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Executive Summary

Wupatki National Monument contains an abundance of prehistoric and historic archaeological sites
that are vulnerable to gully erosion from heavy sporadic rainstorms. Increased erosional risks are
predicted as more extreme weather causes frequent or intense rainfall, flooding, and gullying. At
Wupatki National Monument, gullies generally form on hillslopes within volcanic-derived cinders
that are ubiquitous across the landscape and are unconsolidated, non-cohesive, highly mobile, and
permeable. Lithological differences between volcanic cinders and underlying sedimentary rocks, and
surface runoff influence the progression of gully erosion near archaeological sites. We assessed
gullies based on changes in gully morphology and categorized archaeological sites based on
vulnerability from erosion and runoff processes. We found that 35 measured gullies are actively
eroding, with statistically significant changes in gully depth from 2016 to 2021. Up to 0.5 m of
incision was documented over a five-year period. A structure from motion analysis at the hillslope
scale confirmed gully morphological changes and supports the applicability of conducting similar
analyses on a larger scale. More erosion occurred in gullies with catchments predominantly covered
with cinders because of cinder mobility. We noted a weak relationship between gully catchment area
and gully head slope, likely related to runoff processes from outcrops of resistant sedimentary rocks
forming cliffs and characteristics of cinders that maximize infiltration and transport. Based on our
assessment of gully morphologic change and substrate characteristics, 22 archaeological sites along
Wupatki Wash were identified as having a high vulnerability to erosion, helping monument
managers to prioritize their monitoring initiatives.
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Chapter 1. Introduction and Study Background

1.1 Introduction

Hillslope gullies are problematic for cultural sites located across the Southwest (e.g., Pederson et al.,
2006) and around the world (e.g., Gouma et al., 2011), putting important cultural artifacts at risk of
erosion. Factors that contribute to the formation and development of gullies include processes such as
water erosion from overland flow. The geology and topography of the landscape, soil and vegetation
cover, and local climate influence erosion. Sediment yields tend to be greatest in semi-arid
environments where precipitation is sufficient to generate soils and drive erosion, but limits
vegetation growth that stabilizes hillslopes (Langbein and Schumm, 1958). In these environments, in
particular, where the disparity between driving forces (precipitation) and resisting forces (vegetation)
is increasing due to global climate warming, increased erosional risks are predicted as more extreme
weather causes frequent or intense rainfall, and flooding (IPCC, 2021). At Wupatki National
Monument (WUPA) located in northern Arizona (Figure 1), heavy sporadic rainstorms in the past
decade, lack of vegetation, and presence of unconsolidated volcanic-derived cinders exposes
archaeological sites to erosion. Mean annual temperature (~15°C) at WUPA is expected to increase
and could shift soil moisture and precipitation patterns (Andrews et al., 2019). Wind and water work
in concert to shape the landscape by mobilizing and concentrating cinders in lower topographic areas,
and then mobilizing them during rainstorms. At WUPA, lithological differences between volcanic
cinders and underlying sedimentary rocks, and landscape processes such as surface runoff influence
the progression of gullies at or near archaeological sites. This research was conducted to collect
baseline geomorphological data and identify archaeological resources of highest vulnerability to
landscape erosion from rainfall events. From this study, managers can prioritize long-term
management actions needed to protect archaeological resources within WUPA.

1.2 Previous Research

A gully is a relatively deep, eroding channel that forms on valley sides and on valley floors where no
well-defined channel previously existed (Schumm et al., 1984). Typically, gullies are narrow, steep-
sided channels, usually formed by the erosion of water (Thwaites et al., 2021) from head cut retreat,
steepening of the gully walls, and eventually enlargement and collapse (Higgins et al., 1990).
Processes responsible for head cut retreat include sapping at the gully base (Emmett, 1968) and
concentrated overland flow. Where gullies have been studied on cinder cones (Doniz et al., 2011),
gully formation is attributed to concentrated overland flow during rain events, but gullies in these
settings may be initiated by mud and debris flows (Doniz et al., 2011). In semi-arid climates, gully
erosion generally results from overland flow following short, intense precipitation events, and is not
typically influenced by piping or seepage (Petersen, 2003; (Pederson et al., 2006).
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the confluence of the main Wupatki and Deadman Wash channels, near the WUPA Visitor Center.

Research into gully formation began with the recognition that considerable erosion resulted from the
conversion from natural vegetative cover to crops, and the need for soil conservation practices,
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throughout the U.S (e.g., Ireland et al., 1939). Other research identified stages of gully development
(Ireland et al., 1939; Bariss, 1972). Several studies have found a relationship between slope and
contributing area that identifies a threshold for gully erosion (Patton and Schumm, 1975;
Vandekerckhove et al., 2000; Wu and Cheng, 2005, Pederson et al., 2006). Patton and Schumm
(1975) identified a geomorphic threshold valley slope for a given contributing area above which
gullies formed in the Piceance Creek Basin, CO. Patton and Schumm (1975) found that the
relationship between valley slope and contributing area did not pertain to drainage basins smaller
than about 18 km? (1800 ha). In these small basins, variations in vegetative cover or variations in the
properties of the alluvium prevented development of a critical threshold slope (Schumm et al., 1984).
Pederson et al. (2006) also used the slope-area approach to identify threshold slopes and predict gully
formation around archaeological sites in Grand Canyon. They identified gully erosion thresholds and
found that gradient was the most important control on gully extent, but their topography-based
predictive models lacked soil property influences and resulted in many false-positives. Our study fills
a gap in knowledge of gully formation in small drainage basins (median=0.0285 ha; 285 m?) where
volcanic cinders cover underlying sandstone bedrock.

1.3 Study Objectives

To help WUPA managers prioritize long-term management actions to preserve the archaeological
record, we evaluated the mechanisms that influence the evolution and expansion of gullies and
assessed archaeological site vulnerability. We collected baseline geomorphological data at WUPA in
summer 2021. To analyze hydrologic and erosional processes due to lithological differences, we
quantified physical and hydraulic differences between Moenkopi- and cinder-dominated sediments.
Additionally, we conducted a multiscale five-year geomorphic change analysis using aerial LIDAR
(2016) and field-collected data (2021). The larger, coarse-scale analysis included 35 measured gullies
across all of Wupatki Wash, while the high-resolution analysis was focused on a small hillslope in
Wupatki Wash. Based on these analyses, we (1) assessed gullies based on changes in gully
morphology, and (2) categorized archaeological sites within a small drainage with abundant
archaeological sites based on vulnerability from erosion and runoff processes. We hypothesize that a
threshold critical slope will be identified for a given contributing area above which gully erosion is
expected. In addition, we hypothesize that lithology influences erosion such that Moenkopi-
dominated catchments will increase runoff and show greater elevation change in gullies over time.

1.4 Study Area

Located about an hour’s drive northeast of Flagstaff, Arizona, WUPA (Figure 1) is a culturally
diverse area that contains over 2600 prehistoric and historic archaeological sites (Baldwin et al.,
2015). Most sites are small one-room field houses with scattered artifacts, but the presence of large
pueblos indicate prehistoric communities of people gathered in the WUPA area to trade, play, and
reside (pers. comm., Lisa Leap).

1.4.1 Site Characteristics

There are three dominant geological materials found at WUPA: The Moenkopi Formation, the
Kaibab Formation, and aeolian cinder deposits. The Moenkopi Formation consists of Triassic (~240
million years old) sandstones, siltstones and mudstones deposited in a variety of geologic settings



including shallow marine, beach, tidal flat, lagoon, and floodplain (Billingsley et al., 2007). The term
“Moenkopi-derived sediments” is used here to encompass the entire Moenkopi Formation, but
generally refers to the sediments derived from sandstone members. The aeolian cinder deposits seen
at WUPA are Quaternary in age and originated from Sunset Crater Volcano, located just south of
WUPA. Sunset Crater Volcano erupted in 1085 AD, ejected basaltic volcanic fragments, and spread
a layer of cinders on top of Moenkopi sedimentary rocks throughout WUPA (Hanson, 2003). Cinder
deposits, originally deposited less than 10 cm thick (Hooten et al., 2001), then later redistributed by
wind and water, acted as a mulch atop barren desert soils for prehistoric agricultural practices and
helped increase infiltration and soil moisture, and decrease runoff (Grattan and Torrence, 2007).
Aeolian transport of the cinders over time has created dune deposits throughout WUPA (Billingsley
et al., 2007). Gullies and rills generally form within volcanic-derived cinders that blanket the
Moenkopi Formation, or within Moenkopi sediments themselves. The Kaibab Formation also
outcrops within WUPA, but cinder and Moenkopi-derived sediments are ubiquitous and more
relevant in this study. We focus our analysis on the eastern portion of the monument, within Wupatki
Wash, a tributary to Deadman Wash (Figure 1). The semi-arid study area hosts barren areas and
sparsely vegetated sandstone outcrops and badlands (Hansen et al., 2004). Saltbrush (A¢riplex
canescens), Mormon tea (Ephedra viridis), Apache plume (Fallugia paradoxa), rabbitbrush
(Ericameria nauseosa), and oneseed juniper (Juniperus monosperma) are common at WUPA
(Hansen et al., 2004).

Wupatki Wash is an ephemeral channel that exhibits discontinuous flow during heavy rains due to
the presence of permeable volcanic-derived cinders. WUPA receives an average annual rainfall of
around 20 cm, most of which falls during the summer monsoon. Daily precipitation data were
gathered from a weather station within WUPA (Station USC00029542) and analyzed to better
understand the occurrence and intensity of rainstorms in the region. Several notable events took place
in the summers of 2013, 2016, 2018, and 2022 (Figure 2). Additional higher temporal resolution (15
minute) precipitation data were received from National Park Service (NPS) staff for the month of
August 2022. These data indicate that a 100-to-200-year precipitation event took place on August 15,
2022, when 4.24 centimeters of rain fell within 30 minutes (Figure 3). Short-duration, high intensity
thunderstorms underscore the need to understand erosion and landscape change in semi-arid
environments.
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Figure 3. The August 15, 2022 rainstorm (1.67 inches in 30 minutes) is the equivalent to a 100- to 200-
year precipitation event (NOAA, 2023).

At WUPA, water and sediment concentrate in concave regions of hillslopes due to surface flow off
Moenkopi Formation sandstone that forms bands of cliffs (Figure 4). Cliff bands are laterally
extensive conspicuous features with a near vertical slope (Figure 5). Incisional features found along
cliff band convexities are generally parallel rills (smaller than gullies, no more than 0.3 m deep;
Thwaites et al., 2020) formed within the Moenkopi Formation, due to the lack of accumulated cinder
deposits. Gullies at WUPA generally originate at the vertical cliffs or rockfall area of Moenkopi
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sandstone, have a linear planform (Figure 5 and 6), are V-shaped in cross-section with banks and bed
composed of primarily cinders, and have gradual, inclined gully heads (Thwaites et al., 2020). The
elementary gully classification (EGC) was used to further classify gullies at WUPA (Figure 6) to
help identify gully erosion processes.
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Figure 4. Map illustrating locations of points (P) and recesses (R) formed by linear cliff bands of
Moenkopi Formation. Map adapted from Anderson (2021).
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Catchment-Runoff Relationship
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Runoff Response
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Time
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Channelized overland flow
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Bedrock

Generally, a cinder bed

Figure 5. Conceptual diagram of the interaction between local geology and hydrological processes
including infiltration, overland flow, and runoff. Following a rainstorm, water flows on the surface of
catchments as either non-channelized or minor channelized overland flow, pours over cliff bands of
Moenkopi sandstone, flows down hillslopes through rockfall, and eventually concentrates in gullies
formed within cinder deposits on top of Moenkopi bedrock. Gully heads generally form near the base of
rockfall material where channels initiated in cinder deposits. Depending on surface conditions in the gully
catchment, we expect differences in the runoff response following a rainstorm (upper left graph): quicker,
flashier runoff in catchments composed of predominantly Moenkopi sediments and bedrock compared to
a more delayed and muted runoff response from catchments covered with cinders.
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Chapter 2. Study Methods

2.1 Baseline Geomorphological Data Collection

When intense rainstorms occur in a semi-arid environment such as WUPA, surface characteristics
determine the amount of water that infiltrates or runs off. A Mini Disk tension infiltrometer was used
to quantify infiltration and estimate field-saturated hydraulic conductivities (Ks) of surficial
sediments in catchment areas of 17 gullies in Wupatki Wash. The infiltrometer was chosen because it
is compact and requires minimal water. Water immediately begins infiltrating into the soil at a rate
determined by the hydraulic properties of the soil (Decagon Devices, 2014), and the water level on
the device is recorded over time. The shortest infiltration experiment ran for 2 minutes, and
experiments generally were conducted for a maximum of 10 minutes. Where possible, at least 15-20
mL of water was infiltrated during each measurement for adequate calculation of K¢ (Decagon
Devices, 2014). K¢ was calculated from infiltration data and Van Genuchten parameters related to
the soil type (Decagon Devices, 2014). To ensure good contact between the infiltrometer and the
surface, loose litter was removed from the surface. An average value of K¢ was calculated from three
measurements conducted in the upper, middle, and lower portion of the catchment. Sediment samples
were collected at each gully bed and left/right banks, and then sieved in the laboratory using standard
sieving practices (ASTM, 2018). Four sediment types were compared: volcanic-derived cinders, and
Moenkopi-derived clay, silty clay, and sand.

Additionally, we collected field-based information on catchment properties (catchment area,
vegetation cover, surficial materials, and presence of cliff bands) that influence surface processes to
examine linkages between catchments and gullies. Our data collection also tested previously
quantified relationships between catchment area and gully head slope to identify topographic
thresholds that initiate erosion in gullies (Patton & Schumm, 1975; Pederson et al., 2006). Vegetation
cover was recorded as a percentage from 0—100% and then classified as low (0-30%), medium (31—
70%), and high (71-100%). Cliff band height was measured using a laser range finder.

2.2 Topographic Data Collection and Landscape Analyses

2.2.1 Topographic Data Collection

A total of 35 gullies were surveyed using a Top Con Real-Time-Kinetic (RTK) surveying system
(Figure 7) with sub-centimeter accuracy. At each gully, topographic point data were collected
starting at the top of the gully’s drainage catchment, down the center of the catchment and gully, and
at three representative cross-sections, recording notable slope breaks (Figure 8). The three cross-
sections were strategically located near the top, middle, and bottom of the gully channel. Ten larger
gullies required additional cross sections. Initially, field data were collected to develop a relationship
between catchment area and gully head slope to quantify a topographic threshold at which erosion
Initiates.
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Figure 7. Map of the locations of 35 total gullies surveyed within WUPA and the boundary of the structure
from motion (SfM) analysis.
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Figure 8. Example of topographic surveying methods used at each gully. (A) Surveys began at the top of
the catchment, proceeded down the center of the catchment, and down the channel centerline. (B) Three
cross-sections across the channel near the top, middle, and bottom of the gully were also surveyed.
Yellow dots illustrate examples of points used for gully width and depth calculations for a single cross-
section. For gully width, the top of bank locations was used and for gully depth, the vertical distance was
calculated between the cross-section minimum elevation (bottom point) and lower of the two top bank
elevations.

Longitudinal profiles were created in ArcGIS Pro (version 2.6.0) to compare field-collected (2021) to
aerial LIDAR (2016) topographic data. Elevation data were extracted from elevation data collected
from the 2016 LiDAR at the exact (x,y) coordinates from the 2021 surveyed point data using the
“extract values to points” tool in ArcGIS Pro. Longitudinal profiles were used to calculate changes in
gully head slope and median elevation difference (MED) over the five-year period, and cross-
sections were used to calculate changes in gully dimensions including width, depth, and length.
Gullies were then classified based on MED, and further evaluated for changes in width and depth
individually. From cross-section data, top width was used for the average gully width, and the bottom
to lowest top value was used for average gully depth (Figure 8). We analyzed whether statistical
differences existed for average width and average depth changes using a paired nonparametric
Wilcoxon signed rank test, with a significance level of 0.05. The gully head slope was identified as
the region near the top of the gully channel where flow concentrates. Changes in gully head slope
were used to describe changes to overall gully behavior.

2.2.2 Slope-Area Analysis and Gully Prediction
Similar to Pederson et al. (2006), we delineated a topographic threshold to predict gully erosion using
gully head slope and catchment area:

S, =aA™®
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Where S, is the critical slope gradient (m/m), 4 is the catchment area (ha), a is a threshold coefficient
and b is a scaling exponent. Catchment areas were delineated in the field with a handheld GPS, and
then verified using WMS software (Aquaveo, 2022) due to difficulties distinguishing catchment
boundaries in the field (low slope, homogenous surface material, and lack of channelized flow paths).
Ultimately, for consistency, catchment areas obtained from WMS were used. Twenty-one of the 35
gullies were included in this analysis based on similarities in bed and bank materials, presence of a
cliff band, and gully morphology. Gully head slope versus catchment area was plotted and fitted to a
linear regression. The variables a and b were derived from a threshold line by shifting the regression
line down to the base of the main scatter (Pederson et al., 2006).

The slope-area analysis to predict where gullies form was completed using ArcGIS Pro. First, the Doo
algorithm within the flow accumulation tool was used to create a contributing area raster (Tarboton,
1997). Then, two slope rasters were created: a threshold slope raster using the raster calculator tool
and variables defined from the threshold line, and an “actual” slope raster generated from the 2016
aerial LIDAR. The gully prediction map was produced using the raster calculator tool by calculating
where “actual” slope exceeds threshold slope.

2.2.3 Structure from Motion Analysis

For a high spatial resolution geomorphic change analysis and to evaluate topographic change over a
five-year period, we applied the structure from motion (SfM) method on a 0.17 ha region in Wupatki
Wash. SfM is a low-cost photogrammetric method that uses digital photographs to create 3-
dimensional (3D) surfaces, and has become increasingly popular in geoscience and archaeological
applications (e.g., Howland et al., 2018; Westoby et al., 2012; Jones & Church, 2020; Sha et al.,
2023). We systematically walked in a grid pattern and used an iPhone 12 attached to a 5-m tall pole
(Figure 9). At each grid point, four photographs were taken in orthogonal directions to capture a
variety of angles for sufficient overlap to estimate 3D structures from 2D images. Agisoft Metashape
Professional (Agisoft, 2020) software was used to create a digital elevation model (DEM) from 2,313
photographs and 24 RTK-surveyed control points. A DEM of difference (DoD) was then created
using ArcGIS Pro from topography derived from 2016 aerial LIDAR and 2021 photographs
(Wheaton et al., 2010). Within ArcGIS Pro, large vegetation patches were removed from the model
to eliminate topographic skew from the DoD analysis. Similar to Sholtes et al. (2018), we created
two sample polygon shapefiles on relatively flat and steep areas where we did not expect change to
occur to correct for bias and remove values within + two standard deviations of the error within
sampled areas (Wheaton et al., 2010).
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Figure 9. Grid system used for collecting photographs for SfM analysis.

2.3 Archaeological Site Vulnerability Assessment

Archaeological site vulnerability was classified as either high, moderate, low, or unclassified based
on proximity to a cliff band or a measured gully (Figure 10) for 54 archaeological sites located in the
eastern portion of WUPA. Geomorphically, cliff bands are important features in WUPA because as
water flows over the vertical face, higher velocities result in erosion of the underlying materials and
downslope concentrated flow paths. Gullies readily form within the volcanic cinders that blanket the
Moenkopi Formation (Figure 5) below cliff bands. We used the buffer tool in ArcGIS Pro to
determine archaeological site proximity to measured gullies and cliff bands. Cliff bands were
delineated in ArcGIS Pro using aerial imagery from the National Agriculture Imagery Program
(NAIP) that was obtained through the USGS Earth Explorer. If a site was located within 5 m of
measured gullies or delineated cliff bands, the archaeological site was given a high erosion
vulnerability classification (Figure 10). We chose a conservative buffer of 5 m because of the amount
of landscape change observed within the five-year time frame, uncertainty in the coordinates of the
archaeological site locations provided, presence of atypical gully head morphology in some
locations, and to ensure we captured any archaeological sites with a potential for future erosion.
Otherwise, site classification was based on underlying lithology, field observations, or personal
communication with NPS staff (Figure 10).
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Figure 10. Flowchart used to assign erosion vulnerability classifications to archaeological sites.
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Chapter 3. Results

3.1 Cinder and Moenkopi-derived sediment differences

Infiltration data recorded from the infiltrometer are summarized in Figure 11. Water infiltrated
quickly into cinder-dominated sediments and resulted in higher cumulative infiltration and faster
infiltration rates (slopes of infiltration curves) compared to Moenkopi-dominated sediments

(Figure 11). K¢ estimates were compared for cinders and Moenkopi-derived sediments of sand, silty
clay, and clay (Figure 12). Van Genuchten parameters for sand were used for calculations for cinders
based on grain size analyses from sediment samples collected in the field. Cinders showed the
highest K¢ with an average of 0.21 cm/sec, followed by sand (0.17 cm/sec), silty clay (0.026 cm/sec),
and clay (0.012 cm/sec).

Average Infiltration in Wupatki Wash
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Figure 11. Cumulative infiltration curves from infiltrometer experiments. Less water infiltrated into the
Moenkopi-dominated sediments compared to the cinder-dominated, and at a slower rate.
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Figure 12. Estimates of hydraulic conductivity for various soil types derived from cumulative infiltration
data collected in the field using the infiltrometer. Van Genuchten parameters for sand were used for
calculation of hydraulic conductivity of cinders.

A total of 28 sediment samples were sieved from 9 measured gullies. Gullies 8, 26, 28, 31, and 32
were composed of mostly cinders, and gullies 7, 19, 20, and 29 (Figure 7) contained mostly
Moenkopi-derived sediments. The average median grain size was 1.01 mm for cinders and 1.48 mm
for Moenkopi-derived sediments (Figure 13).
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Figure 13. Grain size distribution plots for gullies with bed and banks made of cinders (left) and
Moenkopi-sediments (right).



3.2 Catchment Data

Gully catchments included a cliff band of the Moenkopi Formation in 29 of the 35 measured gullies.
The cliff band height ranged from 0.1 to 4.9 m, and generally created rockfall blocks in the lower
portion of the catchment near gully heads (Figure 5). Catchments generally showed a low percentage
of vegetation, but six gullies had a medium percentage of vegetation, and one gully with a high
percentage of vegetation. Gully catchment areas ranged from 0.001 to 0.28 ha (Figure 14) and
catchment slopes ranged from 0.05 to 0.4 percent. Median catchment area and slope were 0.02 ha
and 0.2 percent, respectively. Infiltration data recorded in gully catchments have been reported above
in Section 3.1.
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Figure 14. Map of gully catchment areas. The catchment area for gully 15 extends South beyond this
image.
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3.3 Slope-Area Analysis and Gully Prediction
We plotted our slope and catchment area data against Pederson et al. (2006) because their study was

conducted nearby in Grand Canyon National Park (Figure 15). The variables a and b were found to

be 0.10 and 0.13, respectively (Figure 15). While the general trend of smaller catchment areas show
steeper slopes of Pederson et al. (2006) is visible in our data, our data indicates a much weaker

relationship between slope and contributing area (R?=0.28). As a result, a threshold slope for a given
catchment area above which gully erosion occurs in Wupatki Wash has almost negligible utility.
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Figure 15. Slope-area relationship for 21 of the 35 measured gullies that all contained cliff bands and
formed within cinders. The linear regression (solid red line) was shifted downward to the base of the data
to create a gully erosion threshold (dashed red line). The values of the threshold coefficient and scaling
exponent are 0.10 and 0.13, respectively. Data collected from Grand Canyon National Park are from

Pederson et al. (2006).
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3.4 Gully Change Analysis

3.4.1 Width and depth differences from cross-section data

All 35 measured gullies in Wupatki Wash deepened between 2016 to 2021, but only 14 gullies
widened (Figure 16). Average width did not change significantly from 2016 to 2021 (p=0.77), but
statistically significant changes in average depth occurred (p=<0.001). Six gullies incised on average
more than 20 cm, 18 gullies incised more than 10 cm, and the rest showed less than 10 cm of incision
(Figure 7, Figure 16). On average, gully 4 narrowed the most by 30 cm, and gully 11 widened the
most by 40 cm.
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Figure 16. Barplots comparing gully geometries from 2016 to 2021. Gully depth (top) and width (bottom)
are shown.

3.4.2 Median Elevation Difference (MED) and slope changes from longitudinal profiles
Consistent with the findings in cross-sectional changes, longitudinal profiles revealed negative MED
for all measured gullies (Figure 17). Therefore, all measured gullies have eroded since 2016. Average
topographic change was —36 cm and ranged from —52 c¢cm to —25 cm. In addition, the gully slope
decreased over the five-year period in 21 of the measured gullies (Figure 18). Gully 23 decreased in
slope the most from 0.15 to 0.12, and gully 26 increased in slope the most from 0.14 to 0.15

(Figure 18).
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Figure 17. Change in median elevation from 2016 to 2021. All measured gullies had a negative MED
suggesting widespread erosion.
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Figure 18. Gully slope changes from 2016 to 2021. The slope of gully 23 changed the most, decreasing
from 0.15 to 0.12.
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3.4.3 Median Elevation Difference (MED) and slope changes from SfM Analysis

Using SfM and DoD techniques, both incision and depositional processes were observed on the 0.17

ha hillslope in Wupatki Wash over a five-year time frame (Figure 19). Gullies experienced a

maximum incision of 0.7 m and maximum deposition of 0.5 m, respectively. Gully incision generally
ranged from 0.3 to 0.1 m, but one gully on the northwestern side of the study area filled with cinders

with approximately 0.4 m of average deposition (Figure 19). Other depositional zones included the
downstream regions of gullies and along gully banks.
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Figure 19. Results from a DEM of Differencing (DoD) analysis using 2016 aerial LIDAR and 2021 iPhone

imagery. A semi-transparent hill shade of the 2016 DEM was used as the background. White polygons

indicate where vegetation was manually removed from the imagery. Refer to Figure 7 for the location of

the DoD analysis.
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3.5 Archaeological Site Vulnerability Classification
Archaeological sites were classified for erosion vulnerability using geomorphic and geologic field

data (Table 1). Of the 54 sites, 22 were classified in the high category, 14 in the moderate category,
and 12 in the low category (Table 1). Seven sites remain unclassified since they were not visited in

the field and due to a lack of supporting information. Fifteen sites fell within the cliff band buffer and

three sites fell within the measured gully buffer and were given a high vulnerability classification
(Figure 10; Table 1). Table 2 summarizes gully rankings and associated archaeological sites that fall
within the measured gully buffer.

Table 1. Archaeological site vulnerability assessment based on proximity to cliff bands and measured

gullies.
Site Number Site Type Location Vulnerability
WUPAOQ01107 Structure Within cliff band buffer High
WUPA01108 Structure Within gully buffer High
WUPA01109 Structure Within cliff band buffer High
WUPA01110 Structure Within cliff band buffer High
WUPA01380 Structure Unknown; did not visit Unclassified
WUPAO01381 Structure Within gully buffer High
WUPAO01383 Habitation, Protected Below cliff band High
WUPA01384 Habitation, Protected Within cliff band buffer High
WUPA01387 Habitation, Protected Within cliff band buffer High
WUPAO01388 Structure, Other Moenkopi hillslope Moderate
WUPAOQ01395 Habitation, Open Air Mesa top Low
WUPAOQ01400 Habitation, Open Air Moenkopi hillslope Moderate
WUPA01404 Structure Moenkopi hillslope Low
WUPAOQ01406 Structure Moenkopi hillslope Moderate
WUPAOQ01407 Structure Moenkopi hillslope Moderate
WUPAO01410 Other At downstream end of gully 30 Moderate
WUPA01412 Other Unknown; did not visit Unclassified
WUPA01413 Structure Cinder hillslope High
WUPAO01414 Structure Within cliff band buffer High
WUPA01418 Structure Moenkopi hillslope Moderate
WUPAOQ01419 Structure, Other Mesa top Low
WUPAO01430 Habitation, Open Air On very small hillslope Low
WUPAO01431 Structure Cinder hillslope High
WUPAO01433 Structure Moenkopi hillslope Moderate
WUPAO01434 Habitation Moenkopi hillslope Moderate
WUPA01439 Structure, Other Moenkopi hillslope Low
WUPAQ01442 Structure Mesa top Low

* Classification based on NPS archaeologist comments.
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Table 1 (continued). Archaeological site vulnerability assessment based on proximity to cliff bands and
measured gullies.

Site Number Site Type Location Vulnerability
WUPAO01444 Structure Moenkopi hillslope Moderate
WUPAQ01445 Habitation Within cliff band buffer High
WUPA01446 Structure Within cliff band buffer High
WUPAQ1447 Habitation Within gully buffer High
WUPAQ01448 Habitation Moenkopi hillslope Moderate
WUPAQ1448 Habitation Moenkopi hillslope Moderate
WUPAOQ01449 Structure Moenkopi hillslope Moderate
WUPAO01454 Structure Moenkopi hillslope Moderate
WUPAO01455 Structure, Other On cinder hillslope beneath rock fall High*
WUPAO01457 Habitation, Protected Within cliff band buffer High
WUPA01458 Structure Within cliff band buffer High
WUPAOQ01459 Structure, Other On Moenkopi hillslope beneath rock fall Moderate*
WUPAOQ01494 Structure Mesa top Low
WUPA01495 Burial/Grave/Inhumation | Unknown; did not visit Unclassified
WUPA01496 Artifact Scatter Unknown; did not visit Unclassified
WUPA01497 Structure, Other Within cliff band buffer High
WUPA01498 Structure, Other Unknown; did not visit Unclassified
WUPA01499 Structure, Other Thin layer of cinders overlaying Moenkopi bedrock | Low*
WUPAO01500 Habitation, Protected Mesa top Low
WUPA01511 Structure, Other Within cliff band buffer High
WUPA01512 Habitation, Protected Shallow cinder basin Low*
WUPA01513 Structure, Other Within cliff band buffer High
WUPA01518 Structure Unknown; did not visit Unclassified
WUPA01519 Habitation Within cliff band buffer High
WUPA01520 Structure, Other Within cliff band buffer High
WUPAO01521 Habitation, Open Air Unknown; did not visit Unclassified
WUPAQ01522 Check Dam Adjacent to WUPA wash tributary bed Low™*
WUPAQ02674 Habitation, Open Air Mesa top Low

* Classification based on NPS archaeologist comments.
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Table 2. A summary table of gully catchment characteristics and erosion ranking of yellow, orange, and

red based on the change in median elevation (Figure 17). Additionally, archaeological sites that fell within

the buffered region of a gully are provided.

Vegetation Archaeological
Average CIiff | Cover in Median Elevation | Sites Within
Gully ID Height (m) [ Catchment” | Catchment Material Difference (m) | Buffer
1 1.6 low Moenkopi -0.351 ¢ -
2 20 low Thin cinder cover -0.337 € -
3 1.9 low Moenkopi -0.4318B -
4 2.2 low Moenkopi -0.344 ¢ -
5 2.3 low Moenkopi -0.343 ¢ -
6 2.0 medium Moenkopi -0.309 P -
7 1.8 low Moenkopi -0.337 ¢ -
8 3.1 low Thin cinder cover -0.360 © -
9 0 low Moenkopi -0.288 P -
10 0 low \?vllltj:c?,:?é rbsasaltic fragments ~0.325C _
11 0.9 medium 32?:;?;?;:’;33'“0 fragments -0.327°¢ -
12 1.8 medium Thin cinder cover -0.4328 -
13 23 low Cinders -0.423 8 WUPA01381
14 0.9 low Cinders -0.493 8 -
15 25 high Cinders -0.381 ¢ -
16 2.0 low Thin cinder cover -0.4408 -
17 1.8 medium Cinders -0.509 B -
18 1.7 low Thin cinder cover -0.418 8 WUPA01447
19 2.8 medium Thin cinder cover -0.311°¢ -
20 0.7 low Thin cinder cover -0.274 P -
21 1.9 medium Cinders -0.327 © WUPAO01108
22 2.8 low Moenkopi -0.318 € -
23 1.1 low Cinders -0.352 € -
24 0.1 low Moenkopi -0.278 P -
25 4.9 low Moenkopi -0.356 ¢ -
26 0 low Moenkopi -0.468 B -
27 1.1 low Cinders -0.336 € -
28 1.2 low Thin cinder cover -0.302 P -

A Vegetation cover was recorded as a percentage from 0-100% and then classified as low (0-30%), medium
(31-70%), and high (71-100%).

B Gullies ranked red eroded on average from 40-50 cm.

€ Gullies ranked orange eroded on average from 30—40 cm.

P Gullies ranked yellow eroded on average from 25-30 cm.
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Table 2 (continued). A summary table of gully catchment characteristics and erosion ranking of yellow,
orange, and red based on the change in median elevation (Figure 17). Additionally, archaeological sites
that fell within the buffered region of a gully are provided.

Vegetation Archaeological
Average CIiff | Cover in Median Elevation | Sites Within
Gully ID Height (m) [ Catchment” | Catchment Material Difference (m) | Buffer
29 0 low Moenkopi -0.283P -
30 1.5 low Moenkopi -0.355 ¢ -
31 1.4 low Thin cinder cover -0.539 8 -
32 0.4 low Cinders -0.453 B -
33 1.0 low Cinders -0.4358 -
34 0.0 low Moenkopi -0.325¢ -
35 1.2 low Moenkopi -0.376 ¢ -

A Vegetation cover was recorded as a percentage from 0-100% and then classified as low (0-30%), medium
(31-70%), and high (71-100%).

B Gullies ranked red eroded on average from 40-50 cm.

€ Gullies ranked orange eroded on average from 30—40 cm.

P Gullies ranked yellow eroded on average from 25-30 cm.
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Chapter 4. Discussion and Conclusions

4.1 Discussion

4.1.1 Erosion Threshold

The threshold model of erosion suggests that gully formation is controlled by the balance between
erosion and deposition of sediment in a watershed, which is influenced by the characteristics of the
contributing area. Larger contributing areas have a greater capacity to store water and generate
runoff, which reduces the slope angle required to initiate gully erosion. As a result, gullies in larger
contributing areas tend to have shallower slopes (Figure 15). Conversely, smaller contributing areas
have less capacity to store water and generate runoff, which increases the slope angle required to
initiate gully erosion. As a result, gullies in smaller contributing areas tend to have steeper slopes. In
Wupatki Wash, however, the slope-area relationship is weak and gullies with smaller catchments
degrade at a comparable rate as gullies with larger catchments. Thus, our hypothesis about the slope-
area relationship was not supported by the data, and we did not find a threshold slope above which
gully erosion occurs. We attribute the lack of a strong slope-area relationship found in other studies
(e.g., Patton and Schumm, 1975; Montgomery and Dietrich, 1994; Pederson et al., 2006; Wu and
Cheng, 2005) to lithological differences and, in particular, the high mobility and permeability of
cinders. While the negative slope-area trend normally implies overland flow-driven processes, the
weak trend seen at WUPA suggests subsurface flow (through the cinders) is influencing erosion
(Vanderkerchove et al., 2000). The slope-area topographic relationship is not sufficient for
explaining an erosion threshold at WUPA. Our data are comparable to the spread of contributing
areas of Pederson et al. (2006), but the range of slopes of our data is much less (Figure 15).

4.1.2 Gully Morphology and Change Analysis

In Wupatki Wash, there is no evidence of head cut retreat in gullies. Gully heads are either abrupt at
a cliff band or gradual after rockfall debris (Figure 5 and 6). In either case, gully heads remain fixed
in position, while changes in gully slope (Figure 18) result from either erosion or aggradation. Gully
heads remain fixed in position such that they cannot retreat because of the presence of the rockfall
and cliff band in the catchment. Where gully heads are abrupt, the dominant process of gully erosion
is pour-over that occurs from runoff over the cliff band (Figure 5 and 6). Slope breaks (gully
knickpoints) did occur within gullies where Moenkopi sandstone outcropped, or Moenkopi
colluvium accumulated within the gully bed. We found gullies to form primarily within cinder
deposits with steeply sloped sides but not steep head cuts (Figure 6). Cross-sectional shape is a
function of soil material type, and gully evolution (Thwaites et al., 2021). The gullies at WUPA are
‘V’ shaped (Figure 6), suggesting gullies form in materials with a high level of aggregate stability
(Downes, 1946), and the gully is in the channel-eroding or stabilized stage of development (Ireland et
al., 1939). However, models of gully development are typically based on weaker materials overlain
by a more resistant material (Ireland et al., 1939; Schumm, 1960), which does not apply to WUPA.
Generally, we observed gullies form within less-resistant cinders overlying more resistant silty
sandstone (Figure 8). Cinders do not have a high level of aggregate stability, but gully banks did
appear relatively stable at the cinder’s angle of repose. The angle of repose of cinders is comparable
to that of sand, around 30" (Porter, 1972). Bank collapse was evident in some gullies between patches
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of vegetation or where Moenkopi bedrock affected the bank. We did not examine gully vegetation
cover within the analysis because only one measured gully had a high amount of vegetation in the
catchment and vegetation presence on gully banks was generally very minimal.

As opposed to channel widening from bank undercutting and failure (Pederson et al., 2006), gullies
in Wupatki Wash have eroded primarily by channel incision (Figure 16 and 19). Some gullies
contained pieces of Moenkopi colluvium or bedrock within the channel bed, however, which would
limit further incision. All measured gullies were eroding, but as seen in Figure 19, some gullies at
WUPA may be aggrading. Almost all measured gullies contained cliff bands, and we attribute gully
erosion to runoff effects following rain events. Where cinders are present in catchments, runoff-
generation is likely from saturation-excess overland flow due to the cinder’s high permeability.
Additionally, cinders are likely transported as a slurry and runoff over cliff bands into downstream
gullies. Intermittent debris flows may occur given a sufficiently high rainfall intensity. The lower
infiltration rate of Moenkopi-derived sediments suggests infiltration-excess overland flow likely
leads to quicker runoff focused into gullies. Cinders are very loose, friable, non-cohesive, and mobile
compared to Moenkopi-sediments. They are also slightly finer in grain size (Figure 13). Therefore,
cinders are detached and transported more easily. For this reason, catchments composed of primarily
cinders were found to have larger MEDs than those with surficial Moenkopi-sediments (Figure 17).
This was an unexpected result, however, as we hypothesized Moenkopi-dominated catchments would
increase the magnitude of runoff and MED. Thus, our second hypothesis was also not supported.
Depth of cinders was not measured in the field, but we believe is an important control on erosion.
Gullies with higher MEDs formed within thick cinder deposits. In addition to water erosion, cinders
erode from aeolian processes, but these processes were not evaluated in this investigation.

4.1.3 Vulnerability Assessment

A 5-m buffered region around cliff band and measured gullies was used to designate archaeological
sites as highly vulnerable to erosion, regardless of surficial catchment lithological properties. These
sites experience direct impact from runoff over cliff bands and erosion was observed in all measured
gullies. Three other sites (WUPAO01455, WUPAO01431, and WUPAO01413) were given high
vulnerability classifications because they are found on cinder hillslopes, which erode more readily
compared to hillslopes composed of Moenkopi-sediments (Table 1). Moderate and low
classifications varied based on site setting, surficial geology, field notes, or field observations from
an NPS archaeologist. These classifications were primarily based on lithology and site setting, but
additional factors including flow accumulation, local slope, and presence of vegetation could be used
to improve archaeological site classifications. Although a large amount of baseline geomorphic data
was collected, the classification of archaeological sites was constrained by limited accessibility to
measure specific gullies. This analysis could be improved by collecting aerial imagery and
performing a large-scale, high spatial resolution landscape change detection analysis to further
evaluate archaeological site vulnerability.
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4.2 Conclusions

This study analyzed gully morphologic changes over a five-year period and classified archaeological
sites based on vulnerability to gully erosion. Baseline geomorphological data collected in the summer
of 2021 revealed an eroding landscape at WUPA. According to the coarse-scale analysis using
longitudinal profile data, all measured gullies showed a negative MED, with a maximum of 50 cm of
incision. These data were corroborated with cross-section data, where average gully depth was
significantly greater in 2021 than 2016 for all measured gullies (p<0.001). Although statistically
significant changes in width were not found, these results provided insight into gully development
and growth.

We linked catchment surficial geology to gully erosion, with unexpected results. Although water
infiltrated quickly through the cinders, more erosion occurred in gullies with catchments
predominantly covered with cinders. Additionally, cinders likely influence gully slope because the
size of the catchment was weakly related to the gully head slope. In a semi-arid environment like
WUPA, surficial geology, particularly the presence of Moenkopi Formation cliffs, heavily influences
runoff processes and gully erosion. With changing precipitation patterns due to a warming climate,
we recommend park managers focus monitoring efforts based on the geomorphic-controlled gully
and archaeological site classifications. A total of 22 sites were classified as high vulnerability based
on our analysis and flow diagram.
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Appendix A

From the slope-Area analysis, we created a threshold model and predicted where gullies form on
hillslopes (Figure A1). The model performed well and predicted locations of measured gullies.
Similar to Pederson et al. (2006), the threshold model overpredicts gully channelization and lacks
site-specific influences (e.g., infiltration rate of various lithologies). In a few cases, the banks of
large, steep-sided gullies were predicted instead of the channel bed. Several rills through Moenkopi-
sediments (no cinders present within the gully) were measured but were not included in the slope-
area analysis. As such, the model did not predict the locations of these measured incisional features.
The presence of large rockfall debris beneath cliff bands resulted in steep “actual” slopes and thus
could potentially be removed to improve the prediction map. We collected baseline geomorphic data
for this analysis, but with additional data collection, such a threshold model could prove useful for
predicting areas vulnerable to gully erosion.
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Figure A1. Gully prediction map showing predicted locations of gullies based on the slope-area analysis
threshold model. The threshold model overpredicted gully locations and needs to consider additional
factors beyond topography such as lithological influences on gully formation.
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