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Abstract

ERDC-Geo is a surface erodibility parameterization developed to improve
dust predictions in weather forecasting models. Geomorphic landform
maps used in ERDC-Geo link surface dust emission potential to landform
type. Using a previously generated southwest United States landform map
as training data, a classification model based on machine learning (ML)
was established to generate ERDC-Geo input data. To evaluate the ability
of the ML model to accurately classify landforms, an independent refer-
ence landform data set was created for areas in the Chihuahuan Desert.
The reference landform data set was generated using two separate map-
ping methodologies: one based on in situ observations, and another based
on the interpretation of satellite imagery. Existing geospatial data layers
and recommendations from local rangeland experts guided site selections
for both in situ and remote landform identification. A total of 18 landform
types were mapped across 128 sites in New Mexico, Texas, and Mexico us-
ing the in situ (31 sites) and remote (97 sites) techniques. The final data set
is critical for evaluating the ML-classification model and, ultimately, for
improving dust forecasting models.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Alluvial fans are “moderately- to gently-sloping constructional landforms that are
composed of unconsolidated clastic sediment primarily derived from eroding
highlands. The clastic materials typically consist of abundant gravel (>2 mm in
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diameter) and sand with lesser amounts of silt and clay. Alluvial fans typically
occur on the upper margins of piedmont slopes that flank mountain highlands,
plateaus, pediments, and badlands.” (McDonald, Adams, et al. 2020, 13). The

approximate extent of the landform is shown by the red dashed line.........................

Alluvial plains are “low-gradient landforms found along basin floors that are
generally the floodplains of major axial streams. Deposits typically consist
mostly of stratified, well- to moderately-sorted sand with lesser silt/clay and
gravel. Sand sheets and sand sea/dunes often accumulate within alluvial plains
downwind of playas. Vegetation cover is often found within the margins of
alluvial plains along the banks of perennial or ephemeral streams or as isolated
areas at alluvial fan and plain contacts associated with spring discharge”
(McDonald, Adams, et al. 2020, 13). The approximate extent of the landform is
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A dune field showing sand dunes (white, wind-blown sand) and interdunes (tan
sandy features separating the sand dunes). Sand dunes are “areas consisting of
mounds, ridges, or hills of wind-blown sand, either bare or covered with
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supply is plentiful” (McDonald, Adams, et al. 2020, 15). An interdune is “the
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profile. Pediment surfaces are typically broad and gently-sloping (2°-19°), cut
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that form desert pavements” (McDonald, Adams, et al. 2020, 14). The
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A plateau is “a relatively elevated area of comparatively flat land composed of
well-indurated bedrock, which is commonly limited on at least one side by an
abrupt descent to lower ground. Plateaus form extensive areas of land that rise
150-300 m above the adjacent country or above sea level and commonly fringe
mountain highlands. It is higher than a plain and more extensive than a mesa.
Plateaus are commonly covered by a thin cap of silt-rich soil (loess)” (McDonald,
Adams, et al. 2020, 14). The most distal edge of several plateaus is

approximated by the red dashed liN€. ... e

A playa is “an ephemerally flooded, barren area on a basin floor that is
characterized by fine-grained sedimentary deposition by floods in recent times
and/or during previous pluvial episodes. Playas are typically located at the
depocenter within a basin or lowland area” (McDonald, Adams, et al. 2020, 14).

The approximate extent of the landform is shown by the red dashed line..................

Recent volcanic features are “landforms that have been recently formed from
volcanic activity. The common type of recent volcanics is basalt flows and fields
(plateaus) and volcanic vents (i.e., cinder cones, shield volcanos, lava flows,
etc.)” (McDonald, Adams, et al. 2020, 15). The approximate extent of the

landform is shown by the red dashed liN€.........cou it
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Sand sheets are “sedimentary plains covered in fine sediments composed of
loose and well-sorted sand to packed silt or clay. In systems of large linear
dunes, these may include the troughs between dunes or may be associated with
climbing dunes on alluvial fan surfaces” (McDonald, Adams, et al. 2020, 15).
The approximate extent of the landform is contained within the red dashed
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Fluvial terraces are “stream or river terraces located adjacent to, but above,
stream or river channels and flood plains” (McDonald, Adams, et al. 2020, 13).
The approximate extent of the landform is shown by the area between the red
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Wind erosional features are “erosional features that typically exhibit an elongate
ridge or series of ridges carved by wind erosion. The ridges are parallel to the
prevailing wind direction and predominantly form on poorly- to moderately-
consolidated sediment” (McDonald, Adams, et al. 2020, 15). The approximate
extent of the landform is shown by the area within the rectangle delineated by
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Badlands: is “a landform that exhibits a complex stream-dissected topography
consisting of deep, narrow ephemeral washes alternating with abundant, sharp
and narrow ridge tops. Surfaces commonly have little or no vegetative cover, are
highly erosive, and with no or minimal development of soils. Underlying material
is generally unconsolidated or weakly indurated sediment largely composed of
mixtures of clay, silt, and sand. Soluble salts of gypsum and halite are common”
(McDonald, Adams, et al. 2020, 14). Badlands are highly expansive, and most of

the image, excluding the river channels, displays badlands. .......cccccoeveeevieieeerisiccinnns

Agriculture is defined as “a human-modified ‘landscape’ dominated by
permanent, extensive alterations to the physical shape and/or internal
stratigraphy of the land due to agricultural management for food, fiber or forage
production, that have substantively altered water flow and sediment transport
across and within the regolith (e.g., leveled land). Commonly excludes areas of
minor alterations (e.g., shallow plowing) that are easily obscured or obliterated
by natural bio-, pedo-, or cryoturbation” (Schoeneberger and Wysocki 2017,
629-4). The approximate extent of the agriculture area is shown by the red
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Bedrock is “a general term for the solid rock that underlies the soil and other
unconsolidated material or that is exposed at the surface” (Schoeneberger and
Wysocki 2017, 629-10). The approximate extent of the bedrock area is shown by

the red daShed POIYSON. ... ettt s re e s s

Fine-grained lake deposits “are typically light colored, fine-grained (e.g., high silt
and clay content) lake deposits found in basin bottoms and rimming playas. May
or may not be eroded into badland forms” (McDonald, Adams, et al. 2020, 14).
The approximate extent of the fine-grained lake deposit is shown by the red
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Urban areas are “areas of extensive urban/suburban/industrial development
where soil surface is modified and covered by buildings and infrastructure”
(McDonald, Adams, et al. 2020, 16). The approximate extent of the urban area

is shown by the red dashed POIYEBON. ...t e e nnees

Water refers to “open bodies of water including reservoirs, lakes, seas, and
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1.1

Introduction

Background

Airborne dust particles can create adverse air quality conditions, abrasion
hazards for personnel and equipment, and degraded visibility (De Longue-
ville et al. 2010; Okin et al. 2011; Sprigg et al. 2014; Middleton 2017;
Schweitzer et al. 2018; Bhattachan et al. 2019; Rushingabigwi et al. 2020).
Accordingly, accurate characterizations of terrain dust emission potentials
are critical for mission planning and land management decisions, espe-
cially in dryland environments (Department of the Army 2019). However,
the processes that control the spatial heterogeneity of surface dust source
strength are not fully understood (Richter and Gill 2018). Several previous
studies argue that a location’s dust emission potential reflects its geomor-
phology (i.e., the physical, chemical, and biological processes that shape
the landscape into distinct landform types; Wang et al. 2006; Bullard et al.
2008; Wang et al. 2008; Sweeney et al. 2011; Baddock et al. 2016; Parajuli
and Zender 2017). Therefore, geomorphic landform designations can serve
as an analog for dust emission potential because landscape formation pro-
cesses also affect soil-state evolution (Bullard et al. 2011; Parajuli et al.
2014; Bacon and McDonald 2016; McDonald, Adams, et al. 2020; McDon-
ald, Hartshorn, et al. 2020).

Researchers from the Desert Research Institute (DRI) established a series
of landform classes common to most desert environments (Bacon,
McDonald, Amit, et al. 2011; Bacon and McDonald 2016; McDonald, Ad-
ams, et al. 2020). After establishing the landform classification scheme,
analysts from DRI and the University of South Dakota assigned character-
istic dust emission potential values to each landform class based on in situ
measurements (Sweeney et al. 2011; McDonald, Hartshorn, et al. 2020).
These methods enabled the generation of regional-scale dust emission po-
tential data sets, with landforms mapped through subjective satellite and
aerial imagery interpretation (Bacon, McDonald, Amit, et al. 2011; Bacon,
McDonald, and Green 2011; Sweeney et al. 2011; McDonald, Hartshorn, et
al. 2020). Regional dust emission potential maps created using this tech-
nique have since been used to support dust hazard identification and dust
event forecasting (e.g., McDonald, Adams, et al. 2020; LeGrand and
Brooks 2018). However, the map generation process required costly and
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1.2

1.3

time-consuming manual landform classification by expert geomorpholo-
gists.

Objectives

At present, there are two landform maps available for the analog approach
to dust emission potential characterization, including a 1:750,000 scale
map of Southwest Asia (Bacon and McDonald 2016) and a 1:100,000 scale
map of portions of the Mojave and Sonoran Deserts in the southwest
United States (SWUS; McDonald, Adams, et al. 2020). Recently, ERDC re-
searchers have begun exploring machine learning (ML) techniques to ex-
pand the spatial coverage of these existing maps to global coverage for
nonpolar desert regions (Hodgdon et al. 2021). To develop a model, ana-
lysts will require validation data from new domains to determine if the re-
sultant modeling capabilities are portable to regions outside of the original
model training areas in Southwest Asia and the SWUS. The purpose of this
effort was to establish an independent landform reference data set to sup-
port these validation efforts using sites from the Chihuahuan Desert in the
SWUS. The ecology, landform distribution, and mineralogy of this desert
are markedly different from those of the previously mapped locations.
However, this effort was not meant to be a census of landforms in the re-
gion but, instead, an accurate collection of an independent landform data
set to be used for model validation.

Approach

For this effort, we created a landform classification scheme adapted from
the McDonald, Adams, et al. (2020) SWUS landform map (Section 2.2).
Specifically, we established two landform mapping methodologies to ac-
quire examples of landform sites from the adapted classification scheme:
one based on in situ observations, and another based on the interpretation
of satellite imagery. In both methods, existing geospatial data layers
guided our initial site selections and landform-type assumptions. For the
in situ inspections, analysts followed a series of standardized field proce-
dures to interpret key terrain attributes associated with each site. For the
satellite-based methodology, analysts assessed landform locations by ex-
amining Esri et al.’s (2021) Geographic Information System (GIS) World
Imagery basemap. We only mapped landforms via the imagery-interpreta-
tion method if a clear distinction of landform type was possible from satel-
lite imagery interpretation alone or if supporting literature confirmed the
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suspected landform classification. We then supplemented the site consid-
eration list with recommendations from local rangeland subject matter ex-
perts (SMEs), who identified additional potential field sites by analyzing
the same GIS basemap imagery.

Section 2 of this report details the methodologies, lists the landform
classifications, and describes the geospatial data sets used in this effort.
Section 3 highlights the results from both the in situ field observations and
the satellite interpretations. Last, Section 4 discusses the conclusions of
this research.
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2 Methodology

For this study, we considered geomorphic landforms for mapping in a sub-
region of the Chihuahuan Desert in northern Mexico, southern New Mex-
ico, and western Texas (Figure 1). All of the field sites we assessed in
person were in New Mexico, while the locations examined via satellite im-
agery were in Mexico, New Mexico, and Texas. For both methods, we con-
ducted a geospatial analysis using ArcGIS Pro 2.8 to review preexisting
landform and soil data sets from the USDA (n.d.a), the Bureau of Land
Management (BLM; n.d.), the Natural Resources and Conservation Service
(NRCS; USDA n.d.c), satellite imagery, and the knowledge of the local geo-
morphology SMEs. Geospatial data sets of landform types (using different
classification schema), soil morphology, land use, zoning, and road net-
works supported landform identification and planning for in situ landform
confirmation and measurements.

Figure 1. General overview of the fieldwork areas in the Chihuahuan Desert in
Mexico, New Mexico, and Texas. Arizona and the border between the United
States and Mexico are also shown. The Chihuahuan Desert is depicted by the
light pink polygon. The inset map (fop right) shows the location of the field
area relative to North America.

2.1 Study domain

The Chihuahuan Desert is the largest desert in North America, covering
over 250,000 square miles and spanning two countries (i.e., the United
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2.2

States and Mexico), and is the most biologically diverse desert in the west-
ern hemisphere (NPS n.d.). The area receives most of its rainfall during
the summer monsoon season (approximately July through September)
and tends to get more summer rainfall than other desert environments in
the United States (NPS n.d.). In addition, the landscape of the Chihuahuan
Desert is higher in elevation than the neighboring Sonoran Desert (Scar-
borough 2000; Sleeter et al. 2012). The landforms commonly found within
the Chihuahuan Desert include broad basins flanked by alluvial fans, flu-
vial terraces, and broad, flat-topped features such as plateaus and mesas.
In the adjacent Sonoran Desert, typical landforms include alluvial fans,
pediments, fluvial terraces, and floodplains (Scarborough 2000; Sleeter et
al. 2012).

Landform classes

For this study, we chose to use a variation of McDonald, Adams, et al.’s
(2020) 32-class scheme for our reference data collection to support verifi-
cation activities. The 32-class scheme stems from the 17 original landform
classes set by Bacon, McDonald, and Green (2011) and Bacon and McDon-
ald (2016), but it also includes additional age- or wetness-based subclassi-
fications, more fluvial landform types, and categories for urban (i.e.,
developed) areas and agriculture.

Not all landform types incorporated into the McDonald, Adams, et al.
(2020) SWUS landform map were present in the study area. Furthermore,
some classes in the SWUS landform map scheme, such as the age-based
landform categories (e.g., old versus young alluvial fans), are challenging
to discern without using disruptive field methods (e.g., digging soil pits).
To avoid trespassing or causing project delays by engaging in activities
that required permitting, we limited our field assessment methodology to
nondestructive observation techniques that we could accomplish from
public access areas. This meant that where age-based subclassifications
would have been appropriate, a broader landform type was used to capture
both young and old features. For this study, we examined sand dunes, in-
terdunes, sand sheets, sand plains, alluvial fans, alluvial plains, fluvial ter-
races, playas, plateaus, recent volcanic features, pediments, wind erosional
features, badlands, bedrock, agriculture, water, urban, and fine-grained
lake deposits (see the Appendix for detailed descriptions of each landform
type). These landform classes also aligned with the scheme used by the
BLM (Herrick et al. 2017) and the USDA (n.d.c), which differs slightly
from the scheme used for the McDonald, Adams, et al. (2020) SWUS data
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set. We chose to follow the BLM and USDA classes for our initial analysis
because most geospatial data layers available for the Chihuahuan Desert
region adopted the BLM’s and USDA’s landform-type labels. Table 1 shows
how the BLM and USDA landform categories (referred to henceforth as
the reference classification scheme) compare to the McDonald, Adams, et
al. (2020) SWUS landform map classes.

The reference classification scheme used herein also includes two
landform types that McDonald, Adams, et al. (2020) did not incorporate:
interdunes and sand plains. The McDonald, Adams, et al. scheme treats
these landform types as part of the sand dune and sand sheet classes,
respectively. Even though the interdune—sand dune and sand plain—sand
sheet pairings are similar in terms of their dust emission potential and
geomorphology, we maintained these as separate classes in the reference
classification scheme to offer additional insight during future model
validation efforts.

Table 1. Comparison of the landform reference classification scheme used in this study and
the McDonald, Adams, et al. (2020) SWUS landform map classification scheme. Landforms
with subgroups (e.g., alluvial fans, alluvial plains, and fluvial terraces) and the playa, plateau,
and bedrock categories were combined into single classes. Landforms that were not present
in the fieldwork area were not included in this classification scheme.

Reference McDonald, Adams, et al. (2020) SWUS
Classification Scheme| Landform Map Classification Scheme Comments
Sand dune Sand dune
Interdune Sand dune Present in field and
comparable to sand dunes
Sand sheet Sand sheet
. Present in field and
Sand plain Sand sheet comparable to sand sheets
Alluvial fan Alluvial far_1 (young, intermediate, old);
alluvial fan and sand sheet
Alluvial plain Alluvial plain (young and old)
Fluvial terrace Fluvial terrace (young and old)
Playa Wet and dry playa
Plateau Plateau; plateau and sand sheet

Recent volcanic

Recent volcanic feature
feature
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Table 1 (cont.). Comparison of the landform reference classification scheme used in this
study and the McDonald, Adams, et al. (2020) SWUS landform map classification scheme.
Landforms with subgroups (e.g., alluvial fans, alluvial plains, and fluvial terraces) and the
playa, plateau, and bedrock categories were combined into single classes. Landforms that
were not present in the fieldwork area were not included in this classification scheme.

Reference
Classification Scheme

McDonald, Adams, et al. (2020) SWUS
Landform Map Classification Scheme

Comments

Pediment

Pediment

Wind erosional

Wind erosional feature

Observed only though

feature satellite imagery

Badlands Badlands Observeq °T"y through
satellite imagery

Bedrock Bedrock; sand on bedrock Observeq oply through
satellite imagery

. . Observed only through
Agriculture Agriculture satellite imagery

Water Water Observec_i only through
satellite imagery

Urban Urban or developed areas Observed only through

satellite imagery

Fine-grained lake

Fine-grained lake deposit

Observed only through

deposit satellite imagery

N/A Active wash Not identified in field
area

N/A Open mine/tailings Not identified in field
area

N/A Landslide feature Not identified in field
area

N/A Undifferentiated surficial deposit Not Iden:rflezd in field

N/A Broad river valley Not identified in field
area

N/A Coastal feature Not identified in field
area

N/A Delta plain Not identified in field
area

N/A Pluvial lake Not identified in field
area

2.3 Geospatial data sets

BLM’s (n.d.) Assessment, Inventory, and Monitoring (AIM) data set and
the USDA’s (n.d.c) NRCS data set were the primary landform data sets
used for field planning. The AIM data set is a point shapefile containing in-
formation related to terrestrial ecosystems, such as plant, soil, and land-
form classifications, across the western United States (BLM n.d.). The



ERDC TR-22-20

2.4

NRCS data set includes landform classification point data from the Na-
tional Soil Information System (NASIS; USDA n.d.b), which consists of
points across the United States from the NRCS pedon database, and a soil
map product from the Soil Survey Geographic database (SSURGO; Shawn
Salley, email message to author, 17 February 2021; USDA n.d.a).

To refine potential in situ landform mapping locations and develop routes
between field sites, we examined GIS layers of the Chihuahuan Desert
boundary, the United States roadway system, and public land in New Mex
ico. To determine land accessibility, we also reviewed the Protected Areas
Database of the United States (PAD-US) version 2.1 (USGS 2020). The
PAD-US data were in the form of an ArcGIS web service layer originating
from the USGS and contained information related to protected areas, in-
cluding public land and private protected areas, and the level of access to
these lands. The different categories of land access in the PAD-US data in-
cluded open, restricted (e.g., permit or seasonal), closed, and unknown.
For this effort, we only visited public access lands and avoided privatively
owned locations.

Data processing and analysis

We clipped the NRCS (USDA n.d.c) and AIM (BLM n.d.) point data for our
fieldwork area of interest, using boundary layers of the Chihuahuan Desert
and New Mexico as our domain limits. Next, we refined the data by ex-
porting only the points for the landform types of interest listed in Table 1.
Although there were approximately 51,000 points in the NRCS and AIM
data at the beginning of this analysis, few points had specific landform
classifications listed, some had only soil texture information, and others
were too broad to fit into any of the landform classifications used in this
study. Therefore, the number of useful points lessened substantially dur-
ing these data processing steps, and only those locations described in Sec-
tions 3.1 and 3.2 were included in this study. Using roadway layers for
New Mexico, we further narrowed groups of points for in situ confirmation
so that field crews could easily navigate to and from each site and sample
all necessary landforms within a multiday fieldwork campaign. Once we
had selected our initial point locations, local rangeland and geomorphol-
ogy SMEs reviewed our potential sampling areas. Points that SMEs were
not able to visit were saved as potential sites to be used in the remotely
sensed data set.
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2.5

2.6

Field methodology

All field analysts followed a standardized methodology to ensure proce-
dures were consistent at each site. Site names incorporated an MM-DD-
Site number labeling scheme, where MM and DD represent the month and
day of the fieldwork, respectively. To help organize the site photographs,
the first photograph taken at each site was of a whiteboard with the site
name written on it. Analysts noted the date, time, and approximate
weather conditions (i.e., percent cloud coverage, temperature, and general
conditions) and recorded their subjective evaluations of the site to verify
the initial landform classifications provided by the geospatial data set. If
the analysts perceived a classification to be incorrect, they provided rea-
sons for their conclusion and suggested an alternate landform-type desig-
nation. Field analysts also recorded landform attributes, including percent
coverage by vegetation, surface soil characteristics, and level of disturb-
ance, along with any unusual or unique aspects of the site. The soil charac-
teristics that were noted were based on the SME’s visual estimation
because digging was not permitted at all sites, and therefore, traditional
soil pit analyses could not be conducted. In addition, the analysts recorded
a GPS waypoint in decimal degrees using a handheld Garmin GPSMAP
62sc GPS unit and the World Geodetic System 1984 (WGS84) datum and
noted the approximate location of the waypoint relative to the overall
landform (e.g., center of the landform or northern edge of the landform).
Finally, the field analysts took photographs from the waypoint in each car-
dinal direction and at least one picture characterizing the surface soil and
sedimentology of the site

Remote landform identification

We expanded on the in situ reference data set collections by reviewing and
interpreting satellite imagery acquired through the ArcGIS Pro basemap
function (Esri et al. 2021). Across the field-study area in the Chihuahuan
Desert, this imagery consisted of WorldView-2, -3, and -4 and GeoEye-1
imagery, with collection years ranging from 2017 to 2020 (Esri et al.
2021). The actual image collection dates varied based on location because
this is a large mosaic of imagery collected over a multiyear timeframe. Sat-
ellite imagery was reviewed primarily at 1:50,000 and 1:100,000 to iden-
tify landforms. For all landforms identified via the imagery-interpretation
technique, mappers assigned a high, medium, or low confidence level to
single points selected to represent the location of a given landform. This
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confidence level, or quality score, reflects the analyst’s confidence in land-
form selection and is highly subjective. Analysts only indicated a “high”
confidence level when they were certain of the classification of the given
landform. A “medium” confidence level was assigned when the analyst was
almost certain, but not entirely confident, of the landform classification,
and a “low” confidence level was assigned when the analyst had the lowest
level of confidence in the landform classification. Incorporating this re-
mote-mapping methodology enabled us to include additional landform
types and sites in Mexico, New Mexico, and Texas that we would have oth-
erwise had to exclude due to accessibility issues or travel constraints. By
creating point features for easily identifiable landforms, such as urban ar-
eas, agriculture, water, bedrock, and so on, the overall number of valida-
tion points was increased substantially while ensuring the accuracy of the
identifications.
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3.1

Results

We identified a total of 128 landform sites located in New Mexico, Texas,
and Mexico using both in situ (31 sites) and remote mapping (97 sites)
techniques (Figure 2). These sites included 18 different landform types, in-
cluding 3 sand dunes, 2 interdunes, 7 sand sheets, 1 sand plain, 13 alluvial
fans, 8 alluvial plains, 7 fluvial terraces, 15 playas, 14 plateaus, 2 recent
volcanic features, 3 pediments, 1 badlands, 13 agriculture, 11 bedrock, 8
fine-grained lake deposits, 10 urban, 9 water, and 1 wind erosional feature,
mapped via in situ and remote techniques.

Figure 2. Overview of the in situ and remote landform locations in New Mexico, Texas, and

Mexico. The locations of the 31 in situ landform sites in New Mexico are shown by the red

circles, while the 97 landform sites assessed via satellite imagery interpretation in Mexico,
New Mexico, and Texas are shown by the yellow circles.

UJS/a\

MEXICO

In situ mapping results

Field crews assessed 31 individual landform sites located in the southern
region of New Mexico. Figure 3 shows the 11 different landform types, in-
cluding 2 sand dunes, 2 interdunes, 3 sand sheets, 1 sand plain, 4 alluvial
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fans, 6 alluvial plains, 3 fluvial terraces, 6 playas, 1 plateau, 2 recent vol-
canic features, and 1 pediment, that were represented at the 31 field sites.

Figure 3. Overview of all in situ field sampling locations in southern New Mexico; 11
landform types were identified at 31 field sites. The 31 landform sites are shown as
color-categorized circles.

We separated the 11 landform types into three groupings, predominantly
based on their geomorphic commonalities. The first group contains aeo-
lian (i.e., wind-shaped) sand features, including sand dunes, interdunes,
sand sheets, and sand plains (Table 2). The second group contains fluvial
features (i.e., features formed by flowing water), including alluvial fans, al-
luvial plains, fluvial terraces, and playas (Table 3). The third group con-
tains all other landform types considered, including plateaus, recent
volcanic features, and pediments (Table 4).



Table 2. Group 1: sand feature landform data. Asterisks denote landform classifications deemed incorrect by the field team. The field team’s suggested

landform type is listed in parentheses beneath each incorrect classification. Latitude and longitude are reported in decimal degrees (DD).

Date & Weather (°F) Landform | Waypoint | Latitude | Longitude | Elevation
Site ID Time Type Location (DD) (DD) (m) Notes
7/8/91 o . I . ) .
07-08.03 /8/ Sunny, cloud0 Sand dune Center 328216 ~106.2729 | 1.211.45 0% vegetation cover. Soil: white sand, no Crugtlng present. Disturbance: light
10:33 | cover 3%, 81 human foot traffic.
N ) . S
6/24/21 | Sunny, cloud | Sand dune* ~300m 50% vegetation cover (BOl.Jt.eloua. eriopoda grassland). Soil: white bronr\,
06-24-06 o . 32.7009 -106.232 1,214.08 calcareous sandy loam. No visible disturbance. Landform located on a military
16:42 cover 50% (Hilr north ) ) } ;
installation and inaccessible.
7/8/21 | sunny, cloud 25% vegetation cover (Achnatherum hymenoides, Abronia sp., Ephedra sp., Yucca
07-08-01 Y, o Interdune Center 32.8182 -106.2575 | 1,203.69 angustissima, Yucca schidigera). Soil: white sand (gypsum), biocrust present.
0:36 cover 1%, 79 . . -
Disturbance: light foot traffic.
7/8/21 9 i i i il: whi
07-08.02 /8/ Sunny, cloud Interdune Northern 328194 ~106.2775 | 121083 5% vegetathn cover (Achnatherum 'hymenOIdeg, Abronia sp.). Soil: whlte sand,
10:10 cover 2% end physical crusting present. Disturbance: light human foot traffic.
Sunny, cloud . . .
7/8/21 ’ 9
070805 | ¥ cover10%, | Sandsheet | Center | 32.6037 |-106.0400| 122583 25% vegetation cover (Prosopis glandulosa, Atriplex canescens, Yucca
12:17 84° angustissima, Yucca schidigera). Soil: red sand. Disturbance: moderate cattle signs.
Sunny, cloud . . . .
7/14/21 ’ 9 :
07-14.-04 /14/ cover 35%, Sand sheet Center 321437 -107.2449 | 1,288.01 30% vegetation cover (Prosopls glandglosa,‘Ephedra sp.). Soil: reddish brown
12:30 90° sandy clay, some physical crusting. Disturbance: heavy cow use.
7/14/21 Sunny, cloud 15% vegetation cover (Prosopis glandulosa). Soil: reddish brown sandy loam, some
07-14-05 cover 35%, Sand sheet Center 32.1355 -107.2360 | 1,283.22 . ; ) T ’
13:08 20° physical crusting. Disturbance: heavy cow use.
N ) . o . .
6/25/21 | Sunny, cloud . Northern 20% vegetation cover (Larrea t.rldentata, Ephgdra sp., Yucca scr.ndlg(.-:‘ra, Gutierrezia
06-25-01 o Sand plain 32.2473 -106.6609 | 1,312.24 | sarothrae, Sporobolus sp.). Soil: Red sand. Disturbance: Power line right of way and
8:45 cover 0% end .
road along northern edge of feature, very old cattle sign.

0c-cc-dl oay3d
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Table 3. Group 2: fluvial feature landform data. Asterisks denote landform classifications deemed incorrect by the field team. The field team’s suggested

landform type is listed in parentheses beneath each incorrect classification.

Date & Landform | Waypoint | Latitude | Longitude | Elevation
Site ID Time | Weather (°F) Type Location (DD) (DD) (m) Notes
7/10/21 Western 25% vegetation cover (Prosopis glandulosa, Gutierrezia sarothrae, Atriplex
07-10-05 Sunny, 99° Alluvial fan 32.0462 -107.707 1,276.74 canescens). Soil: red sandy, gravelly. Disturbance: no visible anthropogenic
14:50 edge )
disturbance.
6/25/21 9 i I 1 i il:
06.25-03 /25/' Sunny, oIoudo Alluvial fan Center 323470 | -106.6216 | 1,532.086 20% vegetation cover (Prosopis glandulosa, .Gut/errezra sarothrae, Ephedra sp.). Soil:
11:21 | cover 3%, 91 Red loamy sand; gravelly. Disturbance: heavy cattle.
35% vegetation cover (Larrea tridentata, Prosopis glandulosa, Yucca schidigera,
6/25/21| Sunny, cloud ~400m Ephedra sp., Gutierrezia sarothrae, unknown perennial grass). Soil: red-brown loamy
06-25-04 ' o | Alluvial fan west of 32.3998 | -106.6103 | 1,526.18 ' ' ) }
12:00 | cover 5%, 93 center sand; gravelly, cobbly; boulders present. Disturbance: Heavy cattle (grasses heavily
grazed).
6/28/21 Light rain, 55% vegetation cover (Prosopis glandulosa, Fallugia paradoxa, Opuntia sp., Larrea
06-28-01 845 cloud cover Alluvial fan Center 32.8063 | -105.9419 | 1,292.50 tridentata, Yucca spp.). Soil: gray-brown (moist color) sand, gravelly, cobbles.
. 98%, 64° Disturbance: no visible anthropogenic disturbance.
7/10/21| sunny. cloud 180 m 15% vegetation cover (Gutierrezia sarothrae, Yucca schidigera, Ephedra sp.,
07-10-02 y,o o | Alluvial plain | southeastof | 32.4351 -108.674 1,365.64 Cylindropuntia imbricata). Soil: light brown sand, gravelly. Disturbance: heavy cattle
11:06 | cover 1%, 86 ;
center signs.
6/24/21 Sunny, cloud 45% vegetation cover (Prosopis glandulosa/Gutierrezia sarothrae shrubland). Soil:
06-24-05 cover 30%, Alluvial plain Center 33.3431 -105.943 | 1,681.41 : . )
14:37 93° Red-brown sandy loam. Disturbance: heavy cattle signs.
. . 50% vegetation cover (Larrea tridentata, Yucca schidigera, Opuntia sp.,
6/28/21 Light rain, 400m Echinocereus dasyacanthus, Yucca sp.). Soil: light brown (moist) loamy sand
06-28-02 cloud cover | Alluvial plain | southeastof | 32.0145 | -106.5208 | 1,336.07 ) y S ; . ’
10:24 o Disturbance: unpaved road through landform, cattle signs, L. tridentata water-
100%, 63 center
stressed.
7/15/21 Sunny, light 25% vegetation cover (Prosopis glandulosa, Gutierrezia sarothrae, Atriplex
07-15-02 wind, cloud Alluvial plain Center 325414 | -106.8259 | 1,325.40 | canescens, Amaranthus sp.). Soil: red-brown loamy sand. Disturbance: heavy cattle
10:04 o )
cover 10% sign.
7/14/21 9 i i il: i i
07-14-01 /14/ Sunny, cloudo Alluvial plain Center 321172 | -107.4159 | 1,241.02 45% vegetation cover (Acacia sp.). Soil: reddish brown sandy loam, no crusting
8:00 cover 0%, 75 present. Disturbance: heavy cow use.
Sunny, cloud . . .
7/14/21 ’ o . g
07-14-02 /14/ cover 10%, Alluvial plain Center 320022 | -107.4959 | 1,232.94 95% vegetation cover (Tobosa sp., Prosop/s glandulosa). Soil: gray-brown clay loam,
9:00 81° physical crust present.

0c-cc-dl oay3d
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Table 3 (cont.). Group 2: fluvial feature landform data. Asterisks denote landform classifications deemed incorrect by the field team. The field team’s
suggested landform type is listed in parentheses beneath each incorrect classification.

Date & Landform | Waypoint | Latitude | Llongitude | Ejevation
Site ID Time | Weather (°F) Type Location (DD) (DD) (m) Notes
6/24/21 Sunny, cloud 25% vegetation cover (Larrea tridentata/Prosopis glandulosa shrubland). Soil: light
06-24-02 . cover 10%, |Fluvial terrace Center 33.5214 -106.043 1,524.55 gray-brown, sandy/gravelly. Disturbance: Heavy cattle sign, possible herbicide
11:05 87° treatment (numerous dead shrubs).
6/24/21 Sunny, cloud 30% vegetation cover (grassy shrubland, Larrea tridentata, Salsola sp.). Soil: light
06-24-03 11:32 cover 25%, | Fluvial terrace Center 33.5205 -106.047 1,518.83 | gray-brown, sandy/gravelly. Disturbance: Heavy cattle sign, non-native plant invasion
i 87° (Salsola sp.). Other notes: calcareous clay uplands located nearby.
6/25/21 | sunny, cloud t;'g’;t{ 25% vegetation cover (Larrea tridentata, Prosopis glandulosa, Fouquieria splendens,
06-25-02 Y, o . Center 32.2659 -106.6912 | 1,271.12 Cylindropuntia leptocaulis). Soil: light brown, loamy sand. Disturbance: signs of
10:24 cover 2%, 90° | (flood plain or . o .
; ] occasional flooding (i.e., drainage channels).
alluvial plain)
7/08/21 | sunny, cloud ~400m 1% vegetation cover (Atriplex canescens, Allenrolfea occidentalis). Soil: light brown
07-08-04 11:01 coviyr 3% Playa southwest of 32.7978 -106.2118 | 1,212.11 sand at playa margin, light brown loamy sand in playa floor, salt crusting present.
’ ? center Disturbance: light foot traffic.
o . .
7/08/21 | Sunny, cloud Northeast :'3543 v.egetatlon cover (At'nplex canescens, Bouteloua sp Chamaesyce sp.,
07-08-06 Playa 32.6565 -106.0149 | 1,218.25 Gutierrezia sarothrae). Soil: light brown sandy clay loam. Disturbance: heavy cattle
13:30 cover 18% edge sign
Sunny, recent . . .
7/09/21 ! 9 : red-
orovot| V92" | Taincoud | Paa | Cemer | 323706 |-1069802 | 134875 | O5%veEetation cover(unknown annualgrasses and forbs). Soif rec-brown (mois)
759 cover 0%, 77° - -neawy gns.
7/10/21 Sunny, cloud 15% vegetation cover (unidentified perennial grasses, Atriplex canescens). Soil:
07-10-03 . cover 20%, Playa Center 32.2766 -108.88 1,264.73 | white-brown clay. Disturbance: roadways and railroad tracks through feature, cattle
12:10 101° sign.
7/15/21 Sunny, light 2% vegetation cover (Malvaceae sp.). Soil: medium brown sandy clay loam with
07-15-01 wind, cloud Playa Center 32.4564 -106.719 | 1,303.28 ) o o T )
8:17 saline precipitate. Disturbance: heavy cattle sign.
cover 10%
7/14/21 | Sunnv, cloud 20% vegetation cover (Prosopis glandulosa, Larrea tridentata). Soil: whitish brown
07-14-03 cover 25%, Playa Center 321764 | -107.2717 | 1,273.63 ) i L
11:17 88° sandy clay, physical crust present. Disturbance: light cow use.

0c-cc-dl oay3d
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Table 4. Group 3: all other features landform data. Asterisks denote landform classifications deemed incorrect by the field team. The field team’s suggested

landform type is listed in parentheses beneath each incorrect classification.

Date & Landform | Waypoint Latitude | Longitude | Elevation
Site ID Time | Weather (°F) Type Location (DD) (DD) (m) Notes
6/24/21 Sunny, cloud 30% vegetation cover (succulent shrubland: Larrea tridentata, Prosopis glandulosa,
06-24-04 12:32 cover 18%, Plateau Center 33.5385 -106.056 | 1,529.62 | Mariola, Yucca sp.). Soil: loose red sand over light-brown physical crust. Disturbance:
i 91° light cattle sign.
6/24/21 | Sunny, cloud Recent 20% vegetation cover (succulent shrubland). Soil: light gray-brown sandy loam.
06-24-01 y o volcanic Center 33.6893 -105.922 | 1,601.34 ) ; .
9:30 cover 5%, 82 feature Disturbance: road through feature, state park infrastructure located in feature.
7/14/21 Sunny, cloud Recent ~1 mile 25% vegetation cover (Flourensia cernua). Soil: black basalt with reddish brown sandy
07-14-06 cover 10%, volcanic 32.0657 -106.9784 | 1,290.24 | loam in interspaces. Disturbance: light human use and heavy cow use in periphery of
15:07 o northeast
95 feature outcrop.
7/10/21 Sunny, cloud |- pejiment 30% vegetation cover (Larrea tridentata). Soil: medium brown loamy sand, gravelly.
07-10-04 cover 15%, . . Center 32.2077 -108.096 | 1,359.13 ) L ; ’
13:41 g7° (Alluvial plain) Disturbance: light cattle sign.

0c-cc-dl oay3d

9T



ERDC TR-22-20 17

3.2

Remote mapping results

Satellite imagery was reviewed and interpreted; as a result, 97 site loca-
tions and 15 landform types were identified (Figure 4). In total, analysts
remotely mapped 1 sand dune, 4 sand sheets, 9 alluvial fans, 2 alluvial
plains, 4 fluvial terraces, 9 playas, 13 plateaus, 2 pediments, 1 badlands, 13
agriculture, 11 bedrock, 8 fine-grained lake deposits, 10 urban, 9 water,
and 1 wind erosional feature. Table 5 lists each of these landforms, the
mapper’s confidence level in the suggested classification, and comments
that provide context for the chosen confidence level.

Figure 4. Overview of all remotely identified landform locations in Mexico, New Mexico, and
Texas; 15 landform types were identified at 97 field sites. The 97 landform sites are shown as
color-categorized circles.

200 km
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Table 5. All landforms identified through remote satellite interpretation. The confidence level

associated with each landform site expresses the mapper’s confidence in each classification.

A high level of confidence was assigned to features with a classic geomorphic expression,
meaning the landforms had easily identifiable characteristics. Sand sheets and sand plains
could not be differentiated from one another using satellite imagery alone, but they could be
classified as either/or with a high degree of certainty. Therefore, the high level of confidence
assigned to the sand sheets and sand plains, as noted with an asterisk, represents

confidence that the landform is one of those two landform types.

Landform
Identified Latitude | Longitude | Confidence
Remotely (DD) (DD) Level Comments
Nondirectional; undulating pattern not
Sand dune 32.6063 | -106.33 Medium |clear; could be eroded or older sand dune
field, interdunes, or scoured mounds
Playa 32.8174 | -106.086 High Classic geomorphic expression
Playa 32.3134 | -108.888 High Classic geomorphic expression
Playa 32.3706 | -108.914 High Classic geomorphic expression
Playa 31.3469 | -103.403 High Classic geomorphic expression
Playa 31.8613 | -105.086 High Classic geomorphic expression
Playa 31.6515 | -104.948 High Classic geomorphic expression
Playa 31.9704 | -105.090 High Classic geomorphic expression
Playa 32.0256 | -105.067 High Classic geomorphic expression
Playa 32.3643 | -106.980 High Classic geomorphic expression
Pediment 324579 | -106.484 High Two nearby erosmnall sources; slope looks
apparent, but elevation change unknown
Classic alluvial fan shape (lobed); distal
. . from source; could be an alluvial fan—
Pediment 32.0417|-106.516 |  Medium determination could not be made without
elevation data
Wind Feature directionality not clear; scoured
erosional 32.5579 | -106.108 Low surface; possible eroded or older sand
feature dune field
Point is offset 200 m northwest of
. ) _ . landform that has a markedly different
Alluvial plain | 32.5414 | -106.826 High sedimentology (dark gray); flow lines
observable
Alluvial plain | 32.1519 | -107.538 | High Point located on distal lobe of feature;
channeling observable in imagery
Sand sheet or sand plain; determination
Sand sheet | 32.2429|-106.143 High* cannot be made without in situ
observations
Sand sheet or sand plain; determination
Sand sheet | 32.6849|-106.717 High* cannot be made without in situ

observations
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Table 5 (cont.). All landforms identified through remote satellite interpretation. The
confidence level associated with each landform site expresses the mapper’s confidence in
each classification. A high level of confidence was assigned to features with a classic
geomorphic expression, meaning the landforms had easily identifiable characteristics. Sand
sheets and sand plains could not be differentiated from one another using satellite imagery
alone, but they could be classified as either/or with a high degree of certainty. Therefore, the
high level of confidence assigned to the sand sheets and sand plains, as noted with an
asterisk, represents confidence that the landform is one of those two landform types.

Landform
Identified Latitude | Longitude |Confidence
Remotely (DD) (DD) Level Comments
Sand sheet or sand plain; determination
Sand sheet | 32.5682 | -106.803 High* cannot be made without in situ
observations
Sand sheet or sand plain; determination
cannot be made without in situ
Sand sheet | 32.1813 | —-107.253 High* observations; unique mineralogy (color)
likely sourced from eroding evaporates
from western feature
Fluvial 33.4085 | ~106.095 High Large channel system observed; elevation
terrace changes unknown
Fluvial Point appears 70 m east of actual feature;
32.5327 | -108.615 | Medium could be result of poor georectification;
terrace
nearby channel clearly observable
Fluvial Partially obscured by cloud coverage; point
32.5345| -108.622 Low is due west of actual feature; point is
terrace .
located on a ridge
Fluvial Point appears 50 m east of actual feature;
terrace 32.5566 | —108.578 | Medium | could be a result of poor georectification;
zooming out, river valley is apparent
Erosional characteristics present;
Badlands 33.1726 | =105.897 Low apparent sedlmentologlcal bandlng; field
team drove by this region and confirmed
from a distance that this point is a cliff
Plateau 29.9607 |-103.5924 High Classic geomorphic expression
Plateau 29.9957 |[-103.6086 High Classic geomorphic expression
Plateau 30.0217 |-103.5358 High Classic geomorphic expression
Plateau 30.0063 | -103.861 High Classic geomorphic expression
Plateau 30.0177 | -103.832 High Classic geomorphic expression
Plateau 30.0183 | -103.819 High Classic geomorphic expression
Plateau 30.0119 | -103.801 High Classic geomorphic expression
Plateau 29.9565 | —103.640 High Classic geomorphic expression
Plateau 29.9612 | -103.667 High Classic geomorphic expression
Plateau 30.5244 | -103.694 High Classic geomorphic expression
Plateau 30.5803 | -103.581 High Classic geomorphic expression
Plateau 30.5835 | -103.558 High Classic geomorphic expression
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Table 5 (cont.). All landforms identified through remote satellite interpretation. The
confidence level associated with each landform site expresses the mapper’s confidence in
each classification. A high level of confidence was assigned to features with a classic
geomorphic expression, meaning the landforms had easily identifiable characteristics. Sand
sheets and sand plains could not be differentiated from one another using satellite imagery
alone, but they could be classified as either/or with a high degree of certainty. Therefore, the
high level of confidence assigned to the sand sheets and sand plains, as noted with an
asterisk, represents confidence that the landform is one of those two landform types.

Landform
Identified | Latitude | Longjitude | Confidence
Remotely (DD) (DD) Level Comments
Plateau 30.5841| -103.602 High Classic geomorphic expression
Alluvial fan 32.4592| -108.597 High Classic geomorphic expression
Classic fan shape not expressed; could
be caused by small hill diverting
Alluvial fan 32.5135| -106.83 Medium sediment; likely a fan but uncertain due
to lack of typical lobe expression; could
be pediments
Alluvial fan 30.9926|-105.0395 High Classic geomorphic expression
Alluvial fan 30.9312|-104.9850 High Classic geomorphic expression
Alluvial fan 29.8824|-103.6466 High Classic geomorphic expression
Alluvial fan 29.8966|-103.6733 High Classic geomorphic expression
Alluvial fan 30.8878| —-105.144 High Classic geomorphic expression
Alluvial fan 32.1835| -106.586 High Classic geomorphic expression
Alluvial fan 30.9668| -104.901 High Classic geomorphic expression
Agriculture 32.5966| -104.415 High Classic geomorphic expression
Agriculture 32.5831| -104.444 High Classic geomorphic expression
Agriculture 32.6206| —-104.380 High Classic geomorphic expression
Agriculture 32.9484| -104.417 High Classic geomorphic expression
Agriculture 32.9592| -104.529 High Classic geomorphic expression
Agriculture 31.9269| -105.192 High Classic geomorphic expression
Agriculture 31.2270| -103.645 High Classic geomorphic expression
Agriculture 33.8890| -106.861 High Classic geomorphic expression
Agriculture 34.0259| -106.872 High Classic geomorphic expression
Agriculture 32.5245| -107.373 High Classic geomorphic expression
Agriculture 32.5724| -107.304 High Classic geomorphic expression
Agriculture 32.1826| -106.744 High Classic geomorphic expression
Agriculture 32.2428| -106.799 High Classic geomorphic expression
Eﬂg'gggg‘: 33.8086| -108.268 |  High Classic geomorphic expression
gﬂ:ﬁgggﬁ 33.8329| -108.194 High Classic geomorphic expression
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Table 5 (cont.). All landforms identified through remote satellite interpretation. The
confidence level associated with each landform site expresses the mapper’s confidence in
each classification. A high level of confidence was assigned to features with a classic
geomorphic expression, meaning the landforms had easily identifiable characteristics. Sand
sheets and sand plains could not be differentiated from one another using satellite imagery
alone, but they could be classified as either/or with a high degree of certainty. Therefore, the
high level of confidence assigned to the sand sheets and sand plains, as noted with an
asterisk, represents confidence that the landform is one of those two landform types.

Landform
Identified Latitude | Longjtude | Confidence
Remotely (DD) (DD) Level Comments
Fine-grained _ . . . .
lake deposit 33.8372 | -108.093 High Classic geomorphic expression
Fine-grained _ . . . .
lake deposit 33.9267 | -107.791 High Classic geomorphic expression
Fine-grained _ . : . ,
lake deposit 32.5933|-103.753 High Classic geomorphic expression
Fine-grained _ . , . .
lake deposit 32.5713 | -103.696 High Classic geomorphic expression
Fine-grained _ . . . .
lake deposit 32.5563|-103.773 High Classic geomorphic expression
Fine-grained _ . . . .
lake deposit 32.6751 | -103.961 High Classic geomorphic expression
Bedrock 32.7900 | -106.566 High Mountain ridge, little to no vegetation
cover
Bedrock 32.8904 | -106.580 High Mountain ridge, little to no vegetation
cover
Bedrock 32.7685 | -108.614| Medium | Mountainridge, "S‘Tﬁgg""t'o” on opposite
Bedrock 33.0840|-108.482| Medium Mountain slope, sparse vegetation
Bedrock 31.9977 | -104.898 High Classic geomorphic expression, bedding
exposed
Bedrock 32.0779 | —104.904 High Classic geomorphic expression, bedding
exposed
Bedrock 32.1056 | ~104.966 High Classic geomorphic expression, bedding
exposed
Bedrock 33.7722 | -106.217 High Bedding exposed, sparse vegetation
Bedrock 32.1128 | -107.630 High Ridge top, bedding exposed
Bedrock 32.1073 | -107.628 High High relief, bedding exposed
Bedrock 32.0733 |-1076379 High High relief, bedding exposed
Water 31.9332 | -103.924 High Classic geomorphic expression
Water 32.5497 | -104.383 High Classic geomorphic expression
Water 33.2083 | -107.188 High Classic geomorphic expression
Water 33.2821 | -107.161 High Classic geomorphic expression
Water 32.9309 | -107.298 High Classic geomorphic expression
Water 30.9634 | -103.719 High Classic geomorphic expression
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Table 5 (cont.). All landforms identified through remote satellite interpretation. The
confidence level associated with each landform site expresses the mapper’s confidence in
each classification. A high level of confidence was assigned to features with a classic
geomorphic expression, meaning the landforms had easily identifiable characteristics. Sand
sheets and sand plains could not be differentiated from one another using satellite imagery
alone, but they could be classified as either/or with a high degree of certainty. Therefore, the
high level of confidence assigned to the sand sheets and sand plains, as noted with an
asterisk, represents confidence that the landform is one of those two landform types.

Landform

Identified | Latitude | Longitude | Confidence

Remotely (DD) (DD) Level Comments
Water 33.2985 | -105.688 High Classic geomorphic expression
Water 33.3216 | -105.686 High Classic geomorphic expression
Water 33.5991 | -107.048 High Classic geomorphic expression
Urban 31.7317 | -106.509 High Classic geomorphic expression
Urban 31.7738 | -106.295 High Classic geomorphic expression
Urban 31.9097 |-106.420 High Classic geomorphic expression
Urban 31.6152 |-106.343 High Classic geomorphic expression
Urban 32.3018 | -106.757 High Classic geomorphic expression
Urban 32.3115 | -106.792 High Classic geomorphic expression
Urban 31.4206 | -103.496 High Classic geomorphic expression
Urban 31.0441 | -104.832 High Classic geomorphic expression
Urban 32.2587 | -107.758 High Classic geomorphic expression
Urban 34.0651 | -106.901 High Classic geomorphic expression

Individual landform type results

Sections 3.3.1 to 3.3.18 provide a summary of our results, broken down by
landform type and including information learned through both in situ and
remote methodologies. In instances in which we have field observations
for a given landform type, we provide photos of the general surroundings.
For the landform classes limited to remote identification, we provide satel-
lite image examples.

3.3.1 Sand dune

We collected data at three sand dune field sites: two of these sites were as-
sessed in the field, and one was assessed remotely. Of the two sand dunes
mapped in the field, one location was a sand dune made out of white gyp-
sum, which is a rather rare sedimentology, with 0% vegetation coverage
(Figure 5). The other sand dune had roughly 50% vegetation coverage. The
field team deemed this second location to be misclassified and instead sug-
gested that a hill classification more appropriately described the landform
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type. However, this particular site could also have been a dormant, grass-
covered sand dune.

Figure 5. Overview photo of a gypsum sand dune observed by the
field team.

The remotely mapped sand dune location displayed some level of direc-
tionality and undulation typical of a dune field; however, it did not exhibit
a regular, repeating landform structure as expected (Figure 6). It is unclear
if the location of the actual marked point shown in the top panel of Figure
6 represents a sand dune; it could potentially be an interdune or an older,
stabilized dune with potential ponding surrounding it. For these reasons,
we labeled this site as a sand dune with a medium confidence level.
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Figure 6. 7op. Satellite image of a remotely mapped sand dune location. The yellow circle
represents the actual field site for this landform. Bottom: Satellite image of a dune field that
depicts the regular, repeating, undulating structure typical of this landform type.

3.3.2 Interdune

The field team collected data at two interdune field sites (e.g., Figure 7),
both of which had the same sedimentology as the sand dune site discussed
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in the previous section (Figure 5). Vegetation coverage on the two inter-
dunes ranged from 5% to 25%. The field team deemed both sites to be cor-
rectly classified. We did not map any interdune sites remotely.

Figure 7. Overview photo of a gypsum interdune observed by the field team.

3.3.3 Sand sheet

We collected data at seven sand sheet field sites; the field team visited
three locations and mapped four sites remotely. For the in situ sites, vege-
tation coverage ranged from 15% to 30%, and two sites showed indications
of physical crusting (Figure 8). The field team perceived all three sites to
be correctly classified.

Figure 8. Overview photo of a sand sheet observed by the field team.
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Analysts labeled all four of the remotely mapped sand sheets with a high
level of confidence (Figure 9). However, we could not determine sand
plains from sand sheets on satellite imagery because these two landform
classes have very similar surface morphology. Therefore, the high confi-
dence levels assigned to all four sand sheets represent the mapper’s cer-
tainty that these sites are either a sand sheet or a sand plain.

Figure 9. Satellite image of a remotely mapped sand sheet location. The yellow circle
represents the actual field site for this landform.

3.3.4 Sand plain

Due to a relative lack of sand plains in the field region, the field team was
only able to collect data at one sand plain (Figure 10). There was
approximately 20% vegetation coverage at this site, and the field team
determined this location to be correctly classified. We did not map any
sand plains remotely.
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Figure 10. Overview photo of a sand plain observed by the field team.

3.3.5 Alluvial fan

We collected data at 13 alluvial fan field sites. The field team assessed four

sites directly, and analysts mapped nine locations remotely. For the in situ

sites, vegetation coverage ranged from 20% to 55%. The field team deemed
all four in situ sites to be correctly classified (Figure 11).

Figure 11. Overview photo of an alluvial fan observed by the field team.

Eight of the nine remotely mapped alluvial fans were easily identified us-
ing remote mapping techniques, primarily due to the signature leaf-
shaped morphology associated with alluvial fans (Figure 12). Analysts clas-
sified these areas with high confidence levels. One of the remotely mapped
alluvial fans, however, did not display typical fan morphology (Figure 12,
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bottom panel). The lack of a leaf shape at this location could be the result

of a small rocky outcrop that appears to divert sediment. Because we were
unable to make this determination with total certainty, analysts classified

this ninth alluvial fan site with a medium confidence level.

Figure 12. Satellite images of two remotely mapped alluvial fans. The yellow circles represent
the actual field site for each landform. Bottorm: This remotely mapped alluvial fan does not
display typical fan morphology, which may be caused by interference from the outcropping

rocky knob (outlined by the red rectangle) located directly west of the yellow point.
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3.3.6 Alluvial plain

We collected data at eight alluvial plain field sites. The field team visited
six sites, and analysts mapped two sites remotely. For the in situ sites, veg-
etation coverage ranged from 15% to 95%. Most of the in situ locations had
experienced heavy disturbance by cattle or vehicle traffic. The field team
deemed all six of the sites they visited to be correctly classified (Figure 13).

Figure 13. Overview photo of an alluvial plain observed by the field team.

Analysts classified both of the remotely mapped alluvial plains with high
confidence levels. One of the geospatial data site markers that we con-
sulted for guidance was approximately 200 m northwest of the actual
landform, though the alluvial plain was clearly discernable. At the second
location, the point marker was on the distal lobe of the landform (Figure
14). At both sites, however, analysts clearly observed visible flow patterns
and, as such, recorded adjusted locations in the reference data set.
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Figure 14. Satellite image of a remotely mapped alluvial plain location. The yellow circle
represents the actual field site for this landform.

3.3.7 Fluvial terrace

We obtained data for seven fluvial terrace field sites; the field team visited
three sites, and analysts mapped four locations remotely. For the in situ
sites, vegetation coverage ranged from 25% to 30%, and two locations had
signs of heavy disturbance by cattle (Figure 15). At one site, the field crew
identified a change in sedimentology: a combination of chalky white sedi-
ment was near an area of light brown sand more typical of fluvial terraces
in the region (Figure 15). The field team only perceived two of the three
fluvial terrace sites to be correctly identified. The third site fit better as a
flood plain or, potentially, an alluvial plain. Though both flood plains and
fluvial terraces are formed by dynamic river-flow processes, fluvial ter-
races are elevated landforms that are shaped as water erodes materials
away from their boundaries. Flood plains and alluvial plains occur in flat-
ter, lower-elevation areas.



ERDC TR-22-20

31

Figure 15. 7op:. Overview photo of a fluvial terrace observed by the field

team. Bottom. Sedimentological changes noted on this fluvial terrace,

which varied from light-colored chalky sediment to light-brown sand.
- -‘s -~ “;

Analysts only classified one of the remotely mapped fluvial terraces with a
high level of confidence, primarily because this location was near a large
channel system (Figure 16). Two other fluvial terrace sites were labeled
with a medium level of confidence. The guiding point markers for these
sites seemed to be shifted east of the actual landform location by 50—70 m,
which could potentially be a result of poor georectification in the geospa-
tial data sets or a wide margin of error from the original GPS data collec-
tion (Figure 16, bottom panel). Analysts classified the fourth fluvial terrace
with a low level of confidence because the location under consideration ap-
peared to be a ridge. However, closer inspection of the imagery revealed
that cloud cover partially obscured the basemap. To alleviate confusion,
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the analysts performed supplemental assessments using Google Earth im-
agery and confirmed that the site in question was a ridge-like structure.
Accordingly, the fourth site more closely aligned with the bedrock classifi-
cation, rather than the fluvial terrace classification.

Figure 16. Satellite image of two remotely mapped fluvial terraces. The yellow circles
represent the actual field sites for each landform, though the yelfow markerin the bottom
panel is estimated to be located approximately 50 m east of the true landform location.
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3.3.8 Playa

We collected data at 15 playa field sites; the field team assessed six loca-
tions on site, and analysts mapped nine remotely. For the in situ sites, veg-
etation coverage ranged from 1% to 55%. The field crew also noted soil
crusting at two locations and heavy disturbance from cattle and vehicles at
four locations (Figure 17). The field team deemed all in situ sites to be cor-
rectly classified.

Figure 17. Overview photo of a playa observed by the field team.

Analysts classified all nine of the remotely identified playas with a high
level of confidence. This outcome was not surprising because playas are
typically easy to distinguish based on their low levels of vegetation and
flat-and-fine to sandy surface textures (Figure 18).
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Figure 18. Satellite image of a remotely mapped playa field site. The yellow circle represents
the actual location of this landform.

3.3.9 Plateau

We collected data for 14 plateau site locations; the field team sampled 1,
and analysts mapped 13 sites remotely. The plateau inspected by the field
team had 30% vegetation coverage and some minor surface disturbance
(Figure 19). Researchers considered the site to be correctly classified.

Figure 19. Overview photo of a plateau observed by the field team.
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The 13 additional remotely mapped plateaus were all located in Texas. As
expected, the analysts classified all of these sites with high confidence lev-
els because plateaus are easy to distinguish in satellite imagery due to their
stark elevation contrasts (Figure 20).

Figure 20. Satellite image of a remotely mapped plateau field site. The yellow circle
represents the actual location of this landform.

3.3.10 Recent volcanic feature

The field team inspected two recent volcanic features but did not map any
additional sites remotely. Vegetation coverage between the two volcanic
sites was similar, ranging between 20% and 25%. Due to the distinct dark,
igneous volcanic rock composition, the field crew easily classified these lo-
cations (Figure 21).
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Figure 21. Overview photo of a recent volcanic feature observed by the field team.

3.3.11 Pediment

We collected data at three pediment sites; the field team visited one loca-
tion, and analysts mapped two remotely. The pediment assessed by the
field team seemed misclassified. The crew suggested it was an alluvial
plain, rather than a pediment (Figure 22).

Figure 22. Overview photo of a pediment field site that was observed by the
field team and was interpreted and reclassified as an alluvial plain.

Analysts labeled one of the remotely mapped pediments with high confi-
dence; they labeled the other potential pediment location with a medium
level of confidence (Figure 23). The pediment marked with less certainty
had a lobate, or leaf-shaped, morphology that is typical of an alluvial fan
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(Figure 12) and could potentially indicate that this region would be more
accurately described as an alluvial apron (i.e., a collection of overlapping
alluvial fans). However, pediments can also have lobate expressions, so
our analysts could not make a clear distinction between a lobed pediment
and an alluvial fan at this site.

Figure 23. Satellite images of remotely mapped pediment field sites. The yellow circles
represent the actual locations of each landform. Bottorm:. Pediment labeled with a medium
level of confidence. The lobate or leaf shape of this landform suggests it could be an alluvial
fan. Because a distinction between an alluvial fan and a pediment could not be made at this
site, the confidence level was reduced to medium.
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3.3.12 Badlands

We attempted to map a badlands site for this study, but analysts classified
the one potential location we identified from guiding geospatial data sets
with low confidence (Figure 24). Characteristics commonly associated
with badlands, such as apparent erosional characteristics, banding, and a
high-relief, were observable in the satellite imagery. However, the field
team was able to assess this field site from a distance and determined it
should be reclassified as a bedrock cliff because the site did not exhibit
deep washes alternating with sharp narrow ridges, which is typical of
badlands landforms.

Figure 24. Satellite image of a remotely identified badlands field site that was later
determined to be misclassified. The yellow circle that represents the actual location for this
landform was reclassified as a bedrock cliff by the field team. To see satellite imagery of an
actual badlands site, see the Appendix.

3.3.13 Wind erosional feature

We identified one wind erosional feature site through remote mapping.
While there was an apparent wind-shaped directionality to the landform,
the actual location of the point marker from the guiding geospatial data
could also represent either an interdune or an older, eroded dune field
(Figure 25). We classified the site as a wind erosional feature with a low
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confidence level because analysts could not clearly determine the landform
type from satellite imagery alone.

Figure 25. Satellite image of a remotely mapped wind erosional feature. The yellow circle
represents the actual location of this wind erosional feature.
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3.3.14 Agriculture

In dryland regions, producers often irrigate crops. In the satellite imagery,
this creates a stark contrast between the green and light brown geometric
shapes at the agricultural sites and the continuous darker brown and gray-
ish colors typical of desert landscapes. As a result, our analysts were able
to remotely map all 13 of our agricultural areas with high confidence. As
shown in Figure 26, the style of agriculture in these locations varied be-
tween circular and rectangular fields, while other areas contained a mix of
crop configuration styles.
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Figure 26. Satellite image of a remotely mapped agricultural feature. The yellow circle
represents the actual location of this agricultural feature.

L

3.3.15 Bedrock

We labeled 11 bedrock locations remotely, with no additional field team as-
sessments. Bedrock sites can have different expressions on the landscape,
ranging from simply exposed and eroded bedding to crumbling structures
(Figure 27). Our analysts labeled most of the bedrock locations with a high
confidence level. However, two bedrock classifications located near land-
form boundaries had medium confidence levels, primarily due to their
proximity to vegetated terrain.



ERDC TR-22-20 41

Figure 27. Satellite image of a remotely mapped bedrock feature. The yellow circle represents
the actual location of this bedrock feature.

3.3.16 Fine-grained lake deposit

We remotely mapped eight fine-grained lake deposit field sites with no ad-
ditional in situ assessments. When examining satellite imagery, it can be
challenging to differentiate fine-grained lake deposits from playas. How-
ever, our analysts were able to confirm all eight locations considered for
this study by reviewing secondary sources (e.g., Holliday et al. 2019). Fig-
ure 28 shows a portion of the largest fine-grained lake deposit landform
that we recorded for this study. Given the secondary-source confirmations,
our analysts classified all eight locations with a high level of confidence.
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Figure 28. Satellite image of a remotely mapped fine-grained lake deposit that was confirmed
by a secondary source. The yellow circle represents the actual location of the fine-grained
lake deposit.

3.3.17 Urban

Urban areas are relatively easy to identify through remote mapping due to
their high density of infrastructure (Figure 29). Our analysts recorded 10
urban areas via satellite imagery interpretation with a high level of confi-
dence. No field assessments were necessary for the urban class.
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Figure 29. Satellite image of a remotely mapped urban location. The yellow circle represents
the relative center of the site.

T ol o

3.3.18 Water

Water locations are also relatively easy to identify through visual inspec-
tion of satellite imagery (Figure 30). For this effort, we remotely mapped
nine sites with high confidence and confirmed that all nine sites were per-
manent, year-round water bodies rather than seasonally ephemeral fea-
tures. Analysts determined this by examining the Esri basemap satellite
imagery at multiple resolutions, with different map scales rendered from
data collected over different dates and times to ensure minimal change in
feature outlines through time (Figure 31).
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Figure 30. Satellite image of a remotely mapped water feature. The yellow circle represents
the actual location of this wate

———g

Figure 31. Water features at different map scales showing changes in feature dimensions, or
lack thereof, through time. The two upper panels depict the same general region at two
different resolutions. At a coarser map scale (fop /ef?), a water feature is depicted, while at a
finer map scale (fop right), a salt flat is depicted. Conversely, the two bottom panels depict a
water feature that has roughly the same dimensions at both coarse and fine map resolutions,
which suggests it is a permanent water feature.
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3.4

Independent reference landform data set

Table 6 shows the final reference landform data set, including all 128 land-
forms examined remotely and in person. Here, we provide labels accord-
ing to both our reference scheme and the adapted McDonald, Adams, et al.
(2020) scheme. This final data set will be critical for future work focused
on evaluating and refining landform classification models to support dust-
source characterization and land-management applications.

Table 6. Final independent reference landform data set mapped in this study. All landforms
mapped remotely and in person are listed and compared to their respective McDonald,
Adams, et al. (2020) SWUS landform map classification. The four landforms the field team
deemed incorrectly classified are marked with an asterisk, and the alternative landform-type
designation suggested by the field team is listed. The two alluvial plain sites with asterisks
were originally misclassified as a fluvial terrace and a pediment, while the two bedrock sites
with asterisks were originally misclassified as badlands and a fluvial terrace.

McDonald, Adams, et al.
Latitude | Longitude Study Classification | Confidence | (2020) SWUS Landform
(DD) (DD) Classification Method Level Map Classification
32.6063| -106.33 Sand dune Remote Medium Sand dune
32.8216|-106.2729| Sand dune In situ High Sand dune
32.7009| -106.232 | Sand dune In situ Low Sand dune
32.8182|-106.2575| Interdune In situ High Sand dune
32.8194|-106.2775| Interdune In situ High Sand dune
32.2429| -106.143 | Sand sheet Remote High Sand sheet
32.6849| —-106.717 | Sand sheet Remote High Sand sheet
32.5682| —-106.803 | Sand sheet Remote High Sand sheet
32.1813| —-107.253 | Sand sheet Remote High Sand sheet
32.6037| —-106.04 | Sand sheet In situ High Sand sheet
32.1437 | -107.2449 | Sand sheet In situ High Sand sheet
32.1355| -107.236 | Sand sheet In situ High Sand sheet
32.2473|-106.6609| Sand plain In situ High Sand sheet
32.4592| -108.597 | Alluvial fan Remote High Alluvial fan
32.5135| -106.83 Alluvial fan Remote Medium Alluvial fan
30.9926|-105.0395| Alluvial fan Remote High Alluvial fan
30.9312| -104.985 | Alluvial fan Remote High Alluvial fan
29.8824|-103.6466| Alluvial fan Remote High Alluvial fan
29.8966|-103.6733| Alluvial fan Remote High Alluvial fan
32.0462| —-107.707 | Alluvial fan In situ High Alluvial fan
32.347 |-106.6216| Alluvial fan In situ High Alluvial fan
32.3998|-106.6103| Alluvial fan In situ High Alluvial fan
32.8063|-105.9419| Alluvial fan In situ High Alluvial fan




ERDC TR-22-20 46

Table 6 (cont.). Final independent reference landform data set mapped in this study. All
landforms mapped remotely and in person are listed and compared to their respective
McDonald, Adams, et al. (2020) SWUS landform map classification. The four landforms the
field team deemed incorrectly classified are marked with an asterisk, and the alternative
landform-type designation suggested by the field team is listed. The two alluvial plain sites
with asterisks were originally misclassified as a fluvial terrace and a pediment, while the two
bedrock sites with asterisks were originally misclassified as badlands and a fluvial terrace.

McDonald, Adams, et al.
Latitude | Longitude Study Classification | Confidence | (2020) SWUS Landform
(DD) (DD) Classification Method Level Map Classification

30.8878| —105.144 | Alluvial fan Remote High Alluvial fan
32.1835| —106.586 | Alluvial fan Remote High Alluvial fan
30.9668| -104.901 | Alluvial fan Remote High Alluvial fan
32.5414 | -106.826 | Alluvial plain Remote High Alluvial plain
32.1519| —-107.538 | Alluvial plain Remote High Alluvial plain
32.4351| -108.674 | Alluvial plain In situ High Alluvial plain
33.3431| -105.943 | Alluvial plain In situ High Alluvial plain
32.0145|-106.5208| Alluvial plain In situ High Alluvial plain
32.54141-106.8259| Alluvial plain Remote High Alluvial plain
32.1172|-107.4159 | Alluvial plain In situ High Alluvial plain
32.0922|-107.4959 | Alluvial plain In situ High Alluvial plain
32.2659|-106.6912 ’;'I';‘i‘;'i' In situ Low Alluvial plain
32.2077| -108.096 | Aluvial In situ High Alluvial plain

plain*

Fluvial . .
33.4085| -106.095 Remote High Fluvial terrace

terrace

Fluvial . .
32.5327| -108.615 Remote Medium Fluvial terrace

terrace

Fluvial . .
32.5566| -108.578 Remote Medium Fluvial terrace

terrace
33.5214| -106.043 | '@l In situ High Fluvial terrace

terrace
33.5205| -106.047 | 'l In situ High Fluvial terrace

terrace
32.8174 | —-106.086 Playa Remote High Playa
32.7978|-106.2118 Playa In situ High Playa
32.6565|-106.0149 Playa In situ High Playa
32.3706|-106.9802 Playa In situ High Playa
32.2766| —-108.88 Playa In situ High Playa
32.4564| -106.719 Playa In situ High Playa
32.1764 | -107.2717 Playa In situ High Playa
31.3469| -103.403 Playa Remote High Playa
31.8613| -105.086 Playa Remote High Playa
31.6515| -104.948 Playa Remote High Playa
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Table 6 (cont.). Final independent reference landform data set mapped in this study. All
landforms mapped remotely and in person are listed and compared to their respective
McDonald, Adams, et al. (2020) SWUS landform map classification. The four landforms the
field team deemed incorrectly classified are marked with an asterisk, and the alternative
landform-type designation suggested by the field team is listed. The two alluvial plain sites
with asterisks were originally misclassified as a fluvial terrace and a pediment, while the two
bedrock sites with asterisks were originally misclassified as badlands and a fluvial terrace.

McDonald, Adams, et al.
Latitude | Longitude Study Classification | Confidence | (2020) SWUS Landform
(DD) (DD) Classification Method Level Map Classification
31.9704 | -105.09 Playa Remote High Playa
32.0256 | —-105.067 Playa Remote High Playa
32.3643 | -106.98 Playa Remote High Playa
32.3134 | -108.888 Playa Remote High Playa
32.3706 | —108.914 Playa Remote High Playa
33.5385 | —106.056 Plateau In situ High Plateau
29.9607 |-103.5924| Plateau Remote High Plateau
29.9957 |-103.6086| Plateau Remote High Plateau
30.0217 |-103.5358| Plateau Remote High Plateau
30.0063 | —-103.861 Plateau Remote High Plateau
30.0177 | —-103.832 Plateau Remote High Plateau
30.0183 | -103.819 Plateau Remote High Plateau
30.0119 | -103.801 Plateau Remote High Plateau
29.9565 | -103.64 Plateau Remote High Plateau
29.9612 | -103.667 Plateau Remote High Plateau
30.5244 | -103.694 Plateau Remote High Plateau
30.5803 | —-103.581 Plateau Remote High Plateau
30.5835 | —-103.558 Plateau Remote High Plateau
30.5841 | -103.602 Plateau Remote High Plateau
Recent
33.6893 | -105.922 volcanic In situ High Recent volcanic feature
feature
Recent
32.0657 |-106.9784| volcanic In situ High Recent volcanic feature
feature
32.4579 | -106.484 | Pediment Remote High Pediment
32.0417 | -106.516 | Pediment Remote Medium Pediment
Wind
32.5579 | -106.108 | erosional Remote Low Wind erosional feature
feature
32.5966 | —-104.415 | Agriculture Remote High Agriculture
32.5831 | -104.444 | Agriculture Remote High Agriculture
32.6206 | —104.38 | Agriculture Remote High Agriculture
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Table 6 (cont.). Final independent reference landform data set mapped in this study. All
landforms mapped remotely and in person are listed and compared to their respective
McDonald, Adams, et al. (2020) SWUS landform map classification. The four landforms the
field team deemed incorrectly classified are marked with an asterisk, and the alternative
landform-type designation suggested by the field team is listed. The two alluvial plain sites
with asterisks were originally misclassified as a fluvial terrace and a pediment, while the two
bedrock sites with asterisks were originally misclassified as badlands and a fluvial terrace.

McDonald, Adams, et al.
Latitude | Longitude Study Classification | Confidence | (2020) SWUS Landform
(DD) (DD) Classification Method Level Map Classification

32.9484 | —104.417 | Agriculture Remote High Agriculture
32.9592 | -104.529 | Agriculture Remote High Agriculture
31.9269 | —105.192 | Agriculture Remote High Agriculture
31.227 -103.645 | Agriculture Remote High Agriculture
33.889 | —106.861 | Agriculture Remote High Agriculture
34.0259 | —106.872 | Agriculture Remote High Agriculture
32.5245 | -107.373 | Agriculture Remote High Agriculture
32.5724 | -107.304 | Agriculture Remote High Agriculture
32.1826 | —106.744 | Agriculture Remote High Agriculture
32.2428 | —106.799 | Agriculture Remote High Agriculture
31.7317 | -106.509 Urban Remote High Urban
31.7738 | -106.295 Urban Remote High Urban
31.9097 | -106.42 Urban Remote High Urban
31.6152 | -106.343 Urban Remote High Urban
32.3018 | —106.757 Urban Remote High Urban
32.3115 | -106.792 Urban Remote High Urban
31.4206 | -103.496 Urban Remote High Urban
31.0441 | -104.832 Urban Remote High Urban
32.2587 | —107.758 Urban Remote High Urban
34.0651 | -106.901 Urban Remote High Urban
31.9332 | -103.924 Water Remote High Water
32.5497 | -104.383 Water Remote High Water
33.2083 | —107.188 Water Remote High Water
33.2821 | —-107.161 Water Remote High Water
32.9309 | -107.298 Water Remote High Water
30.9634 | -103.719 Water Remote High Water
33.2985 | -105.688 Water Remote High Water
33.3216 | -105.686 Water Remote High Water
33.5991 | -107.048 Water Remote High Water
32.5345 | -108.622 | Bedrock* Remote Low Bedrock
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Table 6 (cont.). Final independent reference landform data set mapped in this study. All
landforms mapped remotely and in person are listed and compared to their respective
McDonald, Adams, et al. (2020) SWUS landform map classification. The four landforms the
field team deemed incorrectly classified are marked with an asterisk, and the alternative
landform-type designation suggested by the field team is listed. The two alluvial plain sites
with asterisks were originally misclassified as a fluvial terrace and a pediment, while the two
bedrock sites with asterisks were originally misclassified as badlands and a fluvial terrace.

McDonald, Adams, et al.
Latitude | Longitude Study Classification | Confidence | (2020) SWUS Landform
(DD) (DD) Classification Method Level Map Classification

33.1726 | -105.897 | Bedrock* Remote Low Bedrock

32.79 -106.566 Bedrock Remote High Bedrock

32.8904 | -106.58 Bedrock Remote High Bedrock

32.7685 | -108.614 Bedrock Remote Medium Bedrock

33.084 | -108.482 Bedrock Remote Medium Bedrock

31.9977 | -104.898 Bedrock Remote High Bedrock

32.0779 | -104.904 Bedrock Remote High Bedrock

32.1056 | -104.966 Bedrock Remote High Bedrock

33.7722 | -106.217 Bedrock Remote High Bedrock

32.1128 | -107.63 Bedrock Remote High Bedrock

32.1073 | —-107.628 Bedrock Remote High Bedrock

32.0733 | -107.638 Bedrock Remote High Bedrock

33.8086 | ~108.268 | ne-grained Remote High Fine-grained lake deposit
lake deposit

33.8329 | -108.194 Flne-gralneq Remote High Fine-grained lake deposit
lake deposit

33.8372 | —108.093 Flne-grameq Remote High Fine-grained lake deposit
lake deposit

33.9267 | ~107.791 |Fnegrained | oo e High  |Fine-grained lake deposit
lake deposit

32,5033 | -103.753 | ne-grained Remote High Fine-grained lake deposit
lake deposit

32.5713 | -103.696 Flne-grameq Remote High Fine-grained lake deposit
lake deposit

32.5563 | -103.773 Flne-gralneq Remote High Fine-grained lake deposit
lake deposit

32,6751 | -103.961 | "o &@NCd | gen e High  |Fine-grained lake deposit
lake deposit
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4 Conclusions and Recommendations

Through in situ observations and remote satellite interpretation, we
mapped a total of 128 landform sites, including 18 landform types, in the
Chihuahuan Desert regions of Mexico and the United States. The ease with
which analysts classified these landforms varied, which was evident in the
confidence levels prescribed to each of the remotely mapped landforms
and the reclassification of several landform types visited by the field crew.

The landforms that were easily identified by our mapping team were sand
sheets, sand plains, alluvial fans, alluvial plains, playas, plateaus, recent
volcanic features, urban, water, bedrock, and agriculture. In general, these
particular landforms have pronounced, identifiable characteristics that are
easy to see in satellite imagery. For example, alluvial fans are apparent by
their classic leaf or lobate morphology, while playas are often expressed as
minimally vegetated, flat, oval-shaped features on basin floors. Plateaus
have characteristic high-relief and flat tops with steep drop-offs, and re-
cent volcanic features are usually recognizable by their dark color that of-
ten contrasts with the surrounding landscape. Identifying exposed bedrock
along mountaintops and ridges is also generally straightforward, provided
it is minimally vegetated. Water sources are discernable but may require
additional examination to determine if they are ephemeral or permanent
in aeolian environments. Urban and agriculture are arguably the two most
easily recognizable classes because both are products of marked altera-
tions to the natural environment that make them clearly discernable from
the surrounding landscape. Sand sheets and sand plains are often ex-
pressed as expansive, flat, sandy features but are easily distinguishable
from low-gradient and extensive alluvial plains that are typically found in
basin floors with visible flow patterns. The sand sheet and sand plain clas-
ses are challenging to discern from one another based solely on satellite
imagery, but we effectively classified the sand plain and sand sheet classes
as either one or the other with a high degree of certainty.

The most challenging landforms to label were sand dunes, interdunes, flu-
vial terraces, pediments, fine-grained lake deposits, badlands, and wind
erosional features. Analysts noted that it was not uncommon to mistake
fine-grained lake deposits for playas and suggested in-person confirmation
to discern between the two when possible. While we were able to identify
textbook examples of sand dunes and interdunes with relative ease, the
older and stabilized dune features can be more difficult to decipher (Figure



ERDC TR-22-20

51

32). In addition, both wind erosional features and sand dunes present
some level of directionality and, as a result, can be hard to distinguish
from one another without in-person observations.

Figure 32. Top: Stabilized sand dune, also shown in Fig. 6, that highlights the difficulty in
deciphering between sand dunes, interdunes, and wind erosional features. Bottom:
Pediment, also shown in Fig. 23, that displays the difficulty in differentiating pediments

from fans, particularly without elevation data to support classification labels.

".."r

Some of the challenges of remote landform identification could be resolved
by using high-fidelity (i.e., <10 m resolution) digital elevation model
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(DEM) data. For example, fluvial terraces, though associated with pro-
nounced stream networks, can be difficult to classify. Fluvial terraces are
elevated above streams and flood plains, but it can be challenging to deci-
pher exactly where that elevation step occurs using satellite imagery. Addi-
tional information about subtle changes in terrain slope would help
analysts locate fluvial terrace landform boundaries. Badlands also exhibit
topographic features that are difficult to see without high-fidelity data. We
define badlands by their alternation between deep and narrow ephemeral
washes and sharp and narrow ridge tops; these changes are more discern-
able with DEM data. DEM data could also help to distinguish alluvial fans,
which tend to have steeper slopes, from more gently sloping pediments
(Figure 32). Unfortunately, these subtle slope changes often cannot be dis-
cerned from publicly available DEM products (i.e., on the order of 30 m or
coarser) and satellite imagery alone. Mappers require DEMs with resolu-
tions of 10 m or finer to identify these subtle topographic variations, with
finer (e.g., 1 m resolution) data preferred to capture smaller-scale eleva-
tion changes and drainage-channel patterns. For these reasons, we recom-
mend that future reference data set expansion efforts consider
supplementing in situ inspections and satellite-imagery-based assess-
ments with high-resolution elevation data observations for landforms that
are challenging to identify.
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Appendix: Landform Types in This Study

The figures that follow provide visual examples of all of the landform types
mapped in this study. Each figure includes a satellite image and an associ-
ated description. To help delineate the landforms from surrounding land-
form assemblages, we outlined the approximate landform extent with red
dashed lines in each image (excluding the sand dunes/interdunes and
badlands figures due to the expansive nature of these landform types).

Figure A-1. Alluvial fans are “moderately- to gently-sloping constructional landforms
that are composed of unconsolidated clastic sediment primarily derived from
eroding highlands. The clastic materials typically consist of abundant gravel (>2 mm
in diameter) and sand with lesser amounts of silt and clay. Alluvial fans typically
occur on the upper margins of piedmont slopes that flank mountain highlands,
plateaus, pediments, and badlands.” (McDonald, Adams, et al. 2020, 13). The
approximate extent of the landform is shown by the red dashed line.
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Figure A-2. Alluvial plains are “low-gradient landforms found along basin floors that are
generally the floodplains of major axial streams. Deposits typically consist mostly of
stratified, well- to moderately-sorted sand with lesser silt/clay and gravel. Sand sheets
and sand sea/dunes often accumulate within alluvial plains downwind of playas.
Vegetation cover is often found within the margins of alluvial plains along the banks of
perennial or ephemeral streams or as isolated areas at alluvial fan and plain contacts
associated with spring discharge” (McDonald, Adams, et al. 2020, 13). The

approximate extent of the landform is shown by the area between the red dashed lines.

Figure A-3. A dune field showing sand dunes (white, wind-blown sand) and interdunes
(tan sandy features separating the sand dunes). Sand dunes are “areas consisting of
mounds, ridges, or hills of wind-blown sand, either bare or covered with vegetation,
that are composed of loose and well-sorted sand and minor silt. Extensive areas of
covered sand are referred to as sandy plains, dune fields or sand sea (also called
ergs). These features occur where sand-rich sediment supply is plentiful” (McDonald,
Adams, et al. 2020, 15). An interdune is “the relatively flat surface, whether sand-free

or sand-covered, between dunes” (Schoeneberger and Wysocki 2017, 629-39).
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Figure A-4. Pediments are “erosional slopes or erosion surfaces that lie at the foot
of mountain highlands or plateaus, which typically exhibit a concave upward
profile. Pediment surfaces are typically broad and gently-sloping (2°-19°), cut into
bedrock, commonly marginal to mountain highlands. Pediments may be bare or
mantled with a thin layer of surficial sediment or rocks on the surface that form
desert pavements” (McDonald, Adams, et al. 2020, 14). The approximate extent of
the landform is shown by the area between the red dashed lines.

Figure A-5. A plateau is “a relatively elevated area of comparatively flat land composed
of well-indurated bedrock, which is commonly limited on at least one side by an abrupt
descent to lower ground. Plateaus form extensive areas of land that rise 150-300 m
above the adjacent country or above sea level and commonly fringe mountain
highlands. It is higher than a plain and more extensive than a mesa. Plateaus are
commonly covered by a thin cap of silt-rich soil (loess)” (McDonald, Adams, et al. 2020,
14). The most distal edge of several plateaus is approximated by the red dashed line.

59



ERDC TR-22-20

60

Figure A-6. A playa is “an ephemerally flooded, barren area on a basin floor that
is characterized by fine-grained sedimentary deposition by floods in recent times
and/or during previous pluvial episodes. Playas are typically located at the
depocenter within a basin or lowland area” (McDonald, Adams, et al. 2020, 14).
The approximate extent of the landform is shown by the red dashed line.

g

Figure A-7. Recent volcanic features are “landforms that have been recently
formed from volcanic activity. The common type of recent volcanics is basalt flows
and fields (plateaus) and volcanic vents (i.e., cinder cones, shield volcanos, lava
flows, etc.)” (McDonald, Adams, et al. 2020, 15). The approximate extent of the
landform is shown by the red dashed line.
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Figure A-8. A sand plain is “a sand-covered plain, which may originate by
deflation of sand dunes, and whose lower limit of erosion is governed by the
water table” (Schoeneberger and Wysocki 2017, 629-62). The approximate

extent of the landform is shown by the red dashed line.

Figure A-9. Sand sheets are “sedimentary plains covered in fine sediments
composed of loose and well-sorted sand to packed silt or clay. In systems of
large linear dunes, these may include the troughs between dunes or may be

associated with climbing dunes on alluvial fan surfaces” (McDonald, Adams, et

al. 2020, 15). The approximate extent of the landform is contained within the
red dashed polygon.
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Figure A-10. Fluvial terraces are “stream or river terraces located adjacent to,

but above, stream or river channels and flood plains” (McDonald, Adams, et al.

2020, 13). The approximate extent of the landform is shown by the area
between the red dashed lines.

Figure A-11. Wind erosional features are “erosional features that typically
exhibit an elongate ridge or series of ridges carved by wind erosion. The
ridges are parallel to the prevailing wind direction and predominantly form on
poorly- to moderately-consolidated sediment” (McDonald, Adams, et al. 2020,
15). The approximate extent of the landform is shown by the area within the
rectangle delineated by the red dashed line.
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Figure A-12. Badlands: is “a landform that exhibits a complex stream-dissected
topography consisting of deep, narrow ephemeral washes alternating with abundant,
sharp and narrow ridge tops. Surfaces commonly have little or no vegetative cover, are
highly erosive, and with no or minimal development of soils. Underlying material is
generally unconsolidated or weakly indurated sediment largely composed of mixtures
of clay, silt, and sand. Soluble salts of gypsum and halite are common” (McDonald,
Adams, et al. 2020, 14). Badlands are highly expansive, and most of the image,

excluding the river channels, displays badlands.
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Figure A-13. Agriculture is defined as “a human-modified ‘landscape’ dominated by
permanent, extensive alterations to the physical shape and/or internal stratigraphy
of the land due to agricultural management for food, fiber or forage production,
that have substantively altered water flow and sediment transport across and
within the regolith (e.g., leveled land). Commonly excludes areas of minor
alterations (e.g., shallow plowing) that are easily obscured or obliterated by natural
bio-, pedo-, or cryoturbation” (Schoeneberger and Wysocki 2017, 629-4). The
approximate extent of the agriculture area is shown by the red dashed polygon.
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Figure A-14. Bedrock is “a general term for the solid rock that underlies the soil
and other unconsolidated material or that is exposed at the surface”
(Schoeneberger and Wysocki 2017, 629-10). The approximate extent of the
bedrock area is shown by the red dashed polygon.

Figure A-15. Fine-grained lake deposits “are typically light colored, fine-
grained (e.g., high silt and clay content) lake deposits found in basin bottoms
and rimming playas. May or may not be eroded into badland forms”
(McDonald, Adams, et al. 2020, 14). The approximate extent of the fine-
grained lake deposit is shown by the red dashed polygon.
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Figure A-16. Urban areas are “areas of extensive urban/suburban/industrial

development where soil surface is modified and covered by buildings and
infrastructure” (McDonald, Adams, et al. 2020, 16). The approximate

extent of the urban area is shown by the red dashed polygon.

-5

Figure A-17. Water refers to “open bodies of water including reservoirs, lakes,
seas, and rivers” (McDonald, Adams, et al. 2020, 16). The approximate extent
of the water feature is shown by the red dashed polygon.
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AIM Assessment, Inventory, and Monitoring
BLM Bureau of Land Management
ERDC Engineer Research and Development Center
DD Decimal Degrees
DEM Digital Elevation Model
GIS Geographic Information System
ML Machine Learning
NASIS National Soil Information System
NRCS Natural Resources and Conservation Service
PAD-US Protected Areas Database of the United States
SME Subject Matter Expert
SSURGO Soil Survey Geographic Database

SWUS Southwest United States
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