|dentification of sand sources and transport pathways at the Kelso Dunes,
California, using thermal infrared remote sensing

Philip R. Christensen
Nicholas Lancaster  Desert Research Institute, 7010 Dandini Boulevard, Reno, Nevada 89512

H k
Michael S. Ramsey } Department of Geology, Arizona State University, Tempe, Arizona 85287-1404

Douglas A. Howard  Department of Geology, Arizona State University, Tempe, Arizona 85287-1404

ABSTRACT have been transported from the Mojave River assess the degree of weathering, information be-

Wash source as previously reported. This study low the scale of the image resolution, such as the

The Kelso dune field is located in the eastern also validates the potential of using thermal re- surface mineralogy and abundance, are critical.
Mojave Desert, California, at the terminus of a mote sensing from future satellite-based instru- The accurate retrieval of this subpixel informa-
sand-transport pathway, which has its primary  ments to globally monitor desert fringe areas tion from multispectral remote sensing data re-
source at the Mojave River Wash 50 km to the susceptible to the changing conditions of sand quires the knowledge of how the radiated energy

west. Initial examination of 1984 airborne ther-  encroachment. from each surface component interacts as well as
mal infrared multispectral scanner (TIMS) a model to separate that mixed energy for each
data showed significant spectral variations that INTRODUCTION end member (spectral deconvolution). Deconvo-
indicate potential mineralogic heterogeneities lution or retrieval models, whether linear or not,
within the active dunes. This result prompted In arid regions throughout the world, the georely on the input of end-member spectra to per-

the collection of a suite of 48 sand samples in logic processes of sediment weathering, transerm a best fit to the unknown (mixed) spectrum.
1990, and the acquiring of new TIMS data in port, and deposition are constantly ongoindhe choice of a linear or nonlinear model de-
1995. This new data set was used to test a newlywithin active sand-transport pathways. Theends on the physics of the matter-energy inter-
developed linear spectral retrieval algorithmin  analysis of dune-field composition and moveaction, which are primarily functions of the
conjunction with a spectral library of end- ment is critical for the interpretation of past cli-wavelength region examined and the particle size
member minerals. Results of this analysis pro- matic conditions, local geology, and future desertf the surface materials.
duced images of end-member minerals that ification potential. This type of comprehensive Several authors have used remote sensing in
showed marked variations within the dunes. In  study typically involves many years of data colthe visible-near infrared (VNIR) region (0.4-2.5
addition, standard petrographic techniques re- lection, mapping, and sample classification (e.gum) to study alluvial fans, sand seas, and dune
vealed that the dunes contain mineralogic vari- Sharp, 1966; Muhs et al., 1995). Although defields (Shipman and Adams, 1987; Blount et al.,
ations and were much less quartz rich (~42%) tailed field studies of this nature are extremel§L990; Paisley et al., 1991). However, the results of
than previously reported (~70%-90%). Point- valuable, their magnitude and temporal dependhese studies were limited due to the complica-
count results agreed with the spectral data to ency can clearly lead to generalizations in bottions of VNIR remote sensing, which include
within an average of 5.3% for TIMS-derived the source and amount of mineralogic heteratonlinear mixing (Hapke, 1981; Clark, 1983;
and 3.1% for laboratory-derived mineralogic  geneity within a large dune field. Johnson et al., 1992), and the inability to accu-
abundances. High concentrations of several of  The use of remote sensing over the past severately distinguish many silicate minerals because
the end-member minerals on the surrounding decades as a tool to study dynamic features suattheir generally featureless spectra (Blount et al.,
alluvial fans indicate a potential nearby source as dunes has given the geologist a synoptic viel®90). The nonlinear mixing of reflected energy
for these minerals. Most evident is the presence of entire eolian systems as well as their sedimeint this wavelength region results from particle size
of potassium feldspar from the fan that em- sources (Breed and Grow, 1979; Blount et aleffects, which alter the spectral features (Hapke,
anates from the Providence Mountains east of 1990; Edgett et al., 1995). In addition, the ability1981; Mustard and Pieters, 1989). In addition, and
the dunes. This previously unidentified poten- to examine changes over time allows for the exeven more significant, is that most rock-forming
tial sand input is not visible with other remote  trapolation of past climatic regimes and the morminerals in the VNIR are relatively transparent,
sensing techniques and was confirmed with ad- itoring of marginal areas susceptible to future degavoring nonlinear volume scattering over simple
ditional field sampling. Much of the quartzand ertification (Otterman, 1981; Leonidov, 1989;reflection (Johnson et al., 1992). Mineral identifi-
some plagioclase feldspar, however, appear to Tucker et al., 1994). The first stage in studiesation and mapping of alluvial material using data
such as these is the classification of image-wideom the thermal infrared (TIR) region (8—{i&)
*E-mail: ramsey@elwood.la.asu.edu. units such as vegetation, sand, and rock_ outcror'nssimplified due to the linear nature of _emitted en-
tPresent address: ERDAS Inc., 2801 Bufordiowever, to approach the level of detail needeergy in most cases (Thomson and Salisbury, 1993;
Highway N.E., Atlanta, Georgia 30329. to track sediment transport into the dune field anBamsey et al., 1994; Ramsey and Christensen,
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SAND SOURCES AND TRANSPORT PATHWAYS, KELSO DUNES, CALIFORNIA
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Figure 1. Location map of southern Califor-
nia showing the Kelso Dunes. The rectangle in-
dicates the approximate size and orientation of
the airborne data displayed in Figure 2.

1998). Even in this wavelength region, the as
sumption of linearity becomes invalid for non-
isothermal surfaces or very fine grained materia
(Gillespie, 1992; Ramsey and Christensen, 199¢
Dunes, however, provide an excellent target fc
testing linear algorithms because they general
lack thermal shadows and consist of larger par
cles, free of fines. Furthermore, every major dun
forming mineral (silicates, carbonates, and su
fates) has diagnostic absorption features in tl
8-12um wavelength region, making detectior
much easier. In the past, spectral deconvolutic
using TIR data has been attempted on both v
caniclastic, mafic dunes (Edgett et al., 1995) ar
more quartz-rich sands (Ramsey et al., 199
1994). Results of both studies clearly identifie
surface mineralogy as well as mixing patterns
the components. The use of thermal infrared r
mote sensing can therefore be used to more ac
rately identify dune composition and sedimer
transport into the system. With this knowledge
the commonly complex history of a particulal
dune field like Kelso becomes easier to deciphe

In addition to a more detailed exploration o
the geology of the Kelso Dunes (Fig. 1), anothe
main focus of this work is to vigorously test the
linear retrieval algorithm, using library mineral
spectra as end members to deconvolve the th

Pravidence
Mlowmiwins

Figure 2. NS001 airborne scanner (Landsat
Thematic Mapper simulator) visible image of
the primary Kelso Dune sand-transport path-
way from the Mojave River wash. The data,
acquired concurrently with the thermal in-
frared multispectral scanner (TIMS) imagery
in 1995, show the Kelso Dunes, Devils Play-
ground, and surrounding mountain ranges.
The white dashed region denotes the area ana-
lyzed in detail using the TIMS (see Figs. 8 and
13). The only current actively saltating sand oc-
curs along the three main linear ridges of the
Kelso Dunes and the small crescentic dunes in
the western Devils Playground (south of Soda
Lake playa). The prevailing east-southeast
wind direction is opposed by topographically
controlled westerly winds that keep the main
core of the Kelso Dunes stationary, overlapping
the alluvial fans of the Granite and Providence
Mountains.

mal infrared multispectral scanner (TIMS) dataon the results of image analysis techniques susamples. Regions of potential local sediment in-
The 1995 data set traverses the primary norths linear deconvolution. The new data were algmt and higher model errors were also investi-
west-southeast sand-transportation pathway frosubjected to model iterations using a larger suitgated further with new field work.
the Mojave River Wash into the dunes (Fig. 2pf mineral end members, many of which were

and contains far less microphonic noise than theot present in the dune sands. Such an analy@&OLOGY OF

original 1984 imagery (Barbera, 1989). Micro-provides a test of the model’s ability not only toTHE KELSO DUNES REGION
phonic noise is commonly caused by electronideconvolve the spectra, but to accurately identify

interference during data collection, producingvhich minerals are likely present in the scene. The Kelso Dunes are located in the eastern Mo-
scan line striping or a “venetian blind” effect inModel-predicted modes were compared againgive Desert, California, ~95 km west of the Cali-
the images. This noise can have an adverse effeettrographically derived modes from collectedornia-Arizona border (Fig. 1). The rocks that
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Figure 3. Photographs of the Kelso Dunes
area. (A) Crest of the southernmost linear ridge
(view to the west; ridge height=120 m). This
area of actively saltating sand is marked by a
discontinuous veneer of magnetite lag and
sparse vegetation (<1%). (B) Typical vegetation
pattern on the Providence Mountain alluvial
fan (view to the east; cholla cactus in fore-
ground =1 m). The ridge line consists primarily
of Mesozoic quartz monzonite and Tertiary
rhyolite and is the dominant source of much of
the potassium feldspar on the fan and within
the dunes. (C) View of the quartz monzonite
showing the large (1 cm), easily weathered
potassium-feldspar phenocrysts.

compose the mountain ranges surrounding tt
dunes range from metamorphosed Proterozoic |
land-arc remnants, which form much of the soutt
ern Kelso Mountains, to Paleozoic metasedimel
tary rocks that compose the majority of the
northern Granite and portions of the Providenc
Mountains, to Tertiary rhyolite in the Providence
Mountains (Jennings, 1961; Bishop, 1963). Alst
present is the Teutonia batholith, the dominant ir
trusive rock in the eastern Mojave Desert. It wa
emplaced throughout later Mesozoic time, an
ranges compositionally from monzonite to gran
odiorite (Beckerman et al., 1982). In the vicinity
of the dunes, the batholith is primarily a quart:
monzonite (McDonald and McFadden, 1994)
weathering to 1 cm grus of alkali feldspar and ple
gioclase with lesser amounts of quartz.

The Kelso dune field covers more than 101
km? and is contained within a topographic basii
bounded by the Kelso, Providence, Granite, an
Bristol Mountains to the north, east, south, an
west, respectively (Fig. 2). It encroaches upon tt
alluvial fans that extend northwest from the Prov
idence and Granite Mountains (McDonald ant
McFadden, 1994). The dune field consists of
core region of active sand containing three pare
lel linear ridges as high as 170 m (Fig. 3A). How
ever, the overall westward migration of the dune
is kept to a minimum by topographically con-
trolled winds, which oppose the prevailing west
erly wind direction (Sharp, 1966; Reheis anc
Kihl, 1995).

Surrounding the region of active crescenti
and complex linear dunes on the west, north, ar
east sides are areas of inactive 3—15-m-high ve
etated dunes and stabilized sand sheets (She
1966; Yeend et al., 1984; Lancaster, 1990). Tt
vegetation cover consists primarily of gallete
grass that can cover 20% of the dune surface
The areal abundance and number of plant spec
increase on the adjacent alluvial fans to include
variety of small cactus, bushes (mainly creosote
and other grasses (Fig. 3B). Under the current c
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TABLE 1. SAND MINERALOGY OF THE KELSO DUNES counted using a technique described by Jones
Mineral Sigzrg Paisllzxé ‘ft al. This D/Study (1987). Mineralogy, particle diameters, and grain
( %) ) ( %) ) 06) shape were noted throughout the procedure. Un-

Quartz 70-80 90.0 42.0 der plain light (Fig. 5A) potassium feldspar and
Feg‘lngclase 1%—80* N-B- 2“9-% opaque and mafic minerals can be readily identi-

Mic?oc.me N.D. N.D. 210 fied. However, the rounded, similar-sized quartz
Opaque 5-10 N.D. 5.8 and plagioclase grains are nearly indistinguish-
Other 3-10 10.0 2.2

able. Even under crossed polars (Fig. 5B) these
two are not always separable due to the com-
monly obscured or absent feldspar twinning. In
the case of an identification uncertainty, an at-
mate regime active sand transport is limited, ancblor variations throughout the main part of théempt was made to acquire the optic-axis figure
no sand from the Mojave River Wash appears tune field, indicating spectral and therefordor that mineral grain. This level of detailed pet-
reach the main dune mass (Smith, 1984). Duringpmpositional differences (Fig. 4). The decorrerographic analysis had not been attempted in the
these periods of marginal eolian activity, whetation technique, explained in detail by Gillespigpast for the Kelso sands. In contrast, a similar
long-distance transport is limited, local sedimengt al. (1986), is a transformation of the originahnalysis conducted using only high-powered
may provide the primary source of new materiaflata that highlights compositional informationmagnification, or under plain light in the case of
into the dunes (Ramsey and Christensen, 1992&s color variations and surface temperaturhin sections, would underrepresent plagioclase
The Kelso dune field was formed in a muctchanges (which correlate to topography) as ifeldspar with respect to quartz. This factor is the
more arid climate than present; the age of activitensity (brightness) variations. A surface havingrobable cause of the discrepancy between this
was initially estimated to be older than 100 ka constant mineralogic composition and in pamwork and past studies (Sharp, 1966; Yeend et al.,
(Yeend et al., 1984). However, dating using intial shadow (cooler) would appear as a singl£984; Paisley et al., 1991).
frared stimulated luminescence places the age @blor in the decorrelation stretch image, the Sodium-polytungstate heavy liquid separation
the dunes between 40 + 17 yr (modern surfad®ight areas indicating the nonshaded (warmewas used to physically separate the primary end-
sample) and 10.41 + 0.89 ka (the basal parts oégions. This image-processing tool does nahember minerals (quartz, feldspar, and mag-
vegetated dunes); three distinct periods of majeseparate temperature from emissivity, but doagetite) for the remaining sample portion not used
eolian activity occurred before 4.0 ka, ca. 1.5 kallow the effect of each to be distinguished visin thin-section preparation. This separation was
and 0.4-0.8 ka (Edwards, 1993; Wintle et alyally, and greatly improves the color contrast operformed in an attempt to use the exact dune-
1994, Clarke, 1994). Dates on the surroundinthe highly correlated TIMS data. These colosand composition as end members for the spec-
sand ramps of the Devils Playground and sandhriations prompted an image verification andral deconvolution. However, it was not entirely
sheets southeast of Kelso indicate that eolian agample-collection trip in 1990 by P. Christensersuccessful due to the overlap in the density of
tivity was occurring as early as 1620 ka (Clarké\l. Lancaster, and others (1993, personal conguartz and feldspar, as well as the inability to sep-
1994; Rendell and Sheffer, 1996). Most of thenun.), during which 48 bulk samples were colarate potassium feldspar and plagioclase. This
dune field is relatively inactive at present; the mdected along a 9.5 km north-south traverse afias confirmed by the presence of spectral fea-
jority of sand movement is restricted to the tops dhe active dune field (Fig. 4). These sampletires from each mineral visible in the spectrum of
the three northeast-trending linear ridges (Paislegpresented different image color units as wethe other mineral separate. Following several sep-
et al., 1991). Dunes in this region appear to uras varying positions on individual dunes (cresaration iterations, the emission spectra of the
dergo very rapid change, as indicated by a lumirersus swale). In addition, magnetite surfaceaurest samples of quartz and feldspar separates
nescence age of 64 + 22 yr for an 8-m-deep satag deposits and nondune areas (Cottonwoatkere collected to judge the magnitude of the re-
ple (Edwards, 1993). Wash and the alluvial fans of the Granitamaining contamination (Fig. 6). These spectra
Previous investigations have studied th&lountains) were sampled. were treated as mixed samples and subjected to
dunes in detail, reporting on the sand mineral- Laboratory thermal emission spectra were adhe same linear deconvolution using spectra of li-
ogy and sources. They have estimated that tlgeired for the entire suite of samples; 13 of 48rary minerals as end members. The results
dunes are about 70% (Sharp, 1966) to 90%ere chosen for further petrographic analyses ghowed a 6.5% quartz contamination in the
(Paisley et al., 1991) quartz, with lesser amountietermine the modal abundances and to verifgldspar separate and a 34.1% feldspar contami-
of undifferentiated feldspar, in addition to minorthe results of the emission spectroscopy. Thaation in the quartz. This contamination, together
opaque and mafic minerals (Table 1). The sarllk sand was initially split into 20 g subsam-with the accurate results of using the library min-
composition has been attributed to the both thdes (Cadle, 1955). From each sample, ~5 grals as end members, prompted the abandon-
source geology and transport distance (Shanwere retained for spectral analysis and the reaent of further separation attempts. Library-

*N.D. = not determined.

1966; Lancaster, 1993). mainder embedded in epoxy with a potassiurderived end members also provide a much more
feldspar stain, and thin sections prepared. Threalistic scenario for future image analysis in

METHODS choice of thin section samples (K1-K42 inmore remote regions where sample collection
Fig. 4) was based on color variations within thevould be impossible.

Sample Collection and Analysis TIMS scene. However, six of these (KK6) The thermal emission spectrometer spectral li-

were from a small (<0.5 k# mineralogically brary consists of ~200 minerals, each meticulously
The original TIMS data for the Kelso regionsimilar region of the dune field and served as analyzed for purity. Three of the four mineral end
of the Mojave Desert were acquired on Sepeconsistency check on the precision of the pointhembers (quartz, oligoclase, microcline) were
tember 7, 1984, with a ground resolution atount analysis versus results derived from thtaken directly from the spectral library (Fig. 7).
nadir of ~17 m/pixel (Barbera, 1989). A decoremissivity spectra. The temporally variant existence of the magnetite
relation stretch of the data showed significant At least 200 unbiased grains per sample wegrrface-lag deposits and the high percentage of
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Figure 4. Decorrelation stretch image of the 1984 thermal infrared multispectral scanner (TIMS) data with bands 5 (1Quih), 3 (9.2um), and
1 (8.4um) in red, green, and blue, respectively (see Barbera [1989] for a description of the data). Sand sample sites are shown asdinit®nds;
numbered samples were used for petrographic analysis. The color changes in the image indicate mineralogic variations, whereghtoess dif-
ferences show surface temperature changes (see text). Close examination reveals a horizontal “venetian blind” striping thesuised by micro-
phonic noise present in the raw data. This noise is exaggerated upon data transformation using techniques such as the dediretdretch and
linear retrieval. Together with the limited areal coverage of the surrounding alluvial surfaces, this prompted new TIMS data toe collected in
1995 (Fig. 8).
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ber was used, formed by numerically averaging
the spectrum of each. The laboratory emission
spectra of all 48 bulk samples were deconvolved
using the four end members in Figure 7. Model re-
sults for the 13 thin-sectioned samples were then
compared to the mineral percentages derived from
the point-count analysis.

1995 Data Acquisition and Image Processing

New TIMS data were acquired at 13:20 local
time on June 12, 1995, to trace sand transport
across the Devils Playground and examine po-
tential sediment sources to the northwest of the
main dune Kelso field. Two lines were flown,
beginning at the Providence Mountains, extend-
ing northwestward across the Devils Play-
ground, and terminating 50 km to the west at the
Mojave River Wash (Fig. 2). Aerial photo-
graphs, NS001 scanner (Landsat Thematic
Mapper simulator) data, and TIMS data were
acquired simultaneously from the NASA C130
aircraft at an altitude of 8535 m above ground
level. This altitude was near the maximum for
the C130 and resulted in an image resolution of
21.3 m/pixel at nadir. The high altitude pro-
duced the largest possible areal coverage at the
sacrifice of small-scale details. At the time of
the over flights, moderate to high humidity lev-
els (~25%) were present in the area. Because at-
mospheric path radiance increases with higher
altitudes and water-vapor percentage, accurate
correction and removal of the upwelling and
downwelling atmospheric energy are generally
more difficult using radiative transfer models.
These models use averaged atmospheric pro-
files and make no corrections for the topo-
graphic variability within the scene.

For this study a small segment of one TIMS
line, which covered the dunes, surrounding allu-
vial fans, and the eastern sand sheets, was used
(Fig. 2). The data were calibrated to radiance-at-
sensor and geometrically corrected for the scan
angle of the instrument. Atmospheric path radi-
ance was removed using the MODTRAN atmos-

Figure 5. Photomicrographs of the Kelso Dunes sand samples. (A) Sample K1c taken in plaipheric model (Berke et al., 1989) with the stan-
light with potassium-feldspar stain. The large rounded plagioclase grain in the center is difficult dard midlatitude summer correction. Due to the
to distinguish mineralogically from the surrounding subrounded particles of quartz. Smaller side-scanning configuration of the TIMS instru-
mafic grains of hornblende (center) and magnetite (bottom) are present in <4% quantities ment, pixels on the edge of the image contain
throughout most of the dune field. (B) Sample K42c taken with crossed polarizers. Even with po-nearly 20% more atmospheric energy than those
larization, the common parallel twinning characteristic of plagioclase feldspar is not always evi- at nadir. Even after the MODTRAN correction,
dent (cf. the large white plagioclase grain in the lower right with the grayish quartz grain in the this geometric effect causes a nonuniform color
lower left). In such cases, an optic-axis figure was taken if possible to accurately identify quartz.aberration on the image edges. However, no at-

tempt was made to further correct the data at this

stage because the primary surfaces of interest
clay in some low-lying samples made these mirrange, especially where considering the degradaere centered in the image, where water-column
erals strong candidates as the fourth end membiin to six points to match the TIMS image chanabundance and edge effects are minimized. Con-
However, examination of the spectra of magnetiteels. Due to the spectral similarity, neither minerdinued nonstandard data manipulation (Barbera,
and fine-grained sodium-montmorillonite showedvould be differentiated by the linear retrieval algo1989; Edgett and Anderson, 1995) may adversely
them to be nearly identical over the 8+1/& rithm. Therefore, a clay plus magnetite end menskew the results of the retrieval algorithm by al-
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tering the spectral features of the units nonur Wavelength (um)
formly throughout the scene. A 8 9 10 12 15 20

The atmospherically corrected data were th T t b
separated into six emissivity and one brightne
temperature image (Fig. 8) with the techniqt
described by Realmuto (1990). The Planck eqt
tion, which describes the behavior of emitte
thermal energy, is underdetermined with respe
to physical measurements of temperature and
diance. For example, the TIMS records six rac
ance values, which contain seven unknowns (o
emissivity value for each of the six channels ar
one ground temperature). An assumption of ol
of the emissivities is typically made to solve fo
the remaining unknowns. For this study a max T
mum assumed emissivity of 0.973, derived fro 0‘8?400 1200 1000 800 600 400
the TIMS band 6 (11.jdm) average of the labo- Wavenumber (cm™)
ratory spectra of the 48 samples, was used. Oi
separated from the temperature, the six emiss B 8 9 10 12 15 20
ity images served as inputs into the linear r 1.00
trieval model in conjunction with the library end:
member spectra degraded to six points using 1
calibrated spectral band passes for the TIMS i
strument (Realmuto et al., 1995).

The assumption of linear mixing of thermal ra
diant energy is valid due to the fact that most ge
logically significant minerals have very high ab
sorption coefficients in the TIR, resulting in &
much shorter path length and less scattering for
emitted photons. As a result, the majority of the e
ergy detected by a sensor has interacted with o 0.70
one surface particle. Upon mixing, the spectr | |
featpres from_surface particles are retained in p 1400 1200 1000 800 600 400
portion to their areal extent. Therefore, assumir Wavenumber (cm™)
that the pure mineral spectra (end members)
known, thermal infrared spectra can be linearly d¢
convolved in order to ascertain mineralogic per
centages. This deconvolution has been perform
here by using a least-squares approach that res
in one image per end member along with a roo
mean-squared (RMS) error image. Whereas tt
end-member images can be used to visualize sj
tial patterns and mixing, the RMS image become
invaluable in order to assess the quality of a give
algorithm iteration. The mineral end-member im
ages were compared to the deconvolution resulsallowed to iterate to a suite of end membensercentage values extracted from the data were
of the laboratory spectra as well as the point counith the lowest RMS error, and in a majority ofan average of nine pixels (one pixel removed in
modal values. False color composites of three tiie scene, the four primary minerals identified useach direction from the most likely sample site).
the end-member images indicated regions of corimg petrography were also chosen by the model. The final stage of this study was to revisit the
plex mixing and sediment inputs. On the basis of The original sample sites from 1990, plottedite, collecting samples along an east-west tra-
these images, several field areas were revisited amid the 1984 decorrelation images (Fig. 4), weregerse of the Providence Mountain fan. This was
new samples were collected. located on the 1995 images and the end-memb@mompted by the identification of a strong micro-

For the TIMS portion of this study the algo-percentages were extracted. The locations wetkne occurrence in the deconvolution images in
rithm was not given access to only the four pripinpointed by geometrically rotating and warp+this area (see Results). Sampling was performed
mary mineral end members. Rather, it was ruimg the 1984 data to the 1995 image. The sligfitom the active dunes eastward up the fan to the
several times using the blind end-member apmcertainty in this registration technique and thBrovidence Mountains to confirm a source for
proach described by Ramsey and Christenséower spatial resolution of the new data set corihis apparent contribution to the dunes. The mon-
(1998). This technique is a user-independent setrained the 1990 sample locations to within atonite in the vicinity contains large (>1 cm) phe-
lection, where the algorithm is given access to 1Best two pixels on the 1995 image. To minimiz&ocrysts of potassium feldspar (Fig. 3C), which
of the most likely mineral end-member spectra. this slight error, all emissivity and end-membeweathers to a grus at the base of the outcrops.
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Figure 6. (A) Feldspar. (B) Quartz. Emission spectra of the best-case separation of feldspar
and quartz derived from the heavy-liquid technique. Each spectrum is plotted with a pure li-
brary end member for comparison. Contamination of each spectrum by the other mineral is vis-
ible in the spectral features being most evident in the quartz spectrum, where 34% feldspar still
remained. This contamination shows as a reduction in contrast of the primary absorption band
at 1150 cnt?, the development of band shoulder at 1000 crh and several smaller absorption
bands between 600 cndand 700 cn™. Due to the subtle density contrast of these minerals, fur-
ther separation was deemed impossible (see text).
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Figure 7. (A) Microcline. (B) Oligoclase. (C) Quartz. (D) Clay + magnetite. Library emission spectra used as end members fas ttudy
(average grain diameter = 50qum). The large absorption bands between 1200 cfrand 1000 crmtin the silicate minerals are the result of Si-O
bond vibrations and are easily detectable using thermal infrared remote (TIR) sensing (see Fig. 8).

Samples collected from the base of the mo00um (quartz, feldspar, and lithic fragments) swales of three adjacent active dunes in the south-
zonite bedrock and recently active washes weme close agreement with the original work byeast portion of the field. On the basis of field in-
subjected to the same linear deconvolution analggharp (1966). Four primary minerals occur irspection and comparison to the decorrelation
sis using the four primary end members identsignificant proportions—quartz, plagioclasestretch image (Fig. 4), these samples should con-

fied in the dunes.
RESULTS

Petrographic Analysis

feldspar, potassium feldspar, and magnetitein a similar distribution of minerals. The point-
(Table 1). Amphibole, pyroxene, biotite, calcite,count data show a standard deviation of 6%—7%,
and lithic fragments constitute <5% of the totalindicating that variability occurs on the scale of the
In addition, several samples collected from lowsamples and thin section that is not evident in the
lying areas contained appreciable amounts df7 m/pixel 1985 TIMS image. However, this vari-
clay adhered to the other mineral grains. The clagpbility is less than that of the remaining samples

The Kelso sand grains were found to beomponent, analyzed by X-ray diffraction, wag~13%) taken from other areas of the dune field.

rounded to subrounded with diameters ranginigentified as primarily montmorillonite.

The results shown in Table 2 indicate that samples

from <150um (mafic and opaque minerals) to Samples K1-K6 were taken from the crests and13—-K42 have clear mineralogic variations
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Figure 8. Products of the emissivity-temperature separation of the thermal infrared multispectral scanner (TIMS) data. (A) Bar@l(9.2um)
emissivity image with darker areas indicating emissivity lows or strong absorptions. The areas of active sand show the largbsbrption indi-
cating the presence of quartz and feldspar. In contrast, dolomite in the Providence Mountains and the large amount of magnetitel clay in the
washes have the weakest spectral features and appear brightest. (B) Surface brightness temperature image between 41 andR0Oc¢ICoutcrops
in the Old Dad, Providence, and Bristol Mountains are cooler and appear darker than the alluvium and sand of the valley. Becao$¢he low
topography and time of the overflight, very few thermal shadows are present.

throughout the dune field. These variations appeamount of feldspar than the 10%—30% given bgind model spectra was <1%. Figure 10 shows an
real based upon (1) the color variations in Figure €arlier studies (Sharp, 1966; Yeend et al., 1984¢xample of one such model fit for the spectrum of
(2) the differences in the laboratory emission spec- Because samples KK6 were taken from the sample K13. The largest residual errors occur
tra of the 48 sand samples; and (3) the similar rerest and swale of three adjacent dunes, the exawer the strong absorption bands, approaching
sults from samples KK6 that confirm the location of each pair could not be distinguished &% at several wavelength regions. The small
repeatability and accuracy of the point-counthe TIMS image resolution. Therefore, only themagnitude of these errors is notable, considering
procedure. crest samples (K1, K3, and K5) are used in athat no attempt was made to represent the exact
Upon normalizing the point-count data to thesubsequent comparisons, reducing the numberfeldspar compositions of the sands with the li-
four primary minerals, the average dune compogpetrographically analyzed samples from 13 to 1@rary end-member spectra. Oligoclase and mi-
tion was determined to be 25% potassiumpplying the retrieval algorithm using the four li- crocline were chosen simply as average repre-
feldspar, 29% plagioclase feldspar, 42% quarthrary-derived end members to the spectra agkntations of typical feldspar mineralogy in the
and 4% opaques. A further normalization to rethese 10 remaining samples produced the modelacka. The larger residuals at 1050 —&€m
move the opaque minerals results in the propomineral percentages shown in Table 3. These rg.52um), 1000 crmit (10.0um), and 600 crrd
tions of the silicate minerals present in the dunesilts, where compared to the petrographic analyt6.7um) are due to the vibrational absorptions
(Fig. 9A). By combining the values of plagioclasesis, reveal a model difference ranging from 0.2%f feldspar (Nash and Salisbury, 1991) and there-
and potassium feldspar, the ternary plot of quartiy 10.4%; the overall average is 3.11%. The mod#dre indicate a probable unmodeled feldspar
feldspar, and opaque shown in Figure 9B revealdiashown by the RMS error was 6.54073, indi-  composition. A study by Reheis and Kihl (1995)
bulk dune composition with a much greatecating that the difference between the measurefiregional dust deposition in the area not only in-

654 Geological Society of America Bulletin, May 1999



SAND SOURCES AND TRANSPORT PATHWAYS, KELSO DUNES, CALIFORNIA

TABLE 2. POINT COUNT RESULTS FOR KELSO SAMPLES (K1-K42) RMS error increased to 5.3% and 8.90 3311@-
Sample Plagioclase Microcline Quartz Opaque Other ivel mmina the m | differen ver
e ) o) ) ) %) spectively. Su g the model difference ove
Individual results the number of samples for every end member
Kic 17.00 32.00 42.50 3.00 5.50 produced an average error for that mineral. Com-
K2s 27.00 29.00 40.50 1.00 2.50 paring this average for the TIMS results to those
K3c 32.50 24.50 40.00 1.00 2.00 P ;

Kas 2800 3020 3850 050 550 of the laboratory deconvolution |nd|9ates virtu-
K5c 33.50 28.50 35.50 0.50 2.00 ally no change for the clay + magnetite (2%) and
?‘15; fg-gg gg-gg g‘l‘-gg 1-28 i-gg oligoclase (3%) end members (Fig. 11, A and C).
K170 38.50 1950 36.50 200 350 However, the errors for mlcrocllne_ and qL_lar‘[z in-
K22s 29.30 18.00 41.70 3.00 8.00 creased 6.3% and 3.4%, respectively (Fig. 11, B
K23c 30.50 18.00 45.50 0.50 550 and D). Similarly, the RMS error (Fig. 11E)
K24c 29.70 9.30 29.00  23.00 8.90 ;

K40c 25.00 20.50 3650  13.00 5.00 shows values that are nearly twice as large at the
Ka2c 18.50 24.00 53.50 0.50 3.50 beginning of the sampling (image edge) as at the
Averaned results end (|m_age_ center). The increase in moqlel RMS
Avgerage (all) 27.88 23.79 40.40 3.88 403 error with distance from the image edge is due to
Average (K1-K6) 28.58 28.92 38.58 117 2.75 the incomplete atmospheric correction.

Standard deviation 6.70 6.42 6.47 2.39 6.65 The clay + tit d ber is virtuall
Minimum 29.00 1850 930 150 0.50 € clay + magnetite end member 1S virtually
Maximum 53.50 38.50 30.50 8.90 23.00 nonexistent within the active dunes (Fig. 12A),

which agrees with the low overall average of
4.2% derived from the point counts. It appears
dicates a chemistry that is more abundant icite in the Providence Mountain carbonate outhat the model is insensitive to abundances
feldspar than quartz (similar to results presentedop and alluvial fan, and hornblende in many dbwer than 5% for this generally featureless
here), but also that the feldspar composition ithe same areas identified as clay + magnetitepectral end member. Samples#®23 have
more calcium rich than the oligoclase used her&eend et al. (1984) noted the presence of horfrom 0.5% to 3.3% opaques, and yet the model,
blende and mentioned the weathering of metasegpplied to the TIMS data, predicts no clay
TIMS Image Analysis imentary rocks in the Granite Mountains as the magnetite (Fig. 11A). Stronger concentrations
source for it and the magnetite. This seems logicaf this end member occur on the alluvial fans
The blind end-member investigation into theon the basis of the petrographic and spectral dextending from the Granite Mountains to the
ability of the model to choose the correct endeonvolution information presented here. south and Providence Mountains to the east, and
member suite from a subset of the entire library After the model was used to deconvolve then the stabilized dunes and sand sheets to the
proved highly successful, although computationt995 TIMS data, the predicted mineral percentiorth. Visible concentrations within the active
ally intensive. For example, a set of the mosiges and RMS error were extracted from the infield occur in low-lying vegetated areas between
likely 15 minerals at Kelso produced 375 uniqu@ges at each sample site (Fig. 11). Sample nuthe three large active linear ridges. These act as
combinations of less than four end member&ers represent a south-north traverse into thieaps for eolian fines that are spectrally similar
From this set, the algorithm chose the four predune field (closer to the center of the TIMS im+o the clay + magnetite end member.
sented here as the most likely combination. Thiesge). Due to the degradation to six-point TIMS The microcline end member (Fig. 12B) is gen-
choice was based purely on the lowest overadpectra (see Discussion), there was a slight rerally overpredicted by the model by nearly 9%.
RMS error for the quartz-microcline-oligoclase-duction in the accuracy of the model fit compare®espite this higher concentration, which is as-
clay + magnetite suite. Other minerals were fount the results of the laboratory deconvolutiorsumed uniform throughout the image, the micro-
in higher abundances in the image, including ca(Table 3). The average model difference andline is clearly concentrated in the active dune

Quartz Quartz,

A

02 02
Potassium /\/\/\/\/\/~ Total /\/vvv\\f
Feldspar 0 > ~— Feldspar 0 ;

< < S \  Plagioclase N < < X X Opaque
o ) o o & ° o ) o o o paq

Figure 9. Ternary plots of the average Kelso dune sands derived from point counts of the 13 thin-section samples. (A) Normalia¢he silicate
mineralogy. (B) The four primary minerals shown by summation of the plagioclase and potassium feldspars.
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sand and on the alluvial fan to the east Samplr“‘ TABLE 3. RETRIEVAL ALGORITHM RESULTS DERIVED FROM LABORATORY DATA

e ; Sample Oligoclase Microcline Quartz Clay + Residual RMS*
collected here, _although nqt ver_nfled using pet o mber %) %) %) Magnetite (sample) arror
rography, contained model-identified microcline (%) (%)
in decreasing percentages (Table 4) from 67¢ Kic 19.97 32.23 48.17 0.00 250 7.26E-03
(coarse grus) to 57% (Winston wash). At the cret Egc gg-;‘g ggg% g?-gg (2)-(1)(1) ;-i? g-éig-gg

. . . C . . . .| . . -
of a series of active dunes directly across from tf Ki3c 29.39 2550 2401 172 174 632E-03
wash, the microcline percentage dropped to 459 K17c 36.30 21.57 37.65 5.23 2.07 6.40E-03
This value is still higher than the derived averag ggi gi-zg géig g?%ﬁ 2;11 é-gi g-g;g'gg
for the original samples, but not out of the rang K24c 37.48 15.25 2844 1939 480  6.32E-03
found in other parts of the dune field. There is K4oc 31.09 21.21 38.20 10.05 2.25 6.19E-03

: Lo ; K42c 25.60 25.85 46.94 1.99 4.35 6.66E-03
ngtlgeable de(.:I.me in the mlneral percentgg Residual 3.90 520 391 243 311 NA,
within the stabilized areas directly surrounding (end member)
the field and between the main ridges. These a *RMS—root-mean-squared. N.A—not available.

eas contain more eolian fines and vegetation ar
map as mostly clay + magnetite with lesse
amounts of oligoclase.

The oligoclase end member (Fig. 12C) is mogb be a coherent distribution pattern throughoutortheast of the dunes (Fig. 12D). This important
strongly concentrated on the alluvial fan originatthe image and not simply higher amounts of theoundary in the dune field known as Cottonwood
ing from the Granite Mountains, in less activamineral solely on the edges. There is a large resash separates active from highly inactive dune
zones surrounding the main field, and to the nortjion to the northwest of the dunes that contairsurfaces (Paisley et al., 1991). The model-
within the dunes. The pattern of mineral distribulittle oligoclase end member. This region, concerpredicted quartz content is much less in these in-
tion also shows higher concentrations in the lowtrated in quartz relative to oligoclase, is closest tactive regions, yet still very distinguishable from
lying areas on the lee sides of the large lineaands transported through the Devils Playgrounthe alluvial fan surface to the east. In this way, the
ridges. It is possible that the high concentrations Quartz, the single-most abundant minerajuartz end-member image serves as an indicator
on the alluvial fans may be overestimated due foom the point-count data, is much more evenlpf dune activity levels, analogous to the use of
the atmospheric effects. However, there appeadsstributed throughout the scene except for easitbedo in the VNIR by Paisley et al. (1991).
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Figure 10. Retrieval model results for the laboratory spectrum of sample K13. (A) Fit using the library end members in Figure(B) The resid-
ual error (measured-modeled) shows the regions of poor fit over the large absorption bands. These errors approach 2% at 1056 (96 um)
and 500 cntt (20 um) and are due to unmodeled feldspar features. The average root-mean-squared error for this deconvolution iteration was
0.63%, indicating a good fit.
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Figure 11. Thermal infrared multispectral scanner (TIMS) linear re-
trieval results (dashed line) for the samples along the south to north tra-
verse (see Fig. 3) compared to the same percentages derived from point
counting (solid line). Model values derived from the images are nine
pixel averages surrounding the most likely sample location. (A) The
clay + magnetite end member shows very close agreement, but the
model appears to be insensitive to percentages below 5% (samples
K1-K23). (B) Microcline is consistently overpredicted by an average of
8.47%, due to the degradation of the laboratory spectrum to six points
(see text). (C) Oligoclase end member. (D) Quartz end member. Like
microcline, it is affected by the conversion to TIMS resolution, being
underpredicted by an average of 7.34%. (E) The root-mean-squared
error values show a decrease toward the north and into the dune field.
These sites are located in the center of the image away from the at-
mospherically contaminated edges.
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Figure 12. Smaller region of the end member and root-mean-
squared (RMS) images for the main Kelso dune field. (A) Clay + mag-
netite. (B) Microcline. (C) Oligoclase. (D) Quartz. (E) The highly
stretched RMS error shows the lack of recognizable surface features

(indicting a good model fit) and high errors at the image edge associ-
ated with the atmospheric correction.
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TABLE 4. EE{BFSE\/E%CAELI\GA%WAYNRFE\SNULTS FOR point TIMS resolution. Both quartz and micro-

. —— - cline have the strongest absorption bands of the
Sample Oligoclase Microcline Quartz Clay + Magnetite RMS*
number (%) (%) (%) (%) error four end members and thus are affected the most
Granite (coarse) 0.14 67.50 32.37 0.00 1.92E-02 upon degradation.
Granite (fine) 0.13 59.46 40.34 0.07 8.08E-03
Winston Wash 0.11 57.31 31.45 11.12 7.88E-03 - .
Dune crest 0.09 4520 5471 000  L71E-02 Local Microcline Source

*RMS—root-mean-squared.

The microcline distribution within the dunes is
slightly higher to the south and concentrated
more along the crests of the linear ridges. The

The RMS error shows an increase toward thether (mainly opaques) based on point-count irpoint-count data (Fig. 11B) confirm this increase,
image edge (Fig. 12E) as a result of the atmofermation, but no mention was made about thshowing an ~10% higher average for microcline
pheric contamination still present after theguality, quantity, or methodology of the analysis. ltn samples KK13 than in the remaining thin
MODTRAN correction. The image, highly seems clear that no attempt was made to distisections. This concentration of microcline could
stretched from 0% to 0.5% (5 DN), shows verguish feldspar from quartz, and their results shouloe due to the input from a proximal source at the
little structure due to topographic features ovedne questioned. The high quartz content mentionsduth end of the field, or a preferential eclian
the regions of good model fit. This and the veryn these earlier studies assumes a dune field witfsarting based on the slight density difference be-
small values of the RMS indicate that most opast sediment source originating at the Mojaveveen the end-member minerals. The lower den-
the retrieval errors are confined to atmospheriRiver Wash 50 km to the west. With such a largsity of microcline (2.5-2.6) is similar to that of
and instrument noise, and denote a high level tfansportation distance and amount of chemicguartz (2.65), which also shows a slight, but not
confidence for the model fit (Gillespie et al.,and mechanical weathering, the winnowing oétatistically significant, concentration to the south
1990). The overall RMS error is ~0.2% lowerother minerals would result in a concentration offig. 12D). Oligoclase varies in density (2.67—
within the active region of the dunes. This is t@uartz and to a lesser degree plagioclase. Howe\2r76) with increasing calcium content and ap-
be expected because the active dunes coivased on this work, that appears not to have hgpears to be slightly concentrated to the north of
monly contain only the four modeled end mempened to such a degree in the Kelso Dunes.  the active dune field (Fig. 12C). However, such a

bers, whereas the surrounding stabilized dunes minor difference in density between the silicate
are spectrally more complex due to the presSpectral Analysis end-member minerals is highly unlikely to result
ence of vegetation, lithic material, and trapped in preferential grain sorting. The more likely sce-
eolian fines. Library spectra used in this study can accunario is that microcline, weathering out of the
rately deconvolve and model naturally occurringnonzonite alluvium present on the Providence
DISCUSSION eolian sediment to within the level of precision oMountain fans, is incorporated into the dunes.
the laboratory spectrometer (Ruff et al., 1997This material would be transported into the cen-
Petrographic Analysis Ramsey and Christensen, 1998). In general, thial part of the field by fluvial activity and the in-

oligoclase and clay + magnetite end membetsrmittent orographic winds from the east. The

The analysis presented here represents thkow excellent agreement with the percentaggsevalent winds from the northwest could then
most detailed petrologic study of the Kelso sandderived from the point counts. However, quartz isfransport the microcline by way of saltation,
to date. Significant to the question of the maturitgommonly underpredicted and microcline is overthereby causing the increase in the southern por-
and sources of sediment for Kelso was the fingsredicted in all the samples. There are two posgien of the dune field.
ing that the dunes contain far less quartz than prgle explanations for this discrepancy. (1) The least This is more clearly visible in the silicate end-
vious workers have estimated. The roughly equékely possibility is that the error is attributed to in-member color composite (Fig. 13). Images dis-
amounts of potassium feldspar and plagioclasecurately locating the original sample collectiomplayed in this manner permit regions of overlap
feldspar, together summing to greater than th&te on the image, and/or the mineralogy of thand mixing within two or more of the gray-scale
percentage of quartz, more closely reflect the Isite has changed in five years. Because of tlimages to be easily distinguished. The dune field
cal geology of the region. This finding may indi-good agreement of the other two end membeappears dominantly yellow, indicating nearly
cate a dune field that has been incorporating locahd the averaging of nine pixels where extractingqual amounts of quartz and microcline. The yel-
source material in greater quantities over longéhe values, it is doubtful that the sample sites wetew is brightest toward the southern end of the
periods than previously reported. Furthermorenot correctly pinpointed. Furthermore, it is undield, highlighting a stronger concentration of
no study to date has attempted to perform an adear what process could differentially conceneach mineral. There also appears to be a slightly
curate separation of potassium feldspar from plérate microcline, decrease quartz, and yet leave the@gher concentration of quartz and oligoclase in
gioclase feldspar. The use of microcline as ather two minerals unchanged over five yearshe western portion of the dunes and in the low
spectral end member in the linear retrieval analyFherefore, surface change over the course of sereas between the ridges (more green and cyan).
sis reveals a potential local source from the Proeral years is implausible, especially considerinhe quartz being introduced from the west and
idence Mountains to the east. the documented lack of dune variability in the 15 ythe oligoclase dominating the Granite Mountain

The original study by Sharp (1966) gave astudy of Sharp (1966). (2) A more likely cause ofans are both farther from the microcline source
overall composition of quartz, feldspar, opaqueshe error is the spectral degradation that occuts the east. The lower amount of microcline in
and lithic fragments as 70%—80%, 10%—-30%where translating laboratory data to TIMS spechis region would have the same effect on the
5%—10%, and 3%—10%, respectively. Subsequetmt.. This effect is most pronounced in mineratolor composite as a higher concentration of
investigations have referenced these values (Yeesplectra with broad and/or very small-scale alguartz and oligoclase.
et al., 1984; Lancaster, 1993, 1994). Paisley et aorption bands, which tend to be compressed andAn increased level of microcline along the
(1991) reported an extreme 90% quartz and 10#éduced in contrast where convolved to the sixcrest and lee side of the northernmost large linear
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Figure 13. Thermal infrared multispectral
scanner (TIMS) three-color composite for the
entire scene, showing microcline in red,
quartz in green, and oligoclase in blue. Yellow
indicates a nearly equal abundance of quartz :
and microcline, whereas cyan is quartz + i A Kecisa
oligoclase. Microcline, entering from the east- y Moualaia [Fan
ern fan of the Providence Mountains, appears
to have been transported over the Cotton-
wood and Winston Washes and incorporated
into the active dunes (orange). Oligoclase is
being derived from the northern and southern
alluvial fans, and in addition occurs to a lesser
extent along the Mojave River Wash—Kelso
Dune transport path. The slight greenish col-
oration within the transport path indicates
that quartz is the dominant mineral and is
transported from the west. Quartz and micro-
cline also appear to be being remobilized out
of the Kelso Wash near the point where the
railroad tracks and the wash diverge. It is
likely that these sands are being deposited into
the dunes by the prevailing easterly winds.
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ridge is indicated by the orange swath extendingONCLUSIONS borne Thermal Emission and Reflectance Ra-
east to west (Fig. 13). This zone indicates the po- diometer (ASTER) instrument (Kahle et al.,
tential microcline input location into the dunes TIMS data originally provided the impetus for1991) in July 1999, multispectral global TIR data
from the fan source to the east. There is a motiee sample collection and initiated the petrowill become available for the first time. Such data
subtle zone of red that bisects the inactive dungsaphic analysis of the sand mineralogy at thean provide the geologist with a synoptic look at
to the east of Cottonwood Wash, which appeaiselso Dunes. However, it was not until the develan entire eolian system over different time scales,
to delineate the transport path from the alluviadpment and application of the linear retrievahllowing an inference of past activity and the
fan to the dunes. This mixing pattern is not visimodel that examination of specific mineral distriinonitoring of current climate changes. Drought-
ble by means of any other processing tool uséulitions became possible. This study representpeone areas on the metastable margins of these
on the TIMS data. More important, this slightrigorous attempt to quantify and validate the lintransport pathways and sand seas are easily sus-
mineralogical variation can not be identified withear mixing assumption of thermal emission speceptible to dune encroachment and possible de-
other remote-sensing instruments operating itna for an active geologic surface. It also is one afertification with environmental change. Human
different wavelength regions. These image rehe most detailed petrologic studies of the Kelsactivity in these regions will benefit from repeti-
sults are confirmed by the samples collecteBunes sand mineralogy. In combination, theyive monitoring programs using ASTER data in
along this path. provide an excellent validation for the linear reconjunction with analysis techniques such as lin-
Expanding outward from the area immediatelyrieval algorithm using library mineral spectra inear deconvolution.
surrounding the dunes, many of the surroundingpnjunction with remotely acquired data. The re-
input sources become visible. The alluvial fansults show that there are clear mineralogic varis&@CKNOWLEDGMENTS
that surround the valley (sides of the image) majons throughout the dunes and that the field on
as shades of blue and cyan, indicating a predoraverage contains 40%-50% quartz, significantly We thank Ken Edgett for numerous discus-
inantly oligoclase mineralogy with varying less than previous work had stated. The geneisibns on sand transport and his assistance in the
amounts of quartz. These fans originate from thegreement between the petrographic and spectiigld, as well as the entire crew of the NASA
metasedimentary rocks of the Granite Mountairsnalyses is noteworthy, considering the 5 yr dif€130 aircraft program for their extra effort and
to the south and the monzonite and Proterozaierence between image and sample collection, dedication in acquiring both data sets. The qual-
crystalline rocks of the Kelso Mountains to thevell as the scale difference between image arity of this manuscript was greatly improved
north (Jennings, 1961). To the northeast of the alaboratory samples. thanks to helpful reviews by Larry Rowan,
tive field the dunes also show as cyan and blue, Mineral end-member images show very higiMarith Reheis, and an anonymous reader. Re-
indicating the high oligoclase content in this areaoncentrations of microcline within the dunes asearch funding for this study has been provided
(Lancaster, 1993). well as on alluvial surfaces extending from théy NASA through the Planetary Geology and

The two major washes in the scene appear to lmemediate mountain ranges. This relation, whiclseophysics Program as well as the Mission to
responsible for transporting material to the northmay indicate that a percentage of the sand in tfanet Earth, ASTER science project.
west of the dunes. This material can then be rdune field is locally derived, has never been noted
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