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a b s t r a c t

Cutting-edge photogrammetric techniques combined with traditional methods are a boon for archae-
ologists interested in performing spatial analyses. Low-altitude aerial photography (LAAP) combined
with photogrammetric Image Based Modeling (IBM) comprise a workflow that allows for precise and
accurate recording of both photographic and elevation data of archaeological sites with a great deal of
speed and efficiency. Through these techniques, the researcher can create spatially-referenced ortho-
photos and digital elevation models (DEMs), which can serve as the basis for investigations into site
formation processes. Due to the rapidity of the creation of these datasets, analysis of site formation
processes can be completed over the course of hours or days. The results of such site formation studies
can inform and guide further archaeological investigations of sites. This paper presents the application of
a combined LAAP-IBM method to acquire GIS data, which serves as the basis for a case study of a new
model of the effects of erosion on archaeological sites e a key factor in understanding site formation
processes. These methods are applied to Khirbat Nuqayb al-Asaymir, a Middle Islamic site in southern
Jordan, as a case study.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The process of archaeology relies on interpreting how things
were in the past (the systemic context) from how things are in the
present (the archaeological context) (Schiffer, 1972). This, in turn,
depends on the correction of distortions caused by cultural and
environmental formation processes (c- and n-transforms, respec-
tively), affecting the archaeological record after the original depo-
sition of artifacts. Fortunately, formation processes have predictable
and discoverable effects on the archaeological record, an area of
theory that has been developed by Michael B. Schiffer (1972: 678),
meaning that these transformations can be understood and
accounted for. The documentation of biases caused by formation
processes facilitates the reconstruction of the relationship between
systemic and archaeological contexts. However, archaeological
t of Anthropology, 9500 Gil-

nd).
research relies on the existence of empirical evidence in order to
demonstrate that certain n-transforms occurred. This is an a pos-
teriori approach to making inferences about natural transformation
processes’ effects on the archaeological record (See Cruz et al., 2014
for an excellent example of one such study). We suggest here that
certain ubiquitous environmental transformation processes do not
need to be proven to have occurred before they are considered in
archaeological research, given the likelihood of their occurrence. As
such, a priori presupposition of these factors may provide insight
into the predictable patterns of evidence one would expect to find
as the results of these processes when conducting intensive
archaeological investigation. In the same way that one would be
unlikely to plan excavation or survey without due consideration of
the ways in which cultural formation processes (i.e. artifact depo-
sition) affect the archaeological record, we propose that the biasing
effects of environmental formation processes such as erosion are
also important to factor into planned investigation of archaeolog-
ical sites. Erosion in particular has rarely been the main focus of
comprehensive archaeological study, with some exceptions (James
et al., 1994; Stiros et al., 1999; Turnbaugh, 1978; chapters in
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Fig. 2. ELRAP's integrated workflow for detailed aerial archaeological survey.
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Meylemans et al., 2014). Attempts to develop a general model
specifically aimed at estimating the distortions in spatial patterning
of artifacts caused by erosion at various sites (e.g. Wainwright,
1994) are even more rare. In our view, such a model can provide
substantial benefits in terms of understanding the spatial distri-
bution of artifacts at sites prone to erosion.

Fortunately, recent developments in field recording methods
and technology provide an excellent basis for an a priori study of
water-caused erosion at archaeological sites. We have developed a
workflow using techniques including low-altitude aerial photog-
raphy, computer vision, soil science, ethnoarchaeology, and GIS to
study the effects of this formation process. Our aims in conducting
this work are threefold: first, we intend to demonstrate the viability
of conducting various spatial analyses usually applied at a regional
level at an intra-site scale. Second, we develop a model workflow
for detailed site survey and a priori consideration of erosion as a site
formation process affecting the development of archaeological
context. Finally, we apply these studies to the site of Khirbat
Nuqayb al-Asaymir (henceforth KNA) (Fig. 1), a copper production
site in southern Jordan's Faynan region dating to the Middle Islamic
Ic-IIa (ca. 2nd half of 12th to 1st half of 13th century CE) periods
(Jones et al., 2012, 2014, 2017), for use in understanding the spatial
distribution of artifacts and the relationship between systemic and
archaeological context at the site.
2. Materials and methods

2.1. Low-altitude aerial photography and structure from motion

During the 2012 and 2014 UC San Diego Edom Lowlands
Regional Archaeological Project (ELRAP) expeditions to the Faynan
region of southern Jordan, the team developed an integrated
workflow for detailed aerial archaeological survey (Fig. 2).

ELRAP deployed a low-altitude aerial photography (LAAP)
photography platform for the purposes of photogrammetric Image-
based modeling-oriented data collection and three-dimensional
spatial survey of investigated sites in the region. Image-based
modeling (IBM) is a broad term for the use of 2D images to
generate 3D representations of physical objects (Remondino and
El-Hakim, 2006: 271). One increasingly popular digital approach
to IBM, Structure from Motion (SfM), applies photogrammetric
principles to digital photographs in order to generate a 3D point
cloud. SfM processes identify “feature points” (matching pixels)
across multiple photographic images through comparison of their
intensity and the characteristics of their geometric neighborhood.
These points, along with Exif data (metadata describing the camera
settings and other information about each image), allow for the
Fig. 1. Khirbat Nuqayb al-Asaymir. The varied topography of the site is clear in this
image.
algorithm to calculate the relative locations fromwhich each photo
used in processing was taken and to form a sparse point cloud
(Ullman, 1979). Many software packages released in recent years
(including Agisoft Photoscan, http://www.agisoft.com/, one
particularly popular application) combine SfM-based point cloud
generation with mesh model and texture generation functions, for
an integrated IBM workflow. Archaeologists have noted the cost-
effectiveness of these digital photogrammetric techniques, their
precision and accuracy (in some cases rivaling laser scanning), and
its temporal efficiency in field recording (Verhoeven, 2011; Doneus
et al., 2011: 84; Lambers et al., 2007; De Reu et al., 2014;
Quartermaine et al., 2014; Forte, 2014: 13; Roosevelt, 2014;
Meylemans et al., 2014; Jorayev et al., 2016; Reshetyuk and
Mårtensson, 2016; Sapirstein, 2016; Thomas.,). Others have high-
lighted the capacity of photogrammetric IBM techniques for
documentation atmany scales, ranging from the artifact-to the site-
level (Olson et al., 2013). IBM-oriented photographic data collection
can allow for the production of high-quality spatial datasets suit-
able for interpretation and analysis within a Geographic Informa-
tion System (GIS) framework at levels of resolution and accuracy
unparalleled by other techniques (Howland, 2014: 106). The GIS-
compatible datasets produced through IBM-based approaches
consist of digital elevation models (DEMs) and orthophotographs,
vertical photographs corrected for lens and elevation distortions
(Howland, 2014; Verhoeven et al., 2012). The technique can also be
married to methods of low-altitude aerial photography to expand
the scale of data collection to a site-wide or greater extent
(Verhoeven, 2011; Olson et al., 2013; Remondino et al., 2011;
Howland, 2014; Smith et al., 2014; Roosevelt, 2014; Sapirstein,
2016; Jorayev et al., 2016). Given the possibility of rapid collection
of accurate, precise, and useful 3D and spatial data through com-
bined LAAP and IBM approaches, these methods form an excellent
basis for preliminary survey of archaeological sites.

To perform this type of aerial 3D survey, ELRAP deployed a 1-ply
Kingfisher Aerostat K14U-SC balloon (Dimensions: ca.
3.6m� 3.0m, volume: ca. 21.0m3, and lift: ca. 13.6 kg when fully
inflated, tethered with 800lb SPECTRA line) tethered to and
manipulated by a ground-based operator. This balloon was
outfitted with a custom triangular frame capable of holding one or
two high-resolution (15.1 megapixel) Canon EOS 50D Digital
Single-Lens Reflex (DSLR) cameras equipped with 18mm lenses.
The balloon was selected over other LAAP options (such as UAVs or
kites) due to the stability of the platform, its greater net lift, and the
reduced chance of a catastrophic crash. The balloon also had per-
formed well in prior field expeditions for similar purposes (Smith
et al.2015; Howland, 2014). This platform allowed for an intensive
campaign of photographic and 3D recording during the ELRAP field
season.

The team intensively photographed five relatively large sites
(Neolithic Wadi Fidan 61 [ca. 6ha] Levy et al., 2001), the Iron Age
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sites Khirbat al- Ghuwayba [ca. 7ha] (Levy et al., 2003), Khirbat en-
Nahas [ca. 10ha] (Levy et al., 2014c), and Khirbat al-Jariya [ca.
7ha](Ben-Yosef et al., 2010), and Middle Islamic Ic-IIa KNA [ca. 8ha]
(Jones et al., 2012) (the subject of this paper) using the balloon
platform (Howland, 2014). These sites have been intensively
investigated by ELRAP as part of the project's deep-time study of
metallurgical technology and social evolution (Levy et al., 2014b).
Image acquisition at KNA consisted of the collection of 361 images
captured at ca. 100 m elevation, with ca. 75% overlap between
adjacent images. All data acquired at KNA were processed through
the commercially-available software package Agisoft Photoscan.
Precise details regarding image capture and the 3D model pro-
cessing workflow within Agisoft Photoscan on the ELRAP project
have been published elsewhere (Howland, 2014; Howland et al.,
2015) and do not bear repeating here beyond a brief elaboration
on the resolution and spatial accuracy of the KNA model. The
sitewide model was georeferenced based on 12 easily identifiable
control points, marked across the site with spray paint, and recor-
ded with a Leica Flexline TS02 Plus total station. We estimate the
accuracy of these points to be approximately ± 3 cm, given the
inherent accuracy parameters of the total station itself and the
nature of the control points. The model's spatial error, as reported
by Agisoft, was 11.54 cm, referring to the RMSE of the ground
control points identified in the images and their locations in the
produced model. This number indicates that the geometry of the
model has some distortions causing a level of spatial error in the
model that is not ideal. However, we consider it to be well within
acceptable limits when considered within the context of a sitewide
study of erosion, which is necessarily imprecise. More localized
models with far smaller error levels more suited to rock drawing
were also captured at the site in cases where higher accuracy was
needed. The sitewidemodel of KNAwas ultimately used to generate
an orthophotograph at 2 cm resolution and a digital elevation
model (DEM) with 5 cm resolution of the site. These datasets pro-
duced through these methods have significantly better accuracy
and resolution than other available data, which is usually satellite-
derived.

2.2. Quantifying erosion

These GIS outputs serve as an excellent basis for forms of
analysis not possible without such high resolution data, including a
detailed investigation into erosion at archaeological sitesdthe
focus of this paper. Our approach to this investigation is twofold.
We have attempted to both quantify erosion risk and predict the
spatial patterning of eroded material. Both of these procedures rely
on GIS data produced through ELRAP's LAAP and IBM campaign, as
well as data and methods drawn from other sources. To estimate
the risk of erosion at archaeological sites and at KNA in particular,
we have applied the Revised Universal Soil Loss Equation (RUSLE), a
formula created (Wischmeier and Smith, 1965) and later revised
(Renard et al., 1994) by the United States Department of Agriculture
and often applied by soil scientists to calculate rates of rain-caused
erosion on plots of land or specific field areas (Wischmeier and
Smith, 1978: 3; Yoon et al., 2009). RUSLE, in other words, predicts
annual rates of erosion over long periods of time. RUSLE was
selected from among several erosion modeling methods (such as
WEPP, USPED, etc) due to the formula's (relative) simplicity, the
ease of acquiring necessary data to perform the relevant calcula-
tions, and the formula's compatibility with GIS-based analysis
(Ganasri and Ramesh, 2016: 955). RUSLE has been described as the
most practical erosion model for use at the local level, and can be
appropriately applied at scales of less than 10 ha, whichdthough
medium-sized for an archaeological sitedis small by the agricul-
tural standards on which many soil studies are based (Ganasri and
Ramesh, 2016: 956; Taguas et al., 2010). That hyperspecific vari-
ables are not necessary for the equation was also an important
consideration, due to the lack of readily available soil and climatic
data for the study area. Importantly, RUSLE does not account for soil
deposition, only rates of erosion (Chen et al., 2008). Furthermore,
the equation does not consider erosion caused by wind, gravity, or
even streams, meaning the current study is not a comprehensive
study of all erosion processes at the site. Another consideration is
that RUSLE is a formula designed with regard to naturally forming
and occurring soil profiles. Thus it is important for this study to
distinguish between these and anthropogenic deposits with asso-
ciated natural sedimentation. The latter deposits we refer to as
“sediment,” reflecting the absence of natural soil horizons and
profiles. This study will reflect our assumption that all deposits at
the site have been subject to anthropogenic modification and as
such should be characterized as sediment (rather than soil). Thus,
this paper will apply RUSLE to address the rain-based erosion of
sediment at KNA.

The RUSLE calculation requires five variables describing the
conditions in the area in which one wishes to calculate erosion in
tonnes/hectare/year (A), which are multiplied together (Fig. 4).

These are the rainfall erosivity factor (R), a measure of the degree
to which local conditions of precipitation cause erosion, the soil
erodibility factor (K), which relates to the potential of the soil to
erode, the length-slope factor (LS), which accounts for the influence
of topography, and cropping (C) and conservation practice (P) factors,
which relate to the effects of vegetation and slope, respectively, on
erosion (Goldman et al., 1986: 5.2). We collected the data required
to calculate each of these variables for KNA from a number of
sources. The precipitation data needed for the computation of the
R-factor was obtained from Hijmans et al (2005), allowing us to
approximate the variable using Renard and Freimund (1994: 299)
equation (R¼ 0.0483P1.610, where P¼ an annual precipitation total
less than 850mm) for low-precipitation areasdresulting in an R of
46.182 (unitless) across the site of KNA. The type of detailed soil
survey data required to estimate the K-factor for sediments at KNA
was not readily available and notmeasured in the field due to a lack
of the expertise and equipment needed for exact soil classification.
As such, we were forced to rely on proxy data acquired from a soil
profile (Casler, 2006) from land approximately 5.5 km to the south,
though still in the Faynan region. Though it would be preferable to
apply information from data directly from the site, the near-
absence of soil data in Jordan requires that a somewhat wider net
be cast (the present study would be improved somewhat if re-
sources and funding for a detailed local soil survey were available).
Because of these shortcomings, calculating the sediment erodibility
factor required some estimationswithin the bounds of the data that
was included in the soil survey; specifically the exact texture
composition of the sediment in terms of percentage of sand, silt,
and clay making up the sediment, beyond its characterization as a
silty clay loam. The values were estimated as follows: particle size
parameter z3575, percent organic matter z0.5, soil structure in-
dex z2, profile-permeability class factor z5, percent clay z35.
Applying these approximations, we calculated a (unitless) K-factor
of 0.520 using the formula (Kfact ¼ (1.292)[2.1� 10�6 fp1.14 (12 -
Pom) þ 0.0325(Sstruc �2) þ 0.025(fperm e 3)], with a modifying
factor of 0.105 added based on the estimated organic matter con-
tent of 0.5%), the mathematical representation of the nomograph
provided by Wischmeier et al. (1971), which we regard as a rough
but suitably accurate approximation of the variable's actual value.
K-factor for this study is considered as a sitewide constant due to
the relatively small size of the site and lack of identifiable variation
in sediment across the site. The LS-factor was a more precise
calculation as it is possible to derive the data needed to calculate
this variable from a DEM using functions within ArcGIS. The LS-



Fig. 3. Orthophoto of KNA with measured primary deposition and estimated secondary deposition. The inset map shows KNA's location in the southern Levant, 30 km southeast of
the Dead Sea.

Fig. 4. The RUSLE Formula (Goldman et al., 1986: 5.2) and the calculated variables at
KNA. LS refers to the LS-factor raster calculated across the site.

Fig. 5. The formula to calculate the LS-factor (Goldman et al., 1986: 5.20) and its
operationalization in the ArcGIS Raster Calculator to calculate LS across the entire site
of KNA.
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factor is fundamentally a measure of the degree of which slope
length and gradient affect erosion, and as such, it was necessary to
calculate these values across the site. To calculate the slope gradient
across KNA, we applied the Slope tool in the Spatial Analyst toolbox
(ESRI, 2013) to create a raster dataset with slope data at the site. In
order to quantify slope length, we applied the Flow Length tool, also
in the Spatial Analyst toolbox. This tool automatically calculates the
distance downhill from local maximums to each cell at the site
(ESRI, 2013), deriving a seamless slope length dataset. The last
variable required to calculate the LS is known as the “m-factor,”
which consists of fixed values for ranges of slope. This we
operationalized in GIS through reclassification (ESRI, 2013) of the
slope raster. With each of the key variables for working out the LS-
factor in raster format in GIS, we were able to implement the for-
mula provided by Goldman et al. (1986: 5.20) into the raster
calculator (Fig. 5) and create a raster dataset of the LS-factor over
the entire site of KNA.

Calculation of the C- and P-factors was straightforwarddas
there are no cropping or conservation factors acting on the site,
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these variables were assigned a value of 1 (Goldman et al., 1986:
5.22e24). With each of the variables involved in the RUSLE equa-
tion approximated or determined, we were able to calculate the
equation within GIS by adapting the RUSLE formula from Goldman
et al. (1986: 5.20) for use in the Raster Calculator in ArcGIS. This we
accomplished by substituting the R-, K-, C-, and P-factors at KNA as
sitewide constants into the equation, and multiplying these by the
LS-factor raster already created (Fig. 4). This process allowed us to
bring abstract (and not spatially-referenced) variables into our GIS
and calculate erosion in tonnes/hectare/year across the site, with
this data in spatially-referenced raster format. We reclassified this
data according to previously-published erosion risk categories
(Farhan et al., 2013) in Jordan in order to clearly understand the
level of erosion risk across KNA and at different parts of the site
(Fig. 6). One important aspect of the current study is that all of the
RUSLE variables, with the exception of the slope-related LS factor,
are considered as sitewide constants. This meshes with RUSLE's
intended use for “specific field areas,” (Wischmeier and Smith,
1978: 3), KNA's relatively small size (the site mainly consists of
Fig. 6. RUSLE-based estimation of erosion
two slopes), and the lack of discernible soil type variation at the
site. Thus, the results of the formula will vary as a function of slope
across the site, reflecting the primacy of slope as a factor in erosion
risk in small areas.
3. Results

3.1. Quantifying erosion

Our results show that the risk of erosion at KNA is very high
(Fig. 5). 58.0% of the site is at either Severe (25e50 tonnes/hectare/
year) or Extreme (>50 t/ha/yr) risk of erosion, with only 18.5% of
the site at Minimal (0e5 t/ha/yr) or Low (5e15 t/ha/yr) risk. These
findings d while striking d are not unexpected. Approaching the
site, our team recognized that erosion could have had powerful
effects on the formation of the site and distortion of archaeological
context, because of the climatic and topographical conditions of the
site. The site of KNA straddles a small valley, with structures
perched on the top of steep hills on either side (see Fig. 1). Very
risk at KNA in tonnes/hectare/year.
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little sediment is actually present on the slopes of these hills,
probably the result of erosion over time, corroborating the high
predicted erosion risk at the site. In some areas of KNA, the sedi-
ment had completely eroded away and bedrock is present at the
surface. Rain in the Faynan region of southern Jordan where KNA is
located, when it does come, often occurs in intense storms that
result in highly-erosive flash flooding events. Thus, affirmation that
erosion may have had potentially severe effects on the site is not
unexpected. Importantly, the RUSLE calculation predicts erosion
risk, rather than actual erosion. Thus we should not expect that
many tonnes of sediment will be removed from the slopes at KNA
every year, but rather that what sediment is located in these higher-
risk areas will be very likely to erode. Perhaps not coincidentally,
the parts of the site calculated to have the highest erosion risk also
have very little sediment present (as it is presumably continuously
eroded away), whereas the lower-lying areas with lower erosion
risk have accumulated more sediment. These results circumstan-
tially support both the overall risk of erosion at the site and the
patterning of erosion risk. Furthermore, pedestrian survey at KNA
conducted in 2002 (Jones et al., 2012) and excavation in 2011 and
2012 add further circumstantial evidence to the risk of erosion at
the site and reinforce the importance of spatial patterning. Circa
1300 ceramic sherds were collected from the surface at KNA, with
hundreds of artifacts still visible at the site's surface, especially on
slopes below structures. In contrast, only ca. 470 ceramic sherds
were recovered from excavation of five structures at the site. One
might reasonably expect these artifact distribution patterns to
represent the results of erosional processes, given the demon-
strated risk of erosion at the site.

3.2. Patterning of erosion

3.2.1. Background: patterning of erosion
While quantifying erosion risk at KNA was a satisfying first step

in discovering the effects of this environmental formation process
at the site, it provides only limited insight into the spatial
patterning of the distortion erosion causes. Formation processes
have predictable effects, and by understanding these processes, we
can correct the distortions they introduce (Schiffer, 1972:677). Thus
it is important to go beyond merely estimating the severity of
erosion to actually begin to understand the patterning the process
introduces. Data acquired through LAAP and IBM methods again
proved useful to that end, in combination with data derived from
other sources. The following analysis combines ethno-
archaeological data on the spatial patterning of deposition with
GIS-based analysis to model the ways in which the archaeological
record is altered and distorted by processes of erosion.

We relied on data derived from ethnoarchaeological study to
create a model of depositional processes at sites. Schiffer
(1972:161) differentiation between primary and secondary refuse
is relevant here, although it bears some elaboration as to how el-
ements are actually discarded, which led us to turn to the ethno-
archaeological data for specifics. Perhaps obviously,
ethnoarchaeological studies indicate that central activity and
habitation areas within structures in sedentary settlements are
kept relatively clear of refuse in nearly all cases (Murray, 1980).
These areas of active and frequent use are often swept to clear
refuse (Simms, 1988), and the primary deposition (i.e. in their ac-
tivity area) of elements in areas that are well-maintained is rare
(LaMotta and Schiffer, 1999). As such, these areas have very little
pottery when in active use (Longacre, 1981). Secondary discard is
more complex than primary deposition, due to the fact that arti-
facts resulting from secondary disposal are removed from the
location of their use. Deal (1985) provides a four-type schema of
secondary discard: provisional discard, disposal resulting from
household maintenance, dumping, and loss. Provisional discard
refers to the stashing of broken elements so that they may be used
later or collected for secondary disposal, and usually occurs in areas
within or near living quarters. These areas are out of the way but
readily accessible, including along interior walls, in corners, and
also along exterior walls and fences (Hayden and Cannon, 1983;
Deal, 1985). Provisional discard occurs in communities around the
world, including Mayan households, Syrian villages, and semi-
nomadic Bedouin camps in Jordan (Hayden and Cannon, 1983;
Kamp, 2000; Simms, 1988). The second type of secondary
element deposition is related to standard household maintenance,
resulting in the relative cleanliness of activity areas. Various
ethnographic sources evidence the processes of household cleaning
(Simms, 1988; Binford, 1978; Longacre, 1981; Hayden and Cannon,
1983; Deal, 1985). Interestingly, some sources indicate an
extremely casual attitude toward disposal of ordinary trash. This
type of refuse can be swept or thrown out an entrance (Simms,
1988; Hayden and Cannon, 1983). Little effort is spent to dispose
of animal bones or other organic refuse, other than to make sure it
is disposed of in a downhill direction when a structure is on a slope
(Hayden and Cannon, 1983). Dumping is Deal (1985) third form of
secondary refuse disposal and it is responsible for the highest
quantity of elements in the archaeological record. This type of
deposition refers to elements that are intentionally discarded in a
specific area. These areas need not be specific dumps, but can also
be discard areas within household compounds or elsewhere (Deal,
1985). How to interpret high-density deposits such as pits has been
an important matter of consideration (Wilson, 1994), although the
study of such deposits depends on their discovery. Generally, eth-
noarchaeological evidence suggests that the vast majority of refuse
is actually deposited within compounds, or within concentrations
of population (Murray, 1980; Hayden and Cannon, 1983). As Kamp
(2000: 91) succinctly puts it, “few usable items reach the garbage
dump.” Thus, between provisional discard, household maintenance
disposal, and certain dumping processes, it seems that areas
immediately inside (i.e. along walls) and nearby outside residences
are some of the most critical for understanding sites during their
period of active use. The spatial boundaries of the area of highest
disposal density are somewhat flexible, given that household
compound areas of varying sizes are the key loci of discard. How-
ever, based on certain ethnographic studies, it appears that a radius
of approximately 5m around households and key structures and
activity areas is a common disposal pattern across various societies
(Hayden and Cannon, 1983; Simms, 1988). Thus it seems that the
highest density loci of secondary refuse disposal are often within
5m of residences or locations at which activities are performed,
with refuse not discarded directly uphill from these areas. These
analogies are most appropriate for application to non-industrial
areas at KNA (the majority of the structures at the site did not
serve an industrial purpose). In the case of industrial areas at the
site (Building 5300 in Area X, Building 5306 in Area Z, and Building
5304), an analogy derived from the excavation by ELRAP of struc-
tures related to the copper industry since 1999 is more directly
appropriate. At other copper production sites in Faynan, where
erosion is likely a lesser factor due to less varied topography, the
highest density of industrial artifacts have been primarily recov-
ered from within structures or slag mounds. The quantity of arti-
facts found outside these activity areas rapidly diminishes as a
function of distance. For this reason, we decided to also apply the
same 5m deposition assumption to industrial areas at the site.

3.2.2. Methods: patterning of erosion
With a site-wide orthophoto derived from LAAP and IBM, it was

a relatively simple process to operationalize these ethnographic
and archaeological data into a hypothesis on artifact deposition at
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the site of KNA. The ELRAP team identified structures, slag mounds,
and activity areas at the site through a combination of pedestrian
survey (Jones et al., 2012) and inspection of aerial imagery. These
locations, representing areas of primary deposition and likely some
provisional discard, were manually digitized as shapefiles in Arc-
GIS. Vector digitization of these areas was a key first step, facili-
tating the performance of more advanced forms of spatial analyses.
These included simulating areas of high-density secondary depo-
sition at the site. Given that the ethnographic data indicate the
majority of secondary deposition (excluding dumping) takes place
within 5m of activity areas and residences, we buffered each of the
digitized activity areas by 5m, removing areas directly uphill from
the activity areas. The results of this buffering (seen in Fig. 3) we
regard as a hypothesis for the main locations of artifact deposition
during the site's use.

Hypothesizing the spatial distribution of artifact deposition at
KNA allows us to also predict the ways in which erosion might
scatter these artifacts. Thus we aim to factor in both cultural and
environmental formation processes in how we understand the
creation and transformation of the archaeological record. Our
simulation of the results of erosion relies on cost-path analysis,
available as part of the Spatial Analyst toolbox in ArcGIS. Using the
polygons representing each deposition area as origin points for
least-cost paths down the slopes of the side, we calculated the
paths of least resistance water and water-caused erosion would be
likely to take down the slope for each area based on the DEM from
LAAP and IBM data (First it was necessary to fill depressions
resulting from noise in the DEM data (sinks), and subsequently
derive a flow direction raster dataset from the DEM). The result of
the cost path analysis d in raster format d was converted to
polyline vector format in order to ease subsequent analysis. We
then buffered the least-cost path polyline running down the slope
by 5m to represent a more realistic flow of water and to reflect the
assumption that water flow in rainstorms will not strictly follow
the most ideal path. These buffered pathways represent our hy-
pothesis as to the most probable routes of erosion from each of the
activity areas identified at the site. Because of the layout of the site,
many of the calculated paths of erosion converge in the center of
the site, in the wadi running through the site's center. Thus we
chose to identify the paths corresponding to each activity area with
different symbology, separating areas relating to more than one
activity area. Fig. 7 displays the areas of simulated deposition in
dark colors, with the associated areas that we predict artifacts
might be deposited in by erosion represented in similar but lighter
colors to represent that these areas are.

3.2.3. Results: patterning of erosion
The regions down-hill from each activity area represent our best

estimate as towhere the highest density of material eroded from its
original context. Areas shown in lighter colors represent slopes
directly downhill from activity areas, while parts of the site
downslope from multiple activity areas, and thus with presumably
mixed origins are shown in white (Areas not colored also represent
unknown or mixed origins). Unfortunately, our ability to quanti-
tatively assess the accuracy of these predictions is limited, as arti-
facts on the suface downslope from activity areas are without
concrete context and their original provenience is unknown.
However, exactly because these artifacts found on the surface are
already deprived of most of their value in spatial context, any
possibility of restoring some analytical value to these sherds should
be embraced. As such, it may be possible to provisionally re-
associate some of the surface artifacts with their original con-
texts, since we have generated predicted areas where the material
would end up after eroding down the slope from activity areas. This
may be important at sites like KNA, which has relatively few
artifacts in secure archaeological contexts while many artifacts are
recoverable from the surface of the site. By collecting surface arti-
facts but not attempting to establish their original contexts, ar-
chaeologists may be ignoring information that can potentially be of
value to their research. Conversely, the possibility of re-associating
artifacts with lost contexts through modeling and understanding of
site formation processes may provide a new way for scholars to
understand their sites at a deeper level and uncover new infor-
mation about the past.

3.2.4. Comparison of results to the study to previous excavations at
surveys

The accuracy of the erosional deposition model presented in
Fig. 7 can be tested against the results of the 2002 survey of the site
and excavations in 2011 and 2012 (Areas and building numbers
shown in Fig. 3). The model is in general agreement with these
results, and helps explain several initially confusing phenomena. In
Buildings 5301 and 5302, the survey collection supports the
model's prediction of severe to extreme erosion. Between both
buildings, only 20 sherds were collected, with the vast majority
coming from inside the walls of 5301. Although systematic collec-
tion did not occur on the slope below, four glazed sherds were
collected near the wadi, and likely eroded from one of the two
buildings. The model predicts more moderate erosion from Build-
ing 5303 (excavation Area Y), but the 2002 survey collected only 64
sherds in this building and the 2012 excavations reached bedrock
after little more than 0.25m. The excavations, however, also
recovered 46 sherds from a 7m2 probe, some of them belonging to
relatively complete vessels with well-preserved decoration. Given
that the model predicts less erosion in this area than surrounding
areas, the shallowness of the sediments here may be related to a
lack of post-abandonment deposition, rather than erosion of those
sediments, but modeling of aeolian processes at the site would be
necessary to test this assumption. In the southern part of the site,
severe to extreme erosion would also be predicted for Building
5310 (excavation Area A). While 104 sherds were collected from
this building during the 2002 survey, this must be considered in
relation to the size of the building, which stretches across ca. 90 m
of hillside. The 2012 excavations reached bedrock after only 0.5m,
and recovered only 24 sherds from a 24m2 square, suggesting that
erosion has been as substantial as predicted by the model. In the
site's central valley, only low to moderate erosion would be ex-
pected for Building 5306 (excavation Area Z). 190 sherds were
collected from this area during the 2002 survey, and the excavation
recovered 297 sherds from a 52.5m2 area. Most interesting is
Building 5307 (excavation Area D), a small (ca. 5� 4m) building
northwest of Area Z. The 2002 survey collected 68 sherds from this
building, which is fairly high, as Area D is the smallest preserved
structure at the site. A 2� 1m probewas excavated during the 2012
season, and only five sherds were recovered, however. The model
helps explain this discrepancy, as erosion of material from Area A
into Area D is also expected. As such, many of the ceramics collected
outside of Area D during the 2002 survey should actually be
attributed to Area A, which explains the presence of wheel-made
and mold-made types not found in the Area D probe. A final
interesting point concerns WAG 56, a cemetery site in the valley
below the Building 5311e5313 complex (n.b.: this site is not
included as a depositional area in the analysis here). 176 Middle
Islamic period sherds were collected at this site during the 2002
survey, which is more than would be expected for a site consisting
of only 8e10 burials, and Jones et al. (2012: 79) note that, at the
time, they were uncertain whether these sherds should be associ-
ated with the burials or with KNA. The model, which predicts se-
vere erosion from the Building 5311e5313 complex into the valley
below, helps resolve this question. Many, if not all, of the Middle



Fig. 7. Estimated deposition from erosion at the site. The darker colors in the image represent areas of estimated primary and secondary deposition. Associated lighter colors
represent our hypothesis of where artifacts may have been deposited by erosion. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Islamic sherds from WAG 56 likely eroded from the KNA hillside
above.
4. Discussion

The combined methods of LAAP and IBM serve as an excellent
basis for the acquisition of high-resolution spatially-referenced
data with a minimum of time spent in the field. These data, in turn,
allow for the performance of complex spatial analyses at an intra-
site scale. Given that satellite data is usually not of a sufficient
resolution to conduct analysis within the framework of a site, the
outputs generated by these methods represent a significant
advancement over those from previously-available technology. The
importance of the effects of natural processes on the archaeological
record is not a novel concept, yet the effects of water-based erosion
on artifact distribution patterns have (in our view) been under-
studied. We believe that an a priori consideration of the effects of
water-caused erosion can be both necessary and beneficial to
archaeological investigation. As we have seen, it can both clear up
the relationship between systemic and archaeological context and
potentially even re-associate artifacts with their original contexts in
a provisional way. Thanks to modern technology and techniques,
we now have the potential to conduct more intra-site spatial ana-
lyses, including those relating to n-transforms. This type of study
can potentially be a boon to archaeologists interested in under-
standing the development of their site over time and improving
their understanding of the past.
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