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Abstract

Earthen archaeological sites are particularly vulnerable to rain and winds, whose effects
may compromise their integrity. The Huaca Chotuna (HC; 8th—16th Century AD) is an
adobe platform in Peru’s semi-arid Lambayeque region, and it is in an area with exposure
to rain and winds associated with the El Nifio Southern Oscillation (ENSO) events. Here
we present the results from an orthophotogrammetric and morphometric study aimed at
quantifying the effects of erosion and deposition at the HC. The novelty of our approach
consists of merging topographic, hydrological, and wind parameters to recognize the sector
of the HC with exposure to potentially damaging natural climatic phenomena. We identify
zones affected by erosion and deposition processes. Results of a diffusion model aimed to
estimate the HC sectors where these processes will act in the next century are also presented.
Gully erosion from rainfall indicates a vertical erosion rate of approximately 0.2 m/century,
demonstrating the low preservation potential of the HC. Rainwater also deteriorates adobe
bricks and triggers water/mud flows. Conversely, sediment-laden winds contribute to the
partial burial of the HC. The findings highlight significant hazards to the HC's structural
integrity, including gravity instability. The interdisciplinary methodology we adopt offers
a key framework for assessing and protecting other earthen sites globally against the
escalating impacts of climate change.

Keywords: earthen archaeological site; preservation; digital morphometry; climatic
vulnerability; hazard

1. Introduction

Erosion due to rainfall and wind represents a key environmental process affecting
the Earth’s surface. Effects of erosion include changes in the properties and distribution
of soils, groundwater recharge/discharge cycles, stream network geometry, and damage
to the infrastructures of urban, transportation and agricultural areas, and to cultural
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heritage [1-3]. Among the different factors controlling the intensity of erosion processes,
the increasing amount of rainfall intensity and strong winds related to climate change
play a major role [4,5], being that rainfall intensity is proportional to erosion rate [6,7]. In
such a perspective, erosion poses a serious threat to cultural heritage [8-10]. Water and
winds are cause of the loss of structural integrity of the pre-Hispanic settlements, especially
those affected by potentially dangerous climatic phenomena as the El Nifio Southern
Oscillation (ENSO) events [11,12]. Therefore, the conservation of such sites needs a clear
understanding of the erosion processes and their relations with climate [13,14]. Defending
cultural heritage requires an interdisciplinary approach including monitoring and hazard
evaluation in the framework of climate adaptation plans, conservation actions, and sustainable
land use [15-18]. However, the first step in the evaluation of the preservation strategies is
the recognition of the connections between erosion processes and induced degradation.
About 10% of the world’s heritage consists of earthen sites often affected by erosion due to
intense rainfall, wind, and sediment-laden wind [19,20]. Archaeological sites located along
the northern coast of Peru in the Lambayeque region mainly consist of platforms (huacas,
from the Quechuan wak’a) made up of adobe (clay—silt-straw bricks). These peculiar
ceremonial buildings date from the 2nd Millenium BC to the 16th Century AD [21-23].
The Complejo Arqueolégico Chotuna-Chornancap (Chotuna-Chornancap Archaeological
Complex; Figure 1a,b) is an important ceremonial center including truncated pyramid-
shaped structures developed in the Lambayeque valley from the 6th to 7th Century AD
until the time of the annexation by the Tawantinsuyu (Inca Empire) in the 5th Century
AD. The main huacas of the Lambayeque coastal area also include Tucume, Mirador,
Colluz, and Soternic (Figure 1a,b). This area is characterized by a semi-arid climate, and the
bedrock on which the huacas are located consists of lacustrine, alluvial, and aeolian deposits
(dunes) [24]. Between May and January-February, the Lambayeque region is affected by
south-directed winds related to the Humboldt current [25], whereas west-directed winds
related to the ENSO events concentrate between February and April. The timing of El Nifio
can be roughly predicted but the associated rain and wind intensity remains difficult to
forecast [26]. The frequency of the extreme ENSO is expected to increase in the future due
to climate change [27]. Destructive ENSO events were recorded in sediments [28], and
their impact on the northern coast of Peru date back to thousands of years ago [23,29].
In historical times, Ortloff and Kolata [30] showed that ancient irrigation systems and
settlements in Lambayeque were repeatedly eroded, and the local communities rebuilt the
infrastructure multiple times or relocated settlements [31].

According to [32], sediments and erosional truncation of floors found in archaeological
sites containing 400 AD to 1400 AD old Moche and Chimu ceramics are related to de-
structive ENSO episodes. The stratigraphic features of these sites evidence the restoration
activities of damaged structures. Also, the ENSO events that occurred between about
100 AD and 700 AD at Lambayeque are believed to be responsible for the agricultural col-
lapse and the subsequent decline in Moche culture [33]. The more recent events (1925, 1982,
1997, and 2023) are well documented with clear evidence of heavy social and environmental
impacts with destruction of agricultural, urban, and infrastructural settlements [34-37].

Here we present a study on the effects of rain and wind at the Huaca Chotuna (HC), the
largest truncated pyramid of the Chotuna-Chornancap Archaeological Complex (Figure 1b—d).
We combine field observations and results of an orthophotogrammetric survey carried out
to obtain a high-resolution digital surface model (DSM) of the HC. The aim of our study
is to (a) recognize the erosion and deposition features affecting the HC, (b) quantify the
damages related to winds and/or rain from a morphometric analysis of a DSM, (c) provide
an estimate of the present-day degree of preservation of the remaining structure, and
(d) identify the HC sectors with a potential exposure to erosion or deposition due to
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diffusion processes in the next century. Our analytical and operational approach, which
combines archaeological, geomorphological, and morphometric data, provides a new
operating framework that can be exported to other earthen settlements sites. The ultimate
objective is to quantify the effects of climatic phenomena like rain and wind on earthen
heritage. This objective represents a prerequisite to design preservation strategies and
protection actions. With respect to other studies aimed at evaluating the effects of climatic
phenomena on earthen heritage [8,9,13,14,18], we show how remotely acquired data are
suitable for the estimate of sectors of archaeological sites affected by erosion and deposition
processes associated with climatic phenomena.
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Figure 1. (a) Location map of the Complejo Arqueologico Chotuna-Chornancap and huacas of
the Lambayeque region. Names of cities are reported italic character. (b) Map of the Complejo
Arqueologico Chotuna-Chornancap with location of the Huaca Chotuna (yellow). (c) Orthophoto of
the Huaca Chotuna; (d) digital surface model (DSM) of the Huaca Chotuna.
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2. Historical and Archaeological Setting

The first written references on the Lambayeque area come from Spanish chroniclers in-
cluding Francisco Lépez de Xerez [38], Pedro Cieza de Leén [39], Miguel Cabello Balboa [40],
Francisco Alcocer [41], and Garcilazo de la Vega [42]. The Lambayeque culture can be
described as a complex society with a decentralized state composed of several family
nuclei constituted as political entities based on ceremonial and administrative centers
strategically located in the valleys [43-45]. Numerous ceremonial centers were erected,
and the Chotuna-Chornancap Archaeological Complex is one of the most important
and wide. This complex is located on a plain extending over an area of approximately
95 hectares. The surface is made up of migrating and stable, vegetated dunes, some of which
partially cover important architectural structures. Some dunes have completely buried
smaller buildings or architectural elements [46]. The Chotuna-Chornancap Archaeological
Complex includes the main huacas HC and Chornancap, and other smaller buildings such
as Huaca de los Frisos, Huaca Susy, Huaca de los Sacrificios, Huaca Antropomorpha, and
minor enclosures (Figure 1b). These constructions were largely modified between 8th and
12th Century AD [47] and show clear evidence of erosion due to rainfall and burial due
to the deposition of sand by sediment-laden winds [48]. The HC covers an area of about
6400 m?. It is a magnificent architectural structure in the shape of a platform with a trun-
cated pyramid-like development separated by urban and residential areas, some of which
are buried by sand dunes. Briining [49] analyzed the legend of Naymlap, the mythical ances-
tor and founder of the Lambayeque culture based on pre-Hispanic relics, and Kroeber [50]
conducted the first systematic archaeological fieldwork. The HC is made up of adobe bricks
(raw clay, silt, and straw) belonging to three construction phases, which can be identified
from the different shapes of adobe bricks. These phases are [22] the Archaic Lambayeque
(early phase: flat rectangular adobe, 8th—early 12th Century AD), Classic Lambayeque
(middle phase: loaf adobe, late 12th-14th Century AD), and Late Lambayeque, Chimti-Inca
and Inca (late phase: loaf-shaped adobe, late 14th-16th Century AD). In a plane view, the
HC is a square and the present-day height is 26 m but, based on the constructions found
below the surface and those at the top in historical times, the original height may have been
in the order of 40 m [22]. The construction phase currently exposed is that ascribable to the
Classic Lambayeque period (Wester La Torre, 2010; 2011) [46,47]. The HC has an access ramp
running at the base orthogonally to the western side and parallelly to the western and northern
sides moving toward the top. The HC top is constituted by relicts of enclosures [22,48]. To the
west, at the base of the HC, excavations have returned architectural remains of rectangular
courtyards with access to the north, probably dedicated to artisanal and specialized activ-
ities. A large enclosure interpreted as a main plaza enclosed by poorly preserved walls
and dedicated to ceremonial and administrative activities occurs at the top of the HC [22].
The Chotuna-Chornancap Site Museum was inaugurated in 2009, exhibiting artifacts and
human remains from the rich pre-Hispanic history of the Lambayeque region and Peru’s
northern coast.

3. Methods

A field survey has been carried out with the aim of recognizing the type of sedi-
ments surrounding and partially covering the HC and the construction materials(s) of
the architectural structure. Also, this survey allowed us to plan the flight path for the
orthophotogrammetric acquisition, which was carried out along 6 to 12 m spaced E-W and
N-S striking stripes.
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3.1. Orthophotogrammetry and DSM

An orthophotogrammetric survey of the HC was carried out on 2 May 2025, a sunny
day with a wind velocity of <8 km/h from SW. The acquisition technique and the analytical
methods are detailed in [51]. We used a UAV quadcopter, DJI Inspire 1.0, with a camera,
Zenmuse X3 (sensor CMOS 1/2.3; resolution 12 megapixel). The UAV includes a naviga-
tion system (GNSS, gyroscopes, altimeter, and magnetic compass). The flight has been
carried out at an altitude of 20 + 2 m above ground. The camera angle varied between
the vertical and 32° from the vertical; this latter angle has been set to acquire detailed
images of the steeper slopes characterizing the HC outer flanks. A total of 493 12-megapixel
images were acquired with 72-84% overlapping. The UAV and a base station have been
interconnected by standard data radio communication and the data recorded in UTM
coordinates (WGS84), zone 175. Ten control points constituted by pre-marked targets have
been measured before the survey with a Trimble R6 GPS Receiver in Real-Time Kinematic
mode. We obtained horizontal coordinates of such control points with a Root Mean Square
Error (RMSE) of 1 cm on x and y and 3 cm on z. The photogrammetric 3D reconstruction
of EMLAC has been carried out with the AgisoftPhotoScan Professional Edition software
(v. 1.7.4; https:/ /www.agisoft.com) and a digital surface model (DSM) has been created us-
ing the Surfer software (v. 20.1.195) by GoldenSoftware. The orthoimages include the plani-
metric (x,y) data and the DSM the elevation (z). The acquired images have a resolution of
6 cm/ pixel with an accuracy of 4.5 cm. The DSM of the HC has a resolution of 9 cm/px
with an estimated RSME of 5 cm on x and y and 7 cm on z. The orthophoto and DSM are
reported in Figure 1.

3.2. Morphometric Parameters

The morphometric parameters we compute from the DSM have been selected with
the aim to characterize the morphological structure of the HC and analyze the effects of
rainfall and winds on the architectural layout. Also, we employ a hillslope diffusion model
to identify the sectors of the HC subjected to erosion or deposition related to diffusive
processes such as soil creep, rain splash, and discontinuous surface runoff [52,53]. The
morphometric parameters are defined below and include the following;:

- Aspect, which is the azimuth that a terrain surface faces. Aspect is measured in
degrees from the North in a clockwise trend following [54]:

Aspect =270 — 360/2m atan 2 [(Zn — Zs) /24y, (Zg — Zw)/2AX] (1)

where Z is the vertical component, x and y the horizontal components, and the subscripts
N, S, E, and W the cardinal points.

- Slope is measured in degrees according to [54]:
Slope = 360/2m arctan v/[(Zg — Zw)/28X)1? + [(Zn — Zs/2Ay)] 2)

- Topographic Wetness Index (TWI). We use this parameter to identify the areas where
the water may flow and accumulate during rain events [55]. TWI is a dimensionless
parameter used in hydrological analysis defining the balance of the catchment water
supply and local drainage. TWI provides information on the potential runoff genera-
tion, and its determination requires two input parameters [56]: the local upslope area
draining through a certain point per unit contour length A, and the local slope S in
radians. The analytical expression is:

TWI = In[(A)/tan(S)] 3)

- Stream network and watershed basins have been determined following [57] as imple-
mented in [58]. The Strahler order of the stream network, i.e., the hierarchy of streams,
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has been calculated with the MATLAB R2024a routine Strahler Stream by Wolf-
gang Schwangharta available online at https://www.mathworks.com/matlabcentral /
fileexchange/22952-strahler-stream-order (accessed on 15 May 2025).

- Overland flow horizontal distance (Oy¢). Oy is related to the movement of water on the
surface towards its confluence, termed the outlet [59], and the values have an inverse
relation with the drainage density of the watershed being the lower Oy value, the
higher the travel time of the runoff. O is defined as follows [59]:

O =1/2Dy 4)

with
Dg=Lu/Ay ®)

where Dy is the drainage density, L, is the stream length, and A,, is the watershed area.
We determine the overland flow with the flow algorithm by [60].

- Wind Effect Index. We determine the extent and degree of upwind or downwind
exposure of the HC by calculating the Wind Effect Index (WEI), which is a dimension-
less index [61]. Values of WEI < 1 indicate the areas shielded from the wind, whereas
values > 1 indicate areas exposed to wind. For the calculation of WEI, we follow the
algorithm proposed by [61]. The Wind Effect index is the product of the windward and
leeward indexes. These indexes are calculated considering the horizontal distances in
windward and leeward directions and the corresponding vertical distances compared
with the considered raster cell. The required input parameters are the prevailing wind
direction and the digital topography of the study area. To measure the exposure of the
HC to the wind, we adopt two prevailing wind directions: (a) a 180°N (from South)
wind, which is the principal yearly direction along the Lambayeque coast of Peru [62],
as above reported; and (b) a 270°N (from West) wind due to the El Nifio episodes in
March—-April along the northern coast of Peru [36]. The above selected directions also
characterize the HC area according with meteorological data from the Capitan FAP
José A. Quiniones Gonzalez International Airport at Chiclayo and Servicio Nacional
de Meteorologfa e Hidrologia del Pert (https:/ /www.gob.pe/senamhi, accessed on
10 May 2025).

- Hillslope diffusion model. To have a semi-quantitative estimate of the areas of poten-
tial deposition and erosion due to diffusive processes, we use a hillslope evolution
model based on the following equation [53]:

Sh/ 5t = D8%h 8x* + 8*hdy? (6)

where D is the diffusion coefficient, & is the height, t is time, and x and y are the spatial
dimensions. Because of the semi-arid climate of the Lambayeque region and the clay-
dominated HC constructive elements, we adopt D = 360 x 10~* m?/yr [52,63] and perform
the calculation over a time of 1 century. To highlight the effects of diffusive processes on
HC and identify the areas affected by erosion or deposition, we compute the difference in
altitude between the measured DSM of the HC and that computed by applying Equation (6)
to such a DSM.

In determining the spatial distribution of the values of the above defined morphometric
parameters we exclude from the DSM all the areas covered by vegetation. To achieve this,
we analyze the orthophoto (Figure 1c) to delineate the vegetated areas with polygons. Then,
we remove the pixels within the polygons from the DSM.
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4. Results
4.1. Deposits, Sedimentary Structures, and Morphologies Related to Anthropic Activity

The results of the field and photogrammetric survey of the HC are summarized in
Figure 1c,d, Figures 2—-4. Data from Figure 1c,d and Figure 2a show that the HC has a
square plan with sides measuring about 80 m. Its present-day maximum elevation is 37 m
a.s.l. and the effective height is about 26 m. The lower flanks of the HC consist of sandy to
silty sediments fully covering the base of the structure and about half of its original flanks

(Figure 2a).
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Figure 2. (a) DSM of Huaca Chotuna with trace of the cross sections reported on the left. Color scale
as in Figure 1d (b) Architectural map of the Huaca Chotuna obtained by combining information from
the orthophoto, DSM, and field survey.

— water drainage tube

The steeper upper flanks, which represent the original HC flanks, consist of clay-rich
adobe bricks covered by massive, unstructured clay-rich sediments. The top of the HC is
nearly flat and characterized by remnants of walls and scarps delimiting original enclosure
structures (Figure 2b). Modern walls are also present. These have been constructed to
regiment the water flow during rain episodes. The access ramp has been reconstructed in
recent times, and, at the present, it is laterally delimited by two cm-high rows of bricks.
Figure 3 shows that the core of the HC is made up of relatively preserved, loaf- to tall loaf-
shaped bricks (Figure 3a,b). The few bricks outcropping on the HC upper flanks are heavily
deteriorated and partially dismantled (Figure 3c,d). In addition, they are often covered
by a clay-rich patina (Figure 3c) derived from the melting/dissolution of the underlying
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bricks. Some bricks show mm-sized nearly parallel to anatomizing incisions reflecting the
action of water and dehydration cracks associated with thermal stress due to the semi-arid
climate of the area (Figure 3d).

Figure 3. (a,b) Photos of preserved adobe bricks of the Huaca Chotuna (scale bar is 15 cm).
(c) Partially preserved adobe bricks covered by a clay-rich patina. (d) Poorly preserved adobe
bricks with dehydration fractures and smooth surfaces due to runoff.

S Sand deposits
C  Clayof Huaca
CS Mixed clay-sand deposits

Figure 4. Top left: Orthophoto of the Huaca Chotuna with location of the images reported in (a-d).
(a) Panoramic view of the northern sector with specifications of the areas covered by different deposits.
(b) Fan-like structure develops at the mouth of an incision (gully). (c) Slide scar affecting the lower
southern flank. (d) Ripple sedimentary structures at the base of the northern flank. (e) Morpholog-
ical depression produced by regressive erosion by water flowing in a drainage tube (white tube).
(f) Sub-parallel incision on the top of the Huaca Chotuna. (g) Morphological depression and brush
on the top of the Huaca Chotuna.
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The results of the field and photogrammetric also evidence larger-scale structures
related to deposition or erosion phenomena (Figure 4). The upper flanks of the HC consist
of clay-rich deposits derived from the dismantling of the underlying adobes and are affected
by parallel incisions (gullies) evidencing erosion by water (Figure 4a). The spacing among
the incisions is in the order of dm-m. The HC lower flanks consist of loose, massive
sands and mixed clay—sand sediments possibly reflecting mixing between the clay from
the dismantled bricks and the sands forming the substratum on which the HC has been
constructed. At the mouth of the main incisions, fan-like structures and sedimentary
wedges (Figure 4a,b) may occur. Some wedges are partially collapsed as testified by slide
scars (Figure 4c). Roughly N-S striking ripples due to the wind action outcrop at the base of
the northward- and southward-dipping lower flanks of the HC (Figure 4d). The undulation
of such ripples, which consist of sand, shows a slight, east-verging asymmetry. At the
base of the western flank, we also recognize a 1.5 m deep channel with an east-verging
head (Figure 4e). The field survey and orthophotos show that the water discharged from a
drainage tube is responsible for the formation of this channel. The top of the HC is also
affected by erosive structures. These include up to 8 m long converging incisions (Figure 4f)
and two elongated depressions covering an area of 16 m?. Such depressions do not exceed 1
m in depth. They are partially filled with sand and may host a few shrubs, the only variety
of vegetation on the HC (Figure 4g).

4.2. Spatial Distribution of the Morphometric Parameters

The results of the quantitative parameters extracted from the analysis of the DSM
are reported in Figures 5-9. We perform a quantitative analysis of the gullies affecting
the upper and lower flanks of the HC using a DSM and determine their average spacing
(distance between gullies), depth, and variation range (difference between the maximum
and minimum altitude of the gullies along the profile). The results show that the average
spacing of the north-dipping flank is 1.25 m~! and that of the south-dipping flank is
1.34 m~!. The east-dipping and west-dipping flanks have values of 0.88 m~! and
0.89 m~!, respectively. The depth of the gullies of the northern and southern flanks
is 0.15 m and 0.34 m, respectively, while that of the eastern and western flanks is 0.75 m
and 0.98 m, respectively. Data from Figure 5 reveal that the range of values of the northern
(profile 1) and southern flanks (profiles 3 and 4) are significantly lower than those of the
eastern (profile 2) and western (profile 5) flanks. In summary, the above summarized data
show that the eastern and western flanks are characterized by lower values of spacing
with respect to the northern and southern flanks but by higher values of depth of gullies
and range.

The spatial distribution of slope (Figure 6a,b) defines the main geomorphic structure
of the HC and the surrounding area. The top of the HC, the ramp, and the areas outside
the main construction show slope values < 20° while the lower flanks have slopes between
20° and 42°. The upper flanks have slope values of >42°. The distribution of the aspect
values shows three main peaks at 90° (east), 180° (south), and 270° (west) (Figure 6¢,d)
The lack of a well-defined peak of a north-facing slope in the distribution of the aspect
values is due to the larger amount of sediments mantling the northern flank of the HC with
respect to the other flanks, which are less affected by a sedimentary cover. However, data
from Figure 6e evidence four main peaks at north, south, east, and west for slope values
of >42°,i.e., the upper flanks of the HC. This implies that the upper flanks of the huaca are
representative of the architectural layout, including the original slope and aspect range of
the values. Figure 6e also shows that the main geomorphic structure of the HC may be
defined on the basis of the altitude and aspect values with the lower flanks developing
between 13 m and 23 m and the upper flanks between 23 and 31 m.
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Figure 5. (a) DSM of the Huaca Chotuna with location of the morphological profiles reported in (b).
(b) Morphological profiles along the flanks of the Huaca Chotuna. Box plot of the range values
determined from each morphological profile reported in (c). Range is the difference between the
altitude values along a profile and the minimum value of the profile.

The geometry of the stream network and associated watershed basins is controlled
by the HC architectural layout with sub-parallel, low Strahler-order drainage affecting the
upper and lower flanks (Figure 7a). The top of the HC is characterized by a more complex
drainage with two higher Strahler-order main channels with an average NW-SE strike. This
indicates that the drainage at the HC top is due to a south-east-facing surface with slope
values lower than about 8° (Figure 6a,c). The modern walls delimiting the access ramp and
the eastern side of the HC top act as channel boundary regimenting the local water flow.
The values of TWI are consistent with the above-described picture (Figure 7b). The areas
of the HC where the water may flow or stagnate during rainfall episodes concentrate at
the top and on the access ramp. Along the flanks, the water flows in sub-parallel rills and
tends to accumulate and stagnate in areas surrounding the HC architectural structure. Also,
we note a notable E-W striking water flow zone departing from the southeastern corner
of the top of the HC and propagating eastward on the eastern flank. The water flowing
from a drainage tube located just below a wall at the western tip of such water flow zone
(Figures 2b and 7a,b) may be responsible for the formation of a well-incised channel in
which flow concentrates.

The spatial distribution of the O¢ values indicates that the larger distance covered by
the flowing water is expected to occur along the flanks of the HC (Figure 7c), a feature
consistent with the higher slope values of the HC upper flanks with respect to those of
the lower flanks and the HC top (Figure 6a,b,e). Therefore, the north-, east-, south-, and
west-facing slopes are expected to be sites where the distance covered by the water flow
outside the HC is maximized (Figure 7d).
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Figure 6. (a) Slope map of the Huaca Chotuna obtained from the DSM. (b) Histogram of the
distribution of the slope values. (c) Aspect map of the Huaca Chotuna obtained from the DSM.
(d) Histogram of the distribution of the aspect values. (e) Density plot of the aspect vs. slope values
from the DSM. (f) Density plot of the aspect vs. altitude values from the DSM.

The HC sectors with the larger exposure to the winds from the south, i.e., those related
to the Humboldt current, are shown in Figure 8a. The sector with WEI values of >1.10 is the
southern flank while the WEI values between 1 and 1.10 characterize the northern lower
flank, and the southern half of the eastern and western lower flanks. The northern upper
flanks and the northern half of the eastern and western flanks are downwind with a WEI
of <1. The top of the HC is charactered by a WEI of generally <1 with very few areas with
values up to 1.05. The HC sectors with an upwind exposure to the winds from the west,
i.e., those related to the ENSO events, are reported in Figure 8b. The sectors with a WEI
of >1.10 are the western lower flank and the lower access ramp. The northern, southern,
and eastern flanks have a WEI between 1 and 1.05 except for the east-dipping, uppermost
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flank, which has a WEI of <1. The HC top is characterized by upwind and downwind areas
with a WEI between 0.95 and 1.05.
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Figure 7. (a) Stream network and drainage basins map of the Huaca Chotuna obtained from the DSM.
Stream thickness proportional to the Strahler-order (b) TWI map of Huaca Chotuna. (c¢) Overland
flow distance map of the Huaca Chotuna. (d) Density plot of the aspect vs. overland flow distance
obtained from the maps in Figures 6¢c and 7a.
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Figure 9. (a) Results of a diffusion model over a period of 1 century showing the areas potentially
affected by erosion and deposition. (b) Histograms and maximum value of the data reported in (a).

Figure 9a,b reports the HC areas where erosion or deposition from diffusive processes
are likely to occur in the next century. Independently from the calculated elevation dif-
ference, which may be dependent on the selected value of the diffusion coefficient (see
Equation (6)), the areas of erosion or deposition are well-defined. The base of the HC flanks
and the incisions associated with gully erosion are sites where deposition is expected to
occur. Erosion concentrates on the present-day topographically elevated elements such as
the modern walls and remnants of the ancient walls at the HC top.

The northwestern, northeastern, southeastern, and southwestern HC corners, which
represent architectural elements where the orthogonal HC flanks converge, are also sites of
potential erosion as well as the natural divides of the main gullies. Figure 9b shows that the
surface covered by sedimentation processes is slightly greater than that potentially affected
by erosion. An analysis of Figure 9a reveals that most of the sedimentation processes will
concentrate at the base of the HC flanks, where the present-day fans cluster (Figure 4a,b).

5. Discussion

The field data collected on the HC platform reveal that this archaeological structure is
made up of adobes with a shape (loaf and tall loaf) ascribable, according with the classifica-
tion by [22,48], to the Classic Lambayeque (12th-14th Century AD), and Late Lambayeque,
Chimu-Inca and Inca (14th-16th Century AD). The analysis of the orthophotos, DSM, and
morphometric parameters and direct observations show that the HC is affected by erosion
and sedimentation processes. Although the results of our analysis are based on a DSM
with a centimeter resolution, the extracted morphometric parameters have a decimeter
resolution. This limits our interpretation to a decimeter to meter scale, preventing a de-
tailed analysis of the erosion and deposition processes at a smaller scale. Therefore, our
approach is unable to quantify (a) the erosive processes affecting individual bricks and
(b) the sedimentation processes by sediment-laden winds on restricted areas around or
above HC. Also, our theoretical estimate of the areas potentially affected by erosion or
deposition processes based on the diffusion model are limited by the assumption that
the diffusion coefficient is assumed to be constant with time. All the above-mentioned
limitations should be considered in the approach we have proposed and in the discussion
of the results.
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5.1. Erosion Processes, Associated Hazard, and Precautionary Measures

Erosion is testified by the gully-type incisions recorded on the upper and lower flanks.
These incisions define a parallel drainage network, which, according to [64,65], form by
water erosion on constant slope surfaces with a homogeneous lithology. These latter
conditions are fully satisfied on the HC flanks. Because of the semi-arid conditions of
the Lambayeque coast, we propose that the water flow responsible for the erosion of the
HC flanks is due to rain related to the ENSO events, which are characterized by winds
from the west [36]. This interpretation is supported by the data on the gully depth, which
reaches its maximum value (0.98 m) on the western HC flank. Assuming that the HC
has not been restructured from the 16th Century AD (Spanish conquest) and taking into
account the above reported maximum value, we estimate a maximum vertical erosion rate
of about 0.2 m/century. This value is about ten times the maximum value estimated for
the erosion rate of sedimentary rocks in arid environments (0.01 m/century), or drainage
basins (0.02 m/century; [66]), and of the same order of magnitude to that calculated for
the vertical incision rate of rivers (0.2-0.3 m/century; [67]). Therefore, we conclude that
the preservation potential of the HC is very low, mainly due to the erosion by rainwater
during the ENSO events. Although a quantification of the effects of single, heavy rain
episodes or seasonal, ENSO-related episodes on the HC bricks cannot be quantified based
on the available data, our estimate of the vertical erosion rate suggest that a single HC
brick, which is 15 to 20 cm thick, if totally exposed to weathering, may be fully eroded on a
time scale of 0.75-1.0 century.

The statistical distribution of the range values along the HC flanks shows that, we
respect to the eastern, southern, and northern flanks, the western flank is characterized by
the larger variation range (3.3 m) and highest median value (2.1 m; Figure 5c). Therefore,
we conclude that rain associated with the ENSO events is responsible for most of the erosive
features affecting the HC. Rain is also responsible for the partial/total melting of the HC
adobes and for the water—clay mixture (mud) forming the clay-rich patina covering the
underlying bricks (Figure 3c). Evidence of water-related erosion also characterizes the HC
top, where converging incisions and elongated depressions are recognized (Figure 4f,g).
Because of the low slope values of the HC flat top (Figure 6f), these incisions and depressed
areas are significantly less developed with respect to those affecting the flanks. However,
the TWI and O¢ maps suggest that these depressed areas represent zones of prevailing water
stagnation more than water flow (Figure 7b,c), a feature consistent with the occurrence of
brush within such zones. Erosion due to anthropic activity characterizes the eastern sector
of the HC with up to 1.5 m deep incisions developing in an area where the water from
drainage tubes has eroded the deposits of the HC lower flank (Figures 2b and 4e). These
incisions are characterized by retrogressive (upstream) erosion [68], a process favored by
the high slope of this one and lower slopes of the HC lower flanks deposits. As a result,
we propose extending these drainage tubes to flat areas located away from the HC and
from the sediments on the lower flanks. Otherwise, retrogressive erosion processes could
propagate upstream with time affecting the whole lower and upper HC flanks. The spatial
distribution of the overland flow distance (Figure 7c) around the HC reveals that water
flows may propagate outside the HC perimeter at distances up to about 20-25 m during
rain episodes. Therefore, we suggest scheduling a 30-40 m wide buffer zone around the
HC during the ENSO events to reduce the hazard related to possible, intense water flows.
This is also for the northern and southwestern areas surrounding the HC and the access
ramp. Here, even though the overland flow distance decreases, coalescing streams may
locally increase the water flow during rain episodes (Figure 7a,b). The occurrence of slide
scars at the top of the southern lower flank and at the southeastern corner of the platform
testifies a landslide hazard affecting the HC flanks. For this reason, the access to the areas
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surrounding the HC should not be allowed being the quantitative estimate of the landslide
hazard is problematic, mainly for the restricted area (few square meters) of the potentially
affected surface. In summary, the water-related to rain episodes during the ENSO events
and gravity processes pose a problem of hazard at the HC. Based on the above discussed
data, the whole HC structure and surrounding areas should not be accessible during intense
rain episodes, whereas the access ramp and the top are relatively safe during the dry season.
The lower and upper HC flanks are, on the contrary, unsafe areas because sites of potential
gravity phenomena and water/mud flows during rain.

5.2. Sedimentation Processes and Preservation Actions

The evidence of active sedimentation processes at the HC occurs on the lower flanks,
which are made up of aeolian sand deposits. Such deposits mask the original flanks of the
HC up to about half of the HC height (Figures 2a and 3a—c). Data from Figure 4d show
slightly asymmetric eastward verging ripples indicating prevailing winds from the west.
According to the results on the distribution of the WEI in Figure 8, all the HC flanks show
an exposure to winds from the south (Humboldt current), and from the west (ENSO events).
Therefore, while the accumulation of sand by aeolian processes on the HC flanks may occur
all year, the ripples found at the HC record probably formed during the last ENSO event
between February and April 2025. This implies that air currents affecting the HC favor
sediment-laden winds, which represent the climatic process responsible for the partial
burial of the platform. These winds are also responsible for the limited sand-filling of the
depressed areas at the top of the HC (Figure 4g). A further sign of active sedimentation
process at the HC is the occurrence of clay or mixed sand—clay fan-like structures found
at the base of the upper flanks (Figure 4a,b). These fans, located at the mouth of the sub-
parallel gullies affecting the HC upper flanks, easily form by gravity processes because
their maximum slope is 30°-35°, a value less than the slope of the upper flanks (>42°), and
close to the repose angle of dry sand with rounded particles and dry clay (34-35°; [69,70]).

The simulation of sedimentation or erosion by diffusion processes for the next century
summarized in Figure 9a,b does not consider the contribution of sediment-laden winds.
However, the area of deposition is larger than that of erosion. This result implies that
the HC platform will be subjected to prevailing material accumulation processes, mainly
concentrated at the base of the upper flanks. Therefore, the HC architectural structure is
expected to be gradually obscured by addition of clay and sand, also in the absence of
winds. Such material comes from the dismantling of the uppermost, subvertical slopes at
the top of the upper flanks and, in a less amount, from the material moving down within the
gully-type incisions. Also, these latter are expected to deepen by water washing erosion and
during the ENSO events. In this picture, the HC must be protected from the effects of long-
term diffusion processes. We propose to cover the whole HC structure with impermeable
material, a solution also adopted in other huacas, e.g., the Huaca I at Tucume (https:
/ /www.wmf.org/projects/t%C3%BAcume-archaeological-site, accessed on 15 May 2025),
and the Huaca de Moche at Trujillo (https://huacasdemoche.pe/proyecto-arqueologico/,
accessed on 15 May 2025). At the HC, waterproofed wood could be used. The seasonal
removal of sand accumulated by sediment-laden winds above the flanks could also be
implemented to preserve the HC architectural structure.

The above discussed results show that rainfall and winds are mainly responsible for
the deterioration of the HC clay structure and pose a significant hazard. The occurrence of
gravity slides also highlights a problem of structural integrity of the HC platform. While
rain, which mainly concentrates during the ENSO events between February and March,
affects the HC flanks triggering gully erosion processes, sediment-laden winds tend to
bury the structure. These winds occur during the whole year, although their intensity
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increases during the ENSO events. Because the frequency and intensity of these events
are expected to rise in the future due to climate change [27], erosive and burial processes
are also expected to increase. The interdisciplinary approach we propose in this study
and the recognized hazard(s), are relevant not only for the evaluation of the degree of
preservation of other huacas in Peru but also for the study of the effects of erosive and burial
processes related to the climate change on other earthen archaeological sites worldwide,
which represent about 10% of the world’s heritage, as previously reported [19]. Studies
focusing on erosion/deposition processes in archaeological contexts like that proposed
here should be inserted and implemented in quantitative analyses focused on land use
and natural hazard mitigation strategies, as well as for the implementation of conservation
plans of cultural heritage [71,72].

6. Conclusions

The combined analysis of a DSM, orthophotos, and extracted morphometric param-
eters reveals that the HC is affected by erosive, deposition, and gravity processes due
to different triggering mechanisms. Erosive processes due to water flow are related to
rain during the ENSO events and mainly concentrate on the HC flanks. Gully erosion
produces parallel incisions on the HC flanks with an estimated vertical erosion rate of
about 0.2 m/century. Morphological structures of retrogressive erosion due to anthropic
drainage activity are also recognized. Sediment-laden winds are responsible for the burial
of half of the HC flanks. We recognize two main wind directions: (a) winds from the south
originating from the Humboldt current during the whole year and (b) winds from the
west concentrated during the ENSO episodes between the February—April period. Ripple
asymmetry indicates the present-day action of ENSO-related winds. Gravity sliding pro-
cesses also affect the HC flanks and may potentially reduce the structural and architectural
integrity of the HC flanks in the future.

The relevant hazards documented at the HC may be reduced by adopting some solutions
aimed at preserving the structure from the action of wind (wind barriers) and rainfall (imper-
meable cover). The creation of buffer zones in which the access is limited is also proposed.
However, a specific study aimed at implementing a conservation plan should be carried out
by merging data from this study archaeological and architectural/engineering investigations.

In this study, we show that the morphometric analysis of sites and the coupling of
quantitative parameters and climatic data provide a useful tool to identify the natural
processes responsible for the deterioration of the structures. Also, the application of
diffusion models may allow the identification of areas subjected to future erosion or
sedimentation (deposition) processes. Our analytical approach could be extended to other
earthen archaeological sites affected by rain, wind, and gravity instability with the aim to
recognize the exposure to natural hazard(s). Future trends should include the evaluation of
the increasing intensity of potentially dangerous and/or damaging natural phenomena
due to climate change on ancient remains by merging historical, morphological, climate,
and engineering/architectural information in physically based models.
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