to characterize the sedimentary features found on a suite of alluvial fans in this study.
Remotely acquired thermal and visible images were used to map
thermophysical, albedo and morphologic patterns on the alluvial
fans, which were then interpreted in terms of different sedimentary processes that could have produced these features. Groundbased ﬁeld observations were then used to validate or, in some
cases, reﬁne these interpretations. This resulted in a catalog of
different types of sedimentary features, as observed across the
suite of alluvial fans. Examples of each type of feature were
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examined for common traits in order to synthesize a method for
identifying these features from remote visible and thermal
observations when no ground truth is available (e.g., Martian
alluvial fans).

4.1. Remote thermal and visible image acquisition and processing
All thermal image data were acquired from a light aircraft,
using a FLIR Systems ThermaCam S45 thermal infrared camera.
The camera operates in the 7.5–13-mm telluric transmissivity
window, and has an absolute temperature accuracy of 2 K at
ambient temperatures relevant for geologic studies. Relative
pixel-to-pixel temperature accuracy is about 0.1 K, which is much
smaller than the kinetic temperature differences typically found
on the ground at the relevant spatial scale. The ﬁeld of regard is
241  181 across a 320  240 pixel array, giving the camera a pixel
IFOV of 1.3 mrad. Images are captured at 60 Hz, which, in practical
terms, means pixel blur from the light aircraft platform is not a
problem at altitudes of about 900 m or greater above the terrain.
We have written custom software that converts images from the
manufacturer’s digital image format into ﬁles for use in the
Environment for Visualizing Images (ENVI) remote sensing software suite.
Over 100 aerial thermal images were acquired from a suite of
24 alluvial fans in Owens Valley and Death Valley, CA (Section 5).
A subset of 16 alluvial fans was chosen for use in this study;
images of the remaining 8 fans were discarded because of image
blur (resulting from bumps due to air turbulence in ﬂight) and
other data acquisition problems. These data were acquired in
March, 2008, under clear sky weather conditions. Individual
thermal images of the target alluvial fans were acquired from an
altitude of  1500 m to give an overhead perspective similar to
that seen from orbit, but at higher spatial resolution (  2 m/pixel).
Images were acquired at pre-dawn and mid-day times during the
same 24-h period from the same airborne vantage points by using
an aviation GPS unit. Table 1 shows the day and night acquisition
dates and times for the 16 alluvial fans studied.
By co-registering and differencing the pre-dawn and mid-day
aerial thermal image pairs, we derive a new image in which pixel
values approximate the diurnal change in temperature (DT). As
described in Section 3, pixels with a high change in temperature
contain lower relative thermal inertia materials, and pixels with
low temperature changes contain higher relative thermal inertia
materials. Because lower relative thermal inertias correspond to
smaller particle sizes, this DT image shows the spatial distribution
of relative particle sizes (or, in some areas of high relative thermal
inertia, areas of induration). The DT image was then warped using
a second order polynomial function to a georeferenced USGS
orthophotoquadrangle. The resulting georectiﬁed DT image was
then loaded onto a handheld DeLorme PN-20 GPS unit for groundtruthing of sedimentary features.
Visible wavelength images with a spatial resolution of 1 m/pixel
were extracted from a database sold by the DeLorme corporation

Fig. 6. (A) High-resolution visible image of the Dolomite Fan in Owens Valley with zoom box showing location of (B–O). (B) Visible context image showing the locations of
clast-rich debris ﬂows ‘‘DF 3’’, ‘‘DF 4’’, ‘‘DF 7’’ and ﬁner-grained surfaces at ‘‘DF 6’’. (C) DT context image shows the locations and relative DT values for clast-rich debris ﬂows
‘‘DF 3’’, ‘‘DF 4’’, ‘‘DF 7’’ and ﬁner-grained surfaces between clast-rich debris ﬂows ‘‘DF 6’’. (D–F) Ground photos showing the surface grain sizes at ‘‘DF 3’’. The surface
materials are composed of cobble to boulder-sized material that makes up the central clast-rich debris ﬂow lobe. (G–I) Ground photos show the surface grain sizes at ‘‘DF
4’’. The surface materials are similar in grain size to those at ‘‘DF 3’’, indicating this is a breakout section of the central debris ﬂow. (J, K) Ground photos show the sand to
pebble grain-size distribution in between the central and southern debris ﬂows at ‘‘DF 6’’. (L) The boulder-sized components (marked with arrows) at ‘‘DF 4’’ are remnant,
partially buried, clast-rich debris ﬂows that appear as rims of lower DT material in the thermal image. (M, N) Ground photos show the surface grain sizes at ‘‘DF 7’’. The
surface materials for this clast-rich debris ﬂow are of cobble to boulder grain-size distribution. (O) We note the presence of debris ﬂow levees less than 2 m wide present at
‘‘DF 7’’ (marked with arrows); however, they are too small to be seen with our aerial thermal imaging.
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Fig. 8. (A) High-resolution visible image of Talc Canyon Fan (TAF) in Death Valley showing the location of the toe of a clast-rich debris ﬂow (TAF 2) and the main body of the
clast-rich debris ﬂow (TAF 5). (B) DT context image showing the locations of the toe of a clast-rich debris ﬂow (TAF 2) and the main body of the clast-rich debris ﬂow at TAF
5 (marked with dashed line). (C) Ground photo shows the lobate form of a debris ﬂow at ‘‘TAF 2’’ at the toe of the fan. The lobate form and relatively large grain size of this
feature indicate it is a clast-rich debris ﬂow. We did not identify signiﬁcant clast-poor debris ﬂow components to this ﬂow. However, due to the extensive granitic
weathering and prevalence of granitic sands at the toe, we interpret that this debris ﬂow represents one of the older surfaces on the fan. (D) Ground photo at ‘‘TAF 5’’ shows
the granitic boulders that composed this clast-rich debris ﬂow. (E) Ground photo shows the margins of the debris ﬂow (denoted with arrows) with the surrounding ﬁnergrained surface materials near ‘‘TAF 5’’. (F) Ground photo shows the main body of the clast-rich debris ﬂow at ‘‘TAF 5’’.

(&2008 DeLorme www.delorme.com; &2001 CNES Licensed by
SPOT Image Corp) for mapping color albedo and morphologic
features on the alluvial fans. These images were also loaded onto
the PN-20 GPS unit for subsequent ﬁeldwork.

4.2. Fieldwork
Of the 16 fans for which we have acquired aerial data, 12 were
selected for detailed ground-based ﬁeld study over the course of

Fig. 7. (A) High-resolution visible image of Fossil Hill Fan (FHF) in Owens Valley with zoom box showing location of (B–K). (B) Visible context image shows the locations of
clast-rich debris ﬂows (FHF 7, FHF 9) and inactive, varnished regions (FHF 8, FHF 10). (C) DT context image showing the locations and relative DT values for clast-rich debris
ﬂows (FHF 7, FHF 10) and inactive, varnished regions (FHF 8, FHF 10). (D) Ground photo showing the surface grain sizes at ‘‘FHF 7’’. The clast-rich debris ﬂows are composed
primarily of pebble to boulder-sized grains. (E) Context image shows the boundaries (marked with arrows) of the debris ﬂow at ‘‘FHF 7’’ with the surrounding, inactive and
varnished surface. (F) Ground photo showing the surface grain sizes at ‘‘FHF 8’’. The ﬁne-grained mixture of sand to small pebbles ﬁlls the regions between the clast-rich
debris ﬂows. (G) Context image of the expansive, ﬁner-grained, varnished surface at ‘‘FHF 8’’. (H) Ground photo showing the surface grain sizes at ‘‘FHF 9’’. The clast-rich
debris ﬂows are composed primarily of pebble to boulder-sized grains. (I) Context image shows the boundaries (marked with arrows) of the debris ﬂow at ‘‘FHF 9’’ with the
surrounding, inactive and varnished surface. (J) Ground photo showing the surface grain sizes at ‘‘FHF 10’’. The ﬁne-grained mixture of sand to small pebbles ﬁlls the regions
between the clast-rich debris ﬂows. (K) Context image of the expansive, ﬁner-grained, varnished surface at ‘‘FHF 10’’.
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two ﬁeld trips in November and December 2008. An initial
reconnaissance of each alluvial fan was made so that the DT
values from our aerial data at speciﬁc locations could be
understood in the context of the fan’s overall grain-size distribution. For each fan visited on the ground, we selected speciﬁc
locations of high or low DT or regions that showed distinctive
spatial patterns of DT values. By examining the particle sizes and
morphologic, cross-cutting, and topographic relationships between the various surface materials at each location, we were able
to evaluate the sedimentary features that comprised the fan and
how they were related to features on our DT image. The degree of
reddening (seen in visible wavelength images), due to prolonged
oxidation alteration of fan surface materials in arid environments,
was used to identify inactive regions of the alluvial fans or
remnant surface materials (White and Walden, 1997). At each
study site, the particle size distribution and sedimentary features
were documented with digital photographs. We qualitatively
assessed the relative abundances of various particle sizes at each
location as well as feature morphologies and spatial relationships.
Included in many of the digital photographs is a ﬁeld notebook
19.5 cm long by 12.5 cm wide for scale.

Fig. 3 shows DT images of all the alluvial fans for which we
have acquired useable aerial thermal imaging data. Fig. 4 shows
the corresponding visible images. Note that the DT images in Fig. 3
reveal the details of signiﬁcant spatial features that are not
apparent in the visible images in Fig. 4, even though the latter has
higher spatial resolution. Below, we discuss both regional-scale
trends in grain sizes and the appearance of different classes of
sedimentary features in remote data sets.

5. Geologic setting

6.1. Valley-wide aerial thermal images of alluvial fans in eastern
Death Valley, CA

Death Valley and Owens Valley, CA, lie within the Basin and
Range extensional province of the arid southwestern United
States. Sediment eroded from the high-relief bounding mountain
ranges formed extensive alluvial fan aprons in both north–southoriented valleys.
Death Valley is bounded by two large, rotated blocks of mixed
lithologies that dip generally to the east (Burchﬁel and Stewart.
1966; Hunt and Mabey, 1966). These rotated blocks form two
mountain ranges, the Black Mountains to the east and the
Panamint Mountains to the west. Faulting and rotation create
generally steep scarp slopes on the eastern sides of the valley and
gently dipping slopes on the western side. Larger fans form on the
generally gentler western side of the valley, and smaller fans form
below the steep eastern slope.
Owens Valley is a classic graben system with a down-dropped
block forming the valley ﬂoor and uplifted rocks forming the high
mountains bounding it (Pakiser et al., 1964). The eastern side of
Owens Valley is bounded by the White-Inyo Mountains, which are
composed of mixed lithologies. In contrast, the Sierra Nevada
Mountains to the west are composed of primarily igneous
lithologies (Bierman et al., 1991). Owens Valley alluvial fans form
on both sides of the valley, with western fans being an order of
magnitude larger than the eastern fans. Only the Eastern Owens
Valley fans were studied in the present work because meltwater
runoff from snowpack in the Sierras gives the Western fans much
greater soil moisture and vegetative cover, which obscures the
geology of the fans from remote sensing observations. The valley
varies in width from 15 to 25 km, and extends for 150 km in a
north–northwest trend.

Although the overall focus of this study is on the constituent
sedimentary features of alluvial fans, we note that the inter-fan
trends for neighboring fans can also be studied using thermal
images. A DT map for alluvial fans on the eastern side of Death
Valley south of Badwater is presented in Fig. 5. Fig. 5 has the same
contrast enhancement applied across to all the constituent
alluvial fans, emphasizing the differences in grain size across
multiple fans in the valley. There is a general trend towards
increasing DT values on the fans from north to south, consistent
with the general decrease in average particle size to the south.
Ground-based ﬁeld observations of these fans veriﬁed this trend
in average particle size, from boulder-sized clasts on the Badwater
Fan (BWF) to cobble- and mud-sized clasts on the Cofﬁn Canyon
Fan (CCF). There is a corresponding decrease in fan slopes from the
northern fans, 61 at the Badwater Fan (BWF), to the southern
fans,  21 at the Cofﬁng Canyon Fan (CCF). As shown in Fig. 1B, for
westward-facing surfaces, the effects of decreasing slope (lower
DT values on lower slopes) are opposite to those observed in our
DT images (higher DT values on lower slopes). Blair and
McPherson (1994) suggest that the two main factors that
determine the radial topographic proﬁle of an alluvial fan are
the dominant sedimentary processes and the sediment size
available for fan construction. Larger particle sizes, which are
associated with clast-rich debris ﬂow deposits, lead to steeper
sloped fans while ﬁner-grained sheetﬂoods and clast-poor debris
ﬂows lead to alluvial fans with more gentle slopes. The regional
trends observed in DT seen in Fig. 5 are consistent with this model.
Our ﬁeld observations indicate that reworked debris ﬂows tend to
dominate the surfaces of fans to the north, while ﬂuvial processes

The fans studied in both valleys were chosen because they lie
within the rain shadow of the eastern Sierra Nevada and receive
water mostly in the form of infrequent thunderstorms. This
aridity minimizes the inﬂuence of vegetation and water on these
fans. Also, these valleys allowed relatively easy access to a large
number of fans with a wide variety of source areas, sediment
supply, basin locations and depositional processes. A contextual
map showing the locations of all alluvial fans for which aerial
thermal images were acquired is presented in Fig. 2.

6. Results

Fig. 9. (A) High-resolution visible image of Dolomite Fan (DF) in Owens Valley with zoom box showing the location of (B–E). (B) Visible context image showing the location
of the unconsolidated clast-poor debris ﬂow (DF 28). (C) DT context image showing the location of the unconsolidated clast-poor debris ﬂow (DF 28). (D) Ground photo at
‘‘DF 28’’ shows a close-up image of the unconsolidated clast-poor debris ﬂow. Although the surface appears to be indurated, the clay mixture is not well consolidated and
was easily disturbed as evidenced by the nearby trench. (E) Ground photo at ‘‘DF 28’’ shows the unconsolidated mudﬂow surrounding the sand and pebble-rich toe of the
southern clast-rich debris ﬂow (arrows denote the boundary) (trench is same as in D). (F) High-resolution visible image of French Spring Fan (FSF) in Owens Valley with
zoom box showing the location of G–J. (G) Visible context image showing the locations of the unconsolidated mudﬂows at ‘‘FSF 27’’ and ‘‘FSF 29’’. (H) DT context image
showing the locations of the unconsolidated mudﬂows at ‘‘FSF 27’’ and ‘‘FSF 29’’. (I) Ground photo at ‘‘FSF 27’’ shows the uniform grain-size distribution of the mudﬂow as
well as the unconsolidated nature, similar to the unconsolidated mudﬂow identiﬁed on the Dolomite Fan at DF 28. (J) Ground photo at ‘‘FSF 2’’ shows the boundary (marked
with arrows) between the clast-rich and unconsolidated mudﬂow at the toe of the fan. Unconsolidated mudﬂows were identiﬁed as unique features due to their spatial
relationships with clast-rich debris ﬂows, as they tend to surround clast-rich debris ﬂows near the toe of the alluvial fan and are composed of a nearly uniform clay-rich
grain-size distribution.
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tend to dominate the fan surfaces to the south. This is best
evidenced by a large incised channel ﬁlled with clast-poor debris
ﬂow material in the southernmost Cofﬁn Canyon Fan. Another
possible explanation for the regional trend in particle size is the
inﬂuence of changing source lithology. The Cofﬁn Canyon Fan
shares some second- and third-order feeder channels with the
Copper Canyon Fan, further to the south, which is composed of
soft Miocene and Pliocene sedimentary rocks, which may account
for the increase in ﬁner-grained surface deposits (Blair and
McPherson, 1994).

6.2. Identiﬁable sedimentary features
6.2.1. Clast-rich, unconﬁned debris ﬂows
We present four examples of clast-rich debris ﬂows that were
identiﬁed from our suite of 16 study fans. Clast-rich unconﬁned
debris ﬂows were identiﬁed using aerial thermal and visible
imaging and conﬁrmed with ﬁeld observations (Figs. 6–8). In
selecting these examples, we looked at relatively low DT features
having a lobate morphology that were not conﬁned to an incised
channel, as identiﬁed using corresponding visible images. The
best examples of these features were found on the Dolomite Fan
(DF), Fossil Hill Fan (FHF), French Spring Fan (FSF) and Talc Canyon
Fan (TAC). Clast-rich debris ﬂows were found as high or low
albedo features, depending on their relative age.

6.2.1.1. Dolomite Fan (Fig. 6). According to ﬁrst-hand accounts, the
thunderstorm that triggered the debris ﬂows on the Dolomite Fan
in 1984 also initiated debris ﬂows on at least two other alluvial
fans on the east side of Owens Valley (Blair and McPherson, 1998).
Here we present the results of our traverse across several of the
clast-rich debris ﬂows on the Dolomite Fan. Lobate, low DT features that were identiﬁed on the ground as clast-rich debris ﬂows
are draped over existing topography, and are composed of signiﬁcantly larger grain sizes (commonly cobbles to boulders) than
the surrounding material. We traversed across the older, low albedo debris ﬂow near the center of the Dolomite Fan (Fig. 6B, C)
and documented several abrupt changes in grain size that represented the presence of clast-rich debris ﬂows (Fig. 6D–I, M–O)
and inter-debris ﬂow material (Fig. 6J–L) as we traversed south.
Fig. 6J–L shows the ﬁner-grained material surrounding the clastrich debris ﬂows. Fig. 6L also shows evidence of a partially buried,
remnant debris ﬂow, which is composed of cobble to bouldersized clasts that are buried under unconsolidated sand to pebblesized grains. In the thermal image (Fig. 6C, arrows) the remnant
debris ﬂow appears as a lobate rim of lower DT. The southern
clast-rich debris ﬂow at DF 7 shows a signiﬁcantly higher albedo
(Fig. 6B), indicating it is more recent than the debris ﬂow in the
center of the Dolomite Fan. We also note the presence of debris
ﬂow levees near DF 7 (marked with arrows in Fig. 6O) that are
below the resolution of the aerial DT image. Both the high and the
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low albedo clast-rich debris ﬂows, however, are some of the
lowest DT features on the Dolomite Fan.
6.2.1.2. Fossil Hill Fan (Fig. 7). On the Fossil Hill Fan, the clast-rich
portion of the debris ﬂow extends from the fan apex to the toe.
The lack of a signiﬁcant clay component within the ﬂow as well as
the degree of reddening (lower albedo) on many of the surface
debris ﬂow materials indicates these features are older than the
debris ﬂow initiated in 1984 on the Dolomite Fan to the south
(Figs. 6A and 7A). We traversed a path across the Fossil Hill Fan,
observing changes in grain size, morphology and albedo (Fig. 7B,
C). We identiﬁed two main clast-rich debris ﬂows at FHF 7 and
FHF 9, corresponding to lobate, low DT features in our thermal
image, with regions of ﬁner-grained surface material in between
at FHF 8 and FHF 10 (Fig. 7F, G, J, K). The thermal images of these
fans show that regardless of age, the clast-rich, larger grain-size
portion of debris ﬂows allows these features to resist large
changes in temperature over a diurnal cycle; therefore, a continuous, lobate, low DT feature is highly suggestive of a clast-rich
debris ﬂow, especially when coupled with a rim of higher DT
material (unconsolidated clast-poor debris ﬂow, see Section 6.2.2)
surrounding it at the toe.
6.2.1.3. Talc Canyon Fan (Fig. 8). We are not aware of any speciﬁc
studies on the Talc Canyon Fan; however, Blair (1999) studied the
dominance of debris ﬂow vs. sheetﬂood processes on many of the
alluvial fans on the western side of Death Valley. He concluded
that alluvial fans to the south of the Anvil Springs Fan, which
includes the Talc Canyon Fan, are sheetﬂood-dominated by
studying catchment size, lithology and the deposits exposed
within cut-banks on the Anvil Spring Fan (Blair, 1999). We did not
observe any sheetﬂood deposits exposed at the surface, although
this is expected due to prolonged surface weathering in between
sheetﬂood events. The surface of the Talc Canyon Fan was predominantly covered with boulder-sized clasts of granitic composition that were heavily weathered. During our ﬁeld study, several
prominent, lobate features composed of very large grain size were
identiﬁed at TAF 5 (Fig. 8E–G). Arrows in Fig. 8C and E mark the
boundary of the lobate, clast-rich debris ﬂow at TAF 5 with the
surrounding ﬁner-grained granitic sand. These features corresponded to lobate, low DT features in our thermal image (Fig. 8B).
Although this fan was constructed by sheetﬂood deposits, the
surface is dominated by sediment-gravity-driven debris ﬂows,
demonstrating the difﬁculty in using surface features for classiﬁcation of alluvial fans by sediment-gravity or ﬂuvial sedimentary
processes.
6.2.2. Unconsolidated clast-poor, unconﬁned debris ﬂows
On several fans, clast-poor debris ﬂows were identiﬁed ﬁrst by
using the thermal image to identify lobate rims surrounding the
terminus of clast-rich debris ﬂows. On the ground, clast-poor
debris ﬂows are identiﬁed by their smaller grain-size distribution
and emplacement around the toe of clast-rich debris ﬂows. These
unconsolidated mixtures of clay to sand-sized grains have a

Fig. 10. (A) High-resolution visible image of French Spring Fan (FSF) in Owens Valley with zoom box showing the location of (B–G). (B) Visible context image showing the
locations of indurated clast-poor debris ﬂows at ‘‘FSF 20’’ and ‘‘FSF 21’’. (C) DT context image showing the location of the indurated clast-poor debris ﬂows at ‘‘FSF 20’’ and
‘‘FSF 21’’. Note the waypoint locations are near the margins of the ﬂow and that the relative DT values are slightly lower in this region (  13 K) than in the clast-rich debris
ﬂows to the north (  16 K) (see Fig. 7). (D, E) Ground photos at ‘‘FSF 20’’ show the indurated mudﬂow with a scattered surface lag of gravel that appears to be unrelated to
the mudﬂow itself. (F, G) Ground photos at ‘‘FSF 21’’ shows several larger clasts that the mudﬂow appears to have moved around or overlapped (marked with arrows),
indicating these clasts were not part of the mudﬂow. The surface gravel lag is lying atop the mudﬂow, and is presumably the result of subsequent overland ﬂow carrying
gravel-sized material down the fan. (H) High-resolution visible image of French Spring Fan (FSF) in Owens Valley with zoom box showing the location of (I–L). (I) Visible
context image showing the location of the indurated clast-poor debris ﬂow at ‘‘FSF 25’’. (J) DT context image showing the location of the indurated clast-poor debris ﬂow at
‘‘FSF 25’’. (K, L) Ground photos at ‘‘FSF 25’’ showing continuation of the clast-poor debris ﬂow at ‘‘FSF 21’’ at a location further down the fan. The mudﬂow is beginning to
thin and grade into the surrounding gravel lags, which signiﬁcantly reduces its expression in the DT image. The surface temperature at ‘‘FSF 25’’ is more dominated by the
ﬁner-grained gravel lag than at ‘‘FSF 21’’, where the surface is primarily indurated mudﬂow, thus elevating the DT at ‘‘FSF 25’’.
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Fig. 11. (A) High-resolution visible image of the Gower Gulch Fan (GGF) in Death Valley with zoom box showing the location of (B–H). (B) Visible context image showing the
locations of ‘‘GGF 1’’ and ‘‘GGF 2’’. (C) DT context image showing the locations of ‘‘GGF 1’’ and ‘‘GGF 2’’. (D) Ground photo at ‘‘GGF 1’’ shows the loosely consolidated sand to
pebble grain-size distribution of the material outside the channel. (E) Mosaic at ‘‘GGF 1’’ shows the outer and inner channel materials. (F–H) Ground photos at ‘‘GGF 2’’ of
the inner channel material, which is ﬁlled with a mixture of indurated mudﬂow (F) and clast-rich debris ﬂow material (G, H).

higher DT than the clast-rich debris ﬂows they surround. These
features were identiﬁed on several Owens Valley fans, with the
best examples on Dolomite and French Spring Fan (Fig. 9).
Unconsolidated clast-poor, unconﬁned debris ﬂows were
identiﬁed as unique features due to their spatial relationships
with clast-rich debris ﬂows, as they tend to surround clast-rich
debris ﬂows near the toe of the alluvial fan, are unchannelized and
are composed of a nearly uniform clay-rich grain-size distribution.

6.2.2.1. Dolomite Fan and French Spring Fan (Fig. 9). On the Dolomite Fan, the clast-poor debris ﬂow can be seen lining the toe of
the clast-rich debris ﬂow at DF 28 in Fig. 9C. Fig. 9D shows the
relatively ﬁne-grained and loosely packed nature of the unconsolidated mudﬂow, while Fig. 9E shows the toe of the clastrich debris ﬂow (to the left) lined by the clast-poor mudﬂow. On
the French Spring Fan (overview in Fig. 9F–H), two clast-poor
unconﬁned debris ﬂows were identiﬁed at FSF 27 and FSF 29.

These features were also found near the toe of the fan, are relatively unconsolidated (Fig. 9I) and line the toe of clast-rich debris
ﬂows (Fig. 9H, J). Arrows in Fig. 9J mark the boundary of the unconsolidated clast-poor, unconﬁned debris ﬂow at FSF 29 with the
clast-rich debris ﬂow that it surrounds. Unconsolidated mudﬂows
tend to be higher albedo features, presumably due to the ease
with which ﬁner-grained surfaces are eroded.

6.2.3. Indurated clast-poor, unconﬁned debris ﬂows
In thermal images, indurated clast-poor debris ﬂows tend to be
associated with clast-rich debris ﬂows, appearing as linear
features that branch off the main clast-rich debris ﬂow (Fig. 10C, J).
The clast-rich debris ﬂows can be seen in the upper regions of Fig.
10C and J as more spatially expansive, low DT features, while the
indurated clast-poor debris ﬂows are relatively small, branching
features that have a slightly higher DT than the clast-rich debris
ﬂows they surround. Indurated clast-poor, unconﬁned debris
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ﬂows were identiﬁed as unique features as they tend to branch
from clast-rich debris ﬂows in the mid-fan region, are
unchannelized and are composed of a nearly uniform clay-rich
grain-size distribution.
6.2.3.1. French Spring Fan (Fig. 10). We have identiﬁed a clast-poor
debris ﬂow in the mid-fan region of the French Spring alluvial fan.
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The indurated, unconﬁned mudﬂow is represented by a generally
lobate, low DT feature branching out from a clast-rich debris ﬂow
in the mid-fan region. The mudﬂow on the French Spring Fan was
also relatively high albedo, without signiﬁcant desert varnish,
suggesting it is younger than the surrounding deposits at FSF 20,
FSF 21 and FSF 25 (Fig. 10). The mid-fan region is more likely to
prevent mudﬂow desiccation, as deposits there are more likely to
receive periodic inﬁltration of groundwater or snowmelt. At FSF
21, the mudﬂow also appears to drape over and move around the
larger clasts (Fig. 10F, G—arrows), indicating the ﬂow itself did not
have sufﬁcient carrying capacity to transport the larger clasts
down the fan. The darker toned gravel (Fig. 10D–G) that lies atop
the indurated mudﬂow appears to be a surface lag from subsequent overland ﬂow events that are not associated with the
mudﬂow itself, as the gravel is not entrained in the ﬂow.
6.2.4. Incised channel deposits
Some alluvial fans have a prominent, well-developed, incised
channel that extends from the apex to the toe. Debris ﬂows will
often utilize these channels, depositing mixtures of coarsegrained and indurated ﬁne-grained material from repeated
periods of activity. Both the Gower Gulch Fan (GGF) and the
Cofﬁn Canyon Fans (CCF) in our study have prominent incised
channels (Figs. 11 and 12). On these fans, the banks of the incised
channel are composed of relatively ﬁne-grained sand with
scattered coarse-grained material, while the interior of the
channel is ﬁlled with a mixture of relatively coarse-grained
cobbles and indurated mudﬂows, representing a combination of
both clast-rich and clast-poor deposits. We show examples of
incised channel deposits can contain a mixture of clast-rich and
clast-poor debris ﬂow materials (Figs. 11 and 12A–G) as well as
those that are dominated by ﬂuvial processes (Fig. 12H–P).
6.2.4.1. Gower Gulch Fan (Fig. 11). The Gower Gulch Fan has an
overall gentler downfan slope (less than  21) than the Badwater
fans to the south. The primary features of the Gower Gulch Fan are
two main incised channels. The main channel varies from approximately 10 to 20 m wide,  3 m deep that starts at the mouth
of the fan and trends east–northeast down the fan (Fig. 11B, C, E).
The secondary channel is smaller (  2 m wide), has shallower
banks and trends west–southwest. The main channel ﬁll material
is composed of a basement of indurated, dry hard-pan mud
overlain in places by a loose cobbly deposit (Fig. 11F–H). The main
channel ﬁll deposits are the lowest DT values in the scene, presumably due to the indurated mudﬂow, combined with over-

Fig. 12. (A) High-resolution visible image of Cofﬁn Canyon Fan (CCF) in Death
Valley with zoom box showing the location of (B–G). (B) Visible context image
showing the locations of ‘‘CCF 57’’ and ‘‘CCF 61’’. (C) DT context image showing the
locations of ‘‘CCF 57’’ and ‘‘CCF 61’’. (D) Ground photo at ‘‘CCF 61’’ shows the sand
to pebble grain-size distribution outside the channel walls. (E) Ground photo at
‘‘CCF 61’’ shows the expansive, sand to pebble grain-size distribution outside the
channel walls. The identiﬁcation of these ﬁner-grain sizes, along with the lobate
shape of this deposit (see high DT lobes on channel margin in C), indicates this is a
sheetﬂood deposit that has been incised by the channel. (F, G) Ground photos at
‘‘CCF 57’’ show the mixture of indurated mudﬂow and clast-rich debris ﬂow that
make up the interior of the channel, represented by lower DT values in the thermal
image. (H) High-resolution visible image Cofﬁn Canyon Fan (CCF) in Death Valley
with zoom box showing the location of (I–P). (I) Visible context image showing the
locations of ‘‘CCF 19’’, ‘‘CCF 21’’ and ‘‘CCF 24’’. (J) DT context image showing the
locations of ‘‘CCF 19’’, ‘‘CCF 21’’ and ‘‘CCF 24’’ within the central incised channel.
(K–P) The central incised channel shows grain-size sorting that is characteristic of
ﬂuid ﬂow, with ﬁner grain sizes deposited on the ﬂow margins (K, L), and coarser
grains deposited near the channel interior (M, N). (O) Ground photo just north of
‘‘CCF 24’’ shows a cut bank that forms the boundary between the coarse (left) and
ﬁne-grained (right) inner-channel material. (P) Ground photo at ‘‘CCF 24’’ shows
the boundary between the ﬁner-grained inner-channel ﬁll (left) and the coarsegrained outer-channel wall material (right).
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lapping and entrained coarse-grained lag and clast-rich debris
ﬂows (Fig. 11F–H). The clast-rich and clast-poor deposits in the
interior channel at GGF 2 are higher albedo than the surrounding
material atop the channel walls at GGF 1, indicating they are relatively recent features. Atop the channel walls, at GGF 1, is a lesscemented mixture of ﬁnes and pebbles with rare and scattered
boulders (Fig. 11D). This material represents some of the higher DT

values in the image, and therefore lowers relative thermal inertia
materials, on the fan.
6.2.4.2. Cofﬁn Canyon Fan (Fig. 12). The Cofﬁn Canyon Fan has two
main channels that cut through the central and southern portions
of the fan. The larger of the two incised channels cuts through the
southern side of the fan and is characterized in the DT (Fig. 12C)
image by higher relative thermal inertia (lower DT) within the
channel and a lower relative thermal inertia (higher DT) on the
top of the channel walls. In the visible image (Fig. 12B), these two
surfaces have similar albedo and are not easily distinguishable.
Our ﬁeld study revealed that the interior channel ﬁll at CCF 57 is
composed of cobbly to pebbly material, with a layer of indurated
muddy material beneath (Fig. 12F, G). Atop the channel wall at CCF
61 the surface is primarily ﬁner-grained material with a few
scattered boulders (Fig. 12D, E). The presence of wide expanses of
ﬁner grains presumably made it easier for the channel in the
southern portion of the fan to become incised. These ﬁner-grained
deposits on either side of the incised channel show a lobate pattern, with braided stream features at their surfaces, indicating this
may have once been a continuous sheetﬂood deposit. This is
consistent with their appearance in the DT image (Fig. 12C) as a
lobate, high DT features in the mid- to upper-fan region. Subsequent clast-rich and clast-poor debris ﬂows have utilized the
incised channel and deposited a mixture of coarse-grained material and indurated mud (Fig. 12F, G).
The incised channel in the central region (Fig. 12H, I) of the
Cofﬁn Canyon Fan has a signiﬁcantly different grain-size distribution than the southern channel. Within the channel itself, the
thermal image shows the presence of low DT material in the
central region of the channel with higher DT material surrounding
it. During a ﬂuid-driven stream ﬂow, the ﬁner-grain sizes will be
deposited near the channel margins, as the channel walls act to
reduce the ﬂow velocity. Near the interior of the ﬂow, where ﬂow
velocities are highest, larger grain sizes will be deposited. This
was veriﬁed with ground observations of the surface particle size
distribution. We traversed across the central channel stopping at
locations CCF 21, CCF 19 and CCF 24 to document the changes in
surface particle size distribution. Atop the channel walls of the
central incised channel, we found larger grain sizes, presumed to
be remnant debris ﬂow material. Within the channel, near its
northern margin at CCF 21, we note the presence of braided
stream patterns on the surface (Fig. 12K, L). Near the central
region of the channel at CCF 19, there is a marked increase in
grain-size distribution (Fig. 12M, N), which is mirrored by lower
DT values in our thermal image (Fig. 12J). Finally, at CCF 24, we
observe a change to lower grain sizes at a small cut bank (Fig. 12O)
with ﬁner-grain sizes and braided stream patterns continuing to

Fig. 13. (A) High-resolution visible image of Badwater Fan 1 (BF1) in Death Valley
with zoom box showing the location of (B–D). (B) Visible context image showing
the location of ‘‘BF1 N’’ in the upper fan. (C) DT context image showing the location
of ‘‘BF1 N’’ in the upper fan, and the lobate, high DT (marked with oval) sheetﬂood
feature to the south. (D) Ground mosaic, looking south from ‘‘BF1 N’’, of the upperfan sheetﬂood deposit, showing the expansive, relatively ﬂat, ﬁne-grained sand to
pebble-sized surface. (E) High-resolution visible image of Badwater Fan 2 (BF2) in
Death Valley with zoom box showing the location of (F–H). (F) Visible context
image showing the location of ‘‘BF2 5’’ in the upper fan. (G) DT context image
showing the locations of ‘‘BF2 5’’ in the upper-fan and the lobate, low DT (marked
with oval) sheetﬂood feature to the south (H) Ground mosaic, looking south from
‘‘BF2 5’’, of the upper-fan sheetﬂood deposit, showing the relatively ﬂat, ﬁnegrained sand to pebble-sized surface and braided stream patterns at the surface. (I)
High-resolution visible image of Badwater Fan 3 (BF3) in Death Valley with zoom
box showing the location of (J–L). (J) Visible context image showing the location of
‘‘BF3 3’’ in the upper-fan. (K) DT context image showing the locations of ‘‘BF3 3’’ in
the upper-fan and the lobate, low DT (marked with oval) sheetﬂood feature to the
south. (L) Ground mosaic, looking south from ‘‘BF3 3’’, of the upper-fan sheetﬂood
deposit, showing the relatively ﬂat, ﬁne-grained sand to pebble-sized surface.
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Fig. 14. (A) High-resolution visible image of Badwater Fan 1 (BF1) in Death Valley with zoom box showing the location of (B–L). (B) Visible context image showing the
location of ‘‘BW1 M’’ and ‘‘BW1 L’’ in the upper fan. (C) DT context image showing the locations of ‘‘BW1 M’’ in the upper fan, which marks the location of a relatively
isolated, low DT boulder feature (marked with oval) and ‘‘BW1 L’’, which marks the locations of a V-shaped, low DT mesa feature (marked with oval). (D) Ground photo
taken at ‘‘BW1 M’’ of a boulder, several meters in diameter, in the upper-fan region. (E) Ground photo taken at ‘‘BW1 L’’ from atop the mesa feature looking southwest. The
coarse-grained mesa material is surrounded by ﬁne-grained sheetﬂood deposits. (F) High-resolution visible image of Badwater Fan 3 (BF3) in Death Valley with zoom box
showing the location of (G–I). (G) Visible context image showing the location of ‘‘BW3 4’’ in the upper-fan. (H) DT context image showing the location of ‘‘BW3 4’’ in the
upper fan, and the V-shaped low DT feature (marked with oval). (I) Ground photo taken at ‘‘BW3 4’’, looking down the fan at the V-shaped mesa feature, which is
approximately 1 m high. The mesa surface is coarse-grained and the walls are composed of indurated material. This results in a low DT, low albedo surface feature.
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the southern wall of the main channel (Fig. 12P). We believe this is
representative of a ﬂuvial deposit within the central incised
channel, as there was no evidence of either clast-rich debris ﬂows
or indurated mudﬂows from ground-based observations or from
the DT image (Fig. 12).
6.2.5. Sheetﬂood and upper-fan features
6.2.5.1. Badwater Fan 1, Badwater Fan 2, Badwater Fan 3 (Fig. 12). In
addition to the sheetﬂood on the banks of the incised channel on
the Cofﬁn Canyon Fan (Fig. 12C), we identiﬁed surfaces of expansive ﬁne-grained material that resemble sheetﬂood deposits
on several Badwater fans. The sheetﬂood results from the relatively
conﬁned ﬂow expanding as it reaches the fan apex and retaining
signiﬁcant energy to strip the surface of any signiﬁcant topographic features. The sheetﬂood is composed of a relatively ﬁnegrained (pebble to cobble) ﬂat surface. These deposits show
braided patterns common to ﬂuid ﬂow and tend to ﬁll the entire
upper-fan region (Fig. 13). These features tend to be represented
as lobate high DT material in the upper-fan region, and can be
either high or low albedo, depending on their relative age. We
identiﬁed sheetﬂood deposits on Badwater Fan 1 at BF1 N
(Fig. 13A–D), Badwater Fan 2 at BF2 5 (Fig. 13E–H) and Badwater
Fan 3 at BF3 3 (Fig. 13I–L).
6.2.5.2. Badwater Fan 1, Badwater Fan 2, Badwater Fan 3
(Fig. 14). The other primary features in the upper fan region are
isolated areas of large boulders either deposited with the
sheetﬂood or by rockfall from the adjacent mountain range as
well as remnant incised channel wall mesa features. The boulders
can be isolated (Fig. 14D) or can form lines that radiate out from
the fan apex. They do not appear to be associated with other
surface features. Boulders in the upper-fan region appear as low
DT features (Fig. 14C) that can appear to radiate from the apex
when several boulders are aligned. The incised channel wall mesa
features consist of a coarse-grained lag and the channel wall
material below is commonly indurated (Figs. 13I and 14E). These
features are presumably the partially buried remains of incised
channels that were on the active depositional region of the
alluvial fan, as mesas tend to grade into the mid-fan surface
features. Mesa features are prominent near the apex of Badwater
Fan 1 (BF1), Badwater Fan 2 (BF2) and Badwater Fan 3 (BF3). These
features tend to have lower DT, and form a V-shape near the apex
of the fan (Fig. 14C, H). These are commonly older features and are,
therefore, lower albedo due to surface reddening from oxidation.
6.2.6. Deposits by secondary processes
6.2.6.1. Headward-eroding gullies. Persistent overland ﬂow can
produce rills and gullies that coalesce in the mid-fan regions.
Continued ﬂow can further erode these gullies, creating channel
walls up to a meter high and extending the gullies towards the fan
apex (Blair and McPherson, 1994). We identiﬁed these features on
several of the Badwater fans (Badwater Fans 1, 2 and 3 in Fig. 15).
They consist of shallow to deep (  0.1–1 m) channels that have cut
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into pre-existing cobble and boulder-rich fan materials (Fig. 15F, L,
P–R). Because of the relatively large particle size of the channel
bank material (Fig. 15E, K), these features are represented by some
of the lowest DTs on the fans on which they are present.
6.2.6.2. Badwater Fan 1, Badwater Fan 2, Badwater Fan 3
(Fig. 15). The Badwater fans surfaces are dominated by headwarderoding gullies that cut into pre-existing debris ﬂow deposits.
They are observed on the ground as cobble- to boulder-covered on
their banks with ﬁner-grained material within the channels. They
are seen as linear, radial, low DT and low albedo features. They
typically radiate outward, come to a ‘V’ toward ‘‘V’’ towards the
fan apex, are conﬁned to the mid-fan regions and do not extend
the full radius of the fan (Fig. 15I, O). The channel ﬁll material
consists of more ﬂat and broad expanses of ﬁner-grained pebblesized material (  1/2–1 cm sized) that forms a braided stream
pattern (Fig. 15D, J). These features are represented by relatively
higher DT and albedo. They ﬁll the channels between the older,
low DT, lower albedo cobble and boulder-rich fan material.
6.2.6.3. Sand-skirt. Repeated annual overland ﬂow or aeolian
activity will result in a sand-skirt of ﬁne material at the toe of the
alluvial fan. We note that several fans have expansive high DT
features beyond the toe of the fan, including many in Owens
Valley. Although these deposits could be related to weathering of
fan surface materials, it is also possible that these are lake sediments from the dry lake bed. On the ground, we found that these
features are all present within large areas with signiﬁcant
amounts of vegetation cover. The vegetation obscures much of the
surface material from view overhead; therefore, we did not include these features in our ﬁeld study. The Talc Canyon Fan,
however, is separated from Death Valley basin by foothills formed
from regional folding and extensional faulting (Butler et al., 1988).
These foothills isolate the lower fan materials from the inner
Death Valley basin. Therefore, we are conﬁdent that the sand-skirt
observed on the Talc Canyon Fan is the result of weathering of the
fan surface materials themselves and has no connection to Lake
Manly deposits.
6.2.6.4. Talc Canyon Fan (Fig. 16). We observed signiﬁcant
weathering of the granite debris ﬂows on the Talc Canyon Fan
(Fig. 16E), and identiﬁed an extensive deposit of ﬁne-grained
loosely consolidated sand to pebble-sized deposits of granitic
composition at TAF 1 near the toe of the fan (Fig. 16D, F). This
expansive, high DT surface is the product of aeolian and/or ﬂuvial
winnowing of these weathering products towards the toe of the
fan. Fig. 16A–C shows the extensive weathering of the granitic
surface materials and the resulting sand-skirt deposit, as well as
the large, high DT region in the thermal image at the toe of the fan.
6.2.7. Lag surfaces
For the east Badwater fans, the sedimentary features near the
toe of the fans include muted channels (Fig. 16G and 17F) with

Fig. 15. (A) High-resolution visible image of Badwater Fan 1 (BF1) in Death Valley with zoom box showing the locations of (B–F). (B) Visible context image showing the
location of ‘‘BW1 G’’ in the mid-fan. (C) DT context image showing the locations of ‘‘BW1 G’’ in the mid-fan, which marks the location of a cut-bank formed by a gully. (D)
Ground photo at ‘‘BW1 G’’ shows ﬁne-grained sand to cobbles within the channel. (E) Ground photo at ‘‘BW1 G’’ shows the coarser-grained fan materials that were eroded
to form the cut bank. (F) Ground photo at ‘‘BW1 G’’ shows a context image of the cut bank and related ﬁne-grained channel ﬁll materials. (G) High-resolution visible image
of Badwater Fan 2 (BF2) in Death Valley with zoom box showing the location of (H–L). (H) Visible context image showing the location of ‘‘BW2 3’’ at a small-scale gully in
the mid-fan. (I) DT context image showing the location of ‘‘BW2 3’’. (J) Ground photo at ‘‘BW2 3’’ shows ﬁne-grained sand to cobbles within the ﬁne-grained channel. (K)
Ground photo at ‘‘BW2 3’’ shows the coarser-grained fan materials that were eroded to form the small cut bank (maximum height  5 cm). (L) Ground photo at ‘‘BW2 3’’
shows a context image of the small cut bank, with ﬁne-grained channel ﬁll and coarser-grained older fan materials. (M) High-resolution visible image of Badwater Fan 3
(BF3) in Death Valley with zoom box showing the location of (N–R). (N) Visible context image showing the locations of gullies at ‘‘BW3 15’’, ‘‘BW3 16’’ and ‘‘BW3 17’’ in the
mid-fan. (O) DT context image showing the locations of gullies at ‘‘BW3 15’’, ‘‘BW3 16’’ and ‘‘BW3 17’’ in the mid-fan. The DT image clearly shows the gullies merging
towards the fan apex to form V-shape. (P–R) Ground photos at ‘‘BW3 15’’, ‘‘BW3 16’’ and ‘‘BW3 17’’ show  0.2 m high cut banks at each of the waypoints shown above,
respectively.
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Fig. 16. (A) High-resolution visible image of Talc Canyon Fan (TAF) in Death Valley with zoom box showing the location of the sand-skirt on the lower fan. (B) Visible
context image showing the location of ‘‘TAF 1’’ on the lower fan. (C) DT context image showing the location of ‘‘TAF 1’’ in the lower fan, which marks an expansive, high DT
deposit. (D) Ground photo at ‘‘TAF 1’’ shows the ﬁne-grained granitic sand comprising the sand-skirt. (E) Ground photo taken at ‘‘TAF 2’’, just south of the sand-skirt at ‘‘TAF
1’’, at the toe of the debris ﬂows identiﬁed in Fig. 8. The photo documents the weathering of the granitic boulders to form the ﬁne-grained sand that makes up the sandskirt. (F) Ground mosaic taken at ‘‘TAF 1’’, looking north, at the distal sand-skirt showing the wide expanse of ﬁne-grained sand at the toe of the fan.

higher topography lag surfaces in the interﬂuves (Fig. 17D, E). The
muted channels have smooth banks and have a relatively higher
DT, implying a lower relative thermal inertia. The material ﬁlls
areas of low topographic relief and has an abundance of ﬁnegrained (less than 1 cm in diameter), lightly cemented material at
the surface (Fig. 17F, G). Directly below the surface is a ﬁnegrained dirt mixture with some moisture from the nearby basin.
The lag deposits in the bottom fan are generally tear-dropped
shaped and consist of non-indurated 1-cm-diameter pebbles
and cobbles atop ﬁne-grained dirt. Because of the higher
abundance of cobbles and lower proportions of exposed ﬁnegrained material, these deposits have a relatively lower DT than
the channel deposits, and therefore a higher relative thermal
inertia.

6.2.7.1. Badwater Fan 1 (Fig. 17). The lag deposit on Badwater Fan 1
was veriﬁed by observing rocks on pedestals of ﬁne-grained material (Fig. 17E). Fig. 17H shows a representative lag surface on
Badwater Fan 1, with the surrounding muted channel denoted by
arrows. Lag surfaces in the lower fan were found to be both higher
and lower albedo than the surrounding, channelized material.

This appears to be due to the presence or absence of basin-related
salts in the surrounding, topographically lower, material.
6.2.8. Active vs. inactive lobes
On alluvial fans, material is often deposited on what is called
the ‘‘active lobe’’ (Blair and McPherson, 1994). The active lobe
migrates across the fan surfaces over time and represents a large
area of the fan where primary processes are most likely to deposit
material. Large, expansive regions of desert varnished material are
common on inactive fan lobes, where material has not been
deposited for long periods of time. We found the surfaces of active
fan lobe commonly have headward-eroding gullies and are
characterized by an overall lower DT than the inactive fan lobe.
6.2.8.1. Hells Gate Fan (Fig. 18). Blair (2000) identiﬁed Hells Gate
Fan (HGF) as a sheetﬂood-dominated fan. The sheetﬂood deposits
themselves, however, are only exposed in cross-sections within
deeply cut channels and are not exposed at the surface. Therefore,
thermal imaging can only reveal the resulting grain-size
distribution due to secondary processes. The thermal image
trends towards higher DT at the toe of the fan with one large
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Fig. 17. (A) High-resolution visible image of Badwater Fan 1 (BF1) in Death Valley with zoom box showing the location of (B–H). (B) Visible context image showing the
location of ‘‘BW1 B’’ on the lower fan. (C) DT context image showing the location of ‘‘BW1 B’’ in the lower fan, which marks the location of a tear-dropped shaped, relatively
high DT feature. (D, E) Ground photos show the lag surface at ‘‘BW1 B’’, showing material composed of primarily sand-sized grains with some pebbles, as well as a pedestal
rock in (E). (F, G) Ground photos show the channel material, which is lightly cemented at the top surface but is extremely ﬁne-grained just below the surface. (H) Ground
context photo taken looking East from the salt ﬂat, towards the tear-drop-shaped feature. The arrows mark the location of the surrounding channel material (F, G), while the
ﬁeld assistant is standing in the middle of the tear-drop-shaped lag surface (D, E).

expanse of high DT on the northern side at HGF 10 (Fig. 18C). This
high DT deposit represents an inactive region of the fan, as
documented by Blair (2000). The high DT deposit extends for
hundreds of meters, is desert varnished and is topographically
elevated (Fig. 18D). In the upper portions of the deposit, it is a

relatively ﬁne-grained mixture of cobbles and pebbles, with few
ﬁnes at the surface. Near the margins of this inactive high DT area,
low relief ﬁne-grained channels become abundant with younger,
ﬁne-grained material ﬁlling channels that ﬂow around the
inactive region. The southern side of the fan, near HGF 4, has
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Fig. 18. (A) High-resolution visible image of the Hells Gate Fan (HGF) in Death Valley with zoom box showing the general locations of (B–H). (B) Visible context image
showing the locations of ‘‘HGF 4’’ and ‘‘HGF 10’’. (C) DT context image showing the locations of ‘‘HGF 4’’ and ‘‘HGF 10’’, which mark the locations of active and inactive
regions of the fan, respectively. (D) Ground mosaic taken from ‘‘HGF 10’’ of the expansive, low DT lag surface in the mid-fan region. This low albedo and elevated surface
indicates an old region of the fan that has not experienced deposition recently. (E) Ground photo at ‘‘HGF 10’’ shows the ﬁne pebble to cobble grain-size distribution of the
lag surface. (F) Ground photo at ‘‘HGF 4’’ shows a close-up of the larger pebble to cobble grain-size distribution within the channels. (G) Ground photo at ‘‘HGF 4’’ show the
inner channel, braided stream material. (H) Ground photo at ‘‘HGF 4’’ shows the cut banks formed by headward-eroding gullies in this, more active depositional lobe.

lower DT features that represent the channels and associated
interﬂuve typical of headward-eroding gullies (Fig. 18F–H). The
channel walls are typically low relief (Fig. 18G), with the interﬂuve
generally having larger grain sizes (Fig. 18F) and the channel ﬁll
having a higher percentage of ﬁne-grained sediment (Fig. 18H).

topographically raised lag surfaces near TCF 4 and TCF 5 (Fig. 19G–J).
These older surfaces tend to be lower albedo, while the younger
deposits to the south are higher albedo. The sharp boundary of
low to high DT in the thermal image represents the transition
from active to inactive depositional lobe (Fig. 19C).

6.2.8.2. Titus Canyon Fan (Fig. 19). The Titus Canyon Fan (TCF)
shows similar thermal patterns to Hell’s Gate Fan. We observed
many headward-eroding gullies in the southern portion of the fan
near TCF 1 (Fig. 19D–F), while the northern portion of the fan near
TCF 4 and TCF 5 includes shallow channels, but more wide
expanses of elevated, desert varnished fan regions (Fig. 19H, J). The
northern fan region also contains wide expanses of ﬁner-grained,

6.2.9. Salt pan
6.2.9.1. Badwater Fan 1 (Fig. 20). In the distal regions of alluvial
fans in the Badwater region, seasonal inﬂuxes of groundwater can
form a hard mixture of salt and mud. The salt pan is readily
identiﬁable remotely by its higher albedo (in contrast to the
surrounding lower fan materials), low DT and orientation parallel
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Fig. 19. (A) High-resolution visible image of the Titus Canyon Fan (TCF) in Death Valley with zoom box showing the location of (B–J). (B) Visible context image showing the
locations of ‘‘TCF 1’’, ‘‘TCF 4’’ and ‘‘TCF 5’’ on the Titus Canyon Fan. (C) DT context image showing the locations of ‘‘TCF 1’’ on the active depositional lobe (lower DT) and ‘‘TCF
4’’ and ‘‘TCF 5’’, on the inactive fan lobe (higher DT). (D) Ground photo at ‘‘TCF 1’’ shows coarse-grained material atop the channel walls associated with headward-eroding
gullies in this region of the fan. (E) Ground photo at ‘‘TCF 1’’ shows a context image of a  .6 m high cut bank and surrounding coarse-grained material. (F) Ground photo at
‘‘TCF 1’’ shows several cut banks with coarse-grained material atop the channel walls. Field assistant is standing within a small scale (  1 m wide) gully ﬁlled with ﬁnergrained material. (G) Ground photo at ‘‘TCF 4’’ shows the sand to cobble-sized lag deposit typical of the northern region of the Titus Canyon Fan. (H–J) Ground photos at
‘‘TCF 4’’ are context images to show the lack of signiﬁcant cut banks, and wide expanses of ﬁne-grained lag surfaces.
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Fig. 20. (A) High-resolution visible image of Badwater Fan 3 (BF3) in Death Valley with zoom box showing the location of (B–D). (B) Visible context image showing the
location of the salt pan and identifying it as a signiﬁcantly high albedo surface. (C) DT context image showing the location of the salt pan, represented as a low DT feature
lining the toe of the fan. (D) Ground mosaic taken at ‘‘BW3 24’’, looking south, showing the margin of the salt pan and the corresponding change in surface albedo as well as
the gradual change in surface texture from relatively smooth to the east (towards the fan) to polygons, a mottled surface texture and the presence of salt crystals to the west
(towards the basin).

to the basin margin, while in the ﬁeld it is identiﬁed by the
presence of salt crystals, polygons and a mottled surface texture
(Fig. 20D). We have found it to have a very low DT, presumably due
to the indurated nature of the deposits and the presence of water.
Although not part of the fan formation process, the presence of a
rim of high albedo, low DT material surrounding the toe of an
alluvial fan (Fig. 20B, C) would suggest the formation of salts due
to the inﬁltration of seasonal groundwater to the basin. This would
be an important result for proposed Martian alluvial fans (Osterloo
et al., 2008). Although this study focuses on constituent
sedimentary features of alluvial fans, the identiﬁcation of basinrelated deposits such as salt pans and evaporite minerals using
thermal imaging will be explored in future work. We show the
contact of the salt-rich basin material with the lower fan surface
of Badwater Fan 1 near BW3 24 in Fig. 20D.

7. Discussion and summary
We have shown that many constituent sedimentary features
on alluvial fans may be identiﬁed using aerial thermal images
augmented with high-resolution visible images. This was demonstrated by comparing the thermal, albedo and morphologic

patterns seen in these remotely acquired images with direct
observations made on the ground. Feature types that may be
identiﬁed in remote thermal and visible images are as follows:
clast-rich and clast-poor debris ﬂows, incised channel deposits,
headward-eroding gullies, sheetﬂood, lag surfaces, active/inactive
lobes, distal sand-skirts and basin-related salt pans. To aid future
workers in using the techniques described in this study, we have
distilled the remote sensing properties discussed in Section 6 into
a summary table (Table 2). We anticipate this table will be useful
in situations where only remote data are available for initial
reconnaissance of alluvial fans. It is important to note that using
albedo variations to determine relative age worked well for
terrestrial alluvial fans in the environments we studied; however,
on Mars changes in albedo (e.g., addition or removal of dust) may
not be related to the relative surface age. We have also shown that
thermal images can reveal trends in grain sizes between
neighboring alluvial fans on a regional scale.
Optimally, thermal imaging should not be used in isolation for
identifying the sedimentary features present on an alluvial fan
surface. Rather, our results show that DT images (Section 3) are
most useful when combined with corresponding visible images
because many sedimentary features cannot be uniquely identiﬁed
using a DT image alone. For example, on several fans in Owens
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Table 2
Interpretation of sedimentary features using relative albedo, DT, and morphology.
Relative Albedo

High/low

Relative DT

High

Morphology

Interpretation

Examples

Channelized (mid-fan with lower
DT ‘‘V-shapes’’ surrounding)

Fluvial channel ﬁll

Fig. 15D, F, J, L, P

(Lower-fan) Unconsolidated
clast-poor debris ﬂow
(Upper- and mid-fan)
sheetﬂood deposit
Sand-skirt

Fig. 9B–E, G–J

Recent clast-rich debris ﬂow
using pre-existing channel
Recent, indurated clast-poor
debris ﬂow using pre-existing
channel00
Recent clast-rich debris ﬂow
Recent, indurated clast-poor
debris ﬂow
(Upper-fan) recent debris ﬂow
levees

Fig.
Fig.
Fig.
Fig.

Lobate, unconﬁned
Uniform, large lower fan deposit

Channelized
High

Low
Lobate, unconﬁned
Linear

High/low

Low

Low

Low

Radial, ‘‘V-shaped’’ (mid-fan with
surrounding higher DT channel ﬁll)

Headward-eroding gullies

Isolated
Lining toe of fan
Tear-dropped

(Upper-fan) boulders
Salt-pan
(Lower-fan) lag surface

Lobate, unconﬁned

Remnant clast-rich debris ﬂow

Radial, ‘‘V-shaped’’

(Upper-fan) mesas

Valley, we have identiﬁed lobate, low DT features that extend from
the apex to the toe of the fan. In the absence of accompanying
visible images, these features could be interpreted as either clastrich debris ﬂows or indurated clast-poor debris ﬂows. Corresponding visible images can identify clast-poor debris ﬂows, as
they tend to appear as higher albedo features. These mudﬂows
erode away quickly and, therefore, do not have time to develop a
varnish or redden due to oxidation. In Death Valley, incised
channels like those found on the Cofﬁn Canyon and Gower Gulch
Fans can be readily identiﬁed using visible images. However, the
nature of the deposits within the channels is often difﬁcult to
discern if grain sizes are smaller than the visible camera’s
resolution (which is usually the case). DT images for both of
these fans (Figs. 11C and 12C) show a remarkable difference in the
nature of the deposits within these channels. On the Gower Gulch
Fan, the interior of the channel is found to be blanketed from apex
to toe in low DT material, which was found through our ﬁeldwork
to be an indurated mudﬂow, while on the Cofﬁn Canyon Fan, the
interior of the channels shows a mixture of high and low DT
values as described in Section 6.2.4, which our ﬁeldwork
determined was related to ﬂuvial deposition and modiﬁcation.
In these cases, ﬁeldwork is required to positively identify the
sedimentary feature from a short list of options that are consistent
with the remote data.
Other types of features are relatively easy to uniquely identify
from their appearance in remote thermal data alone. We were
able to identify patterns in morphology and DT across multiple
fans that gave us conﬁdence in making more deﬁnitive interpretations. For example, lower DT materials that are conﬁned to
the upper fan tend to be associated with boulders and mesas
related to now-buried incised channels. Lower DT materials
conﬁned to the mid-fan region are predominantly related to
headward-eroding gullies, especially if they are found to have a V
shape at their apex and are surrounded by higher DT materials. As
described in Section 6.2.6, we found that these features corre-
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spond to cobble-rich materials on the gully banks, with ﬁnergrained materials ﬁlling the channels between the gully walls.
Lower DT surfaces that line the toe of the fan are predominately
basin-related salt deposits. In the mid to upper fan, if an incised
channel is present, our ﬁeldwork shows that it is more common to
ﬁnd a mixture of clast-rich and indurated clast-poor deposits
within the incised channel than to ﬁnd clast-rich debris ﬂows
alone. This is presumably because clast-rich ﬂows will ignore
existing topography, while ﬂuvial deposits tend to follow topographic lows.
Other examples of features that can be readily identiﬁed by
their appearance in the thermal data include sheetﬂood deposits,
which are lobate, high DT surfaces in the upper to mid-fan regions.
Linear, channelized, high DT surfaces in the mid-fan region tended
to correspond to ﬁner-grained gully ﬁll. In the lower fan regions,
several higher DT deposits were identiﬁed. If the high DT material
is tear-dropped in plan view, it may correspond to lag surfaces, as
is the case for Badwater Fan 1. As seen on fans in Owens Valley,
high DT surfaces near the toe of the fan are unconsolidated clastpoor debris ﬂows that are lobate and form rims around clast-rich,
lower DT, debris ﬂows. On other fans like Talc Canyon Fan in Death
Valley, we ﬁnd an expansive, homogeneously high DT feature
lining the toe of the fan that corresponds to a sand-skirt. Our
ﬁeldwork found that the sand-skirt forms as a result of weathering and erosion of the granitic clast-rich debris ﬂow material
that extends to the toe of the fan.
On the Cofﬁn Canyon Fan, lobate, high DT (lower relative
thermal inertia) features are found in the mid-fan region on either
side of an incised channel that contains lower DT (higher relative
thermal inertia) material, showing that thermal images can be
used to identify cross-cutting relationships on the fan’s surface.
Having veriﬁed the cross-cutting sedimentary deposits on the
ground, we are conﬁdent these types of relationships can be made
using remote visible and thermal images alone. Visible images
can be used to readily identify a large incised channel, while
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corresponding thermal images can be used to identify lobate,
higher DT surfaces bounding lower DT surfaces within the channel
itself. We are able to use this information to extract a crude
geologic history, namely that the fan experienced a large ﬁnegrained sheetﬂood deposit, which later became incised and
subsequently ﬁlled with clast-rich and clast-poor debris ﬂows.
High spatial resolution thermal images may be especially
useful on Mars, where ground truth is not available, and where
evidence for surface water and overland ﬂow would be a
signiﬁcant result. On Earth, thermal images can be used to
provide a quick reconnaissance of alluvial fans in arid desert
environments, suggest what processes have most recently acted
on the surface of a fan and prioritize sites for detailed study on the
ground. This study also provides a means for hazard and land use
management organizations to suggest the relative grain-size
distribution or degree of induration of surface materials in order
to make a quick risk assessment of individual alluvial fans. Aerial
thermal images, augmented by high-resolution visible images, are
a useful new tool for any geologist studying alluvial fans in an arid
climate.
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