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The immovable archaeological heritage of Peru is among the richest in the world, particularly along the Peruvian coast, which boasts numerous examples dating from the Terminal Pleistocene to the Inca times (13000 BP-1532 AD). This cultural heritage is an important source of scientific and historical information, is the source for the construction of national identity(ies) and contributes significantly to the social and economic development of the surrounding communities. However, this archaeological heritage is under constant threat of destruction due to various factors, including climate change and human activities. This paper outlines the results of a multidisciplinary research conducted on the Peruvian coast, aimed at identifying the most significant geological and climatic hazards affecting the preservation of coastal archaeological sites. Based on fieldwork conducted on the northern and central coast, a low-cost, primarily remote analysis methodology was developed. This methodology utilizes open-access geological, cultural, archaeological, and climatic data, geographic information system, and aerial imagery to identify the effects of climatic risk (particularly El Niño), geological hazards, and to assess the vulnerability of archaeological sites to these hazards. This methodology, which provides updated and multi-variable data, is designed to support local and regional authorities in decision-making processes related to the planning and preservation of Peru's pre-Hispanic cultural heritage.
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Introduction

Peru's immovable archaeological heritage is exceptionally rich and diverse, comprising tens of thousands of archaeological sites and landscapes distributed across all regions of the country. These sites span over 12,000 years, from the arrival of the first populations in the Americas during the Late Pleistocene to the Spanish occupation. The archaeological record includes a wide range of contexts, such as hunter-gatherer camps, pyramids, road networks, hydraulic infrastructure, temples, cemeteries, villages, and cities. The complexity and richness of the pre-Hispanic cultures that developed in this region made Peru one of the six cradles of civilization worldwide, alongside regions such as Mesoamerica, Egypt, and China (Service, 1975; Trigger, 2001). This vast heritage is a crucial source of scientific, historical, social, and cultural development and serves as the foundation upon which national identity and the identities of communities associated with archaeological monuments are built (Hamilakis, 2007; Holtorf, 2005; Hodder, 1999; Lumbreras, 2006; Smith, 2006, among others). The significance and nature of Peru's archaeological heritage have made it the primary focus of national and international tourism, with archaeological sites receiving approximately three million visitors annually (Ministerio de Comercio Exterior y Turismo, 2024; Ministerio de Cultura del Perú, 2025a). This contributes significantly to the development of the tourism sector, which accounts for approximately 3–4% of the country's GDP (Ministerio de Comercio Exterior y Turismo, 2025a,b), and in recent decades, it has played a key role in fostering the economic and social development of local communities. Within this broader context, the Peruvian coast contains the highest concentration of reported archaeological sites. These sites span all pre-Hispanic periods and correspond to well-known cultures such as Nazca, Moche, and Chimú.

Coastal archaeological heritage is, therefore, an invaluable resource with great potential for future development. However, this archaeological wealth is under constant threat of destruction due to various factors, which can be categorized into three main groups: climatic factors (primarily related to El Niño), geological factors (seismic activity), and cultural factors (land invasions, looting, illegal economic activities, etc.). Although the Peruvian coast, as one of the driest deserts on the planet, may appear to be an unchanging landscape, it is, in fact, highly dynamic and ever-evolving. Periodically, climatic phenomena such as El Niño generate short but intense rainfall, leading to flooding, landslides, river erosion, coastal sand encroachment, and the formation and disappearance of coastal ecosystems such as wetlands and lagoons. Additionally, the Peruvian coast is a highly seismic region due to the convergence of the South American and Nazca tectonic plates, which causes seismic activity of varying magnitudes—some tremors are almost imperceptible, while others can trigger tectonic uplifts capable of altering river courses and canals or displacing large masses of land. Although they occur independently, both El Niño and seismic activity are frequent phenomena that, in combination, continuously reshape the coastal landscape, significantly impacting the archaeological sites within it (Moseley, 1983).

Another major threat to archaeological heritage is human activity, which has exponentially increased its destructive impact over the past two decades (Castillo and Ménendez, 2014; Gamboa, 2016; Underhill and Salazar, 2016). Nationally, between 2020 and 2024, the Ministry of Culture reported more than 4,600 cases of attacks on archaeological heritage (Ministerio de Cultura del Perú, 2025b), with over 70% of these incidents occurring between 2020 and 2022, during the COVID-19 pandemic. Each year, activities such as land invasions, looting, urban expansion, and informal or illegal mining and agricultural practices partially or completely affect dozens of archaeological sites, in some cases leading to their total destruction. In a developing country like Peru, the abundance of archaeological sites combined with limited resources for their protection further exacerbates the risks to heritage conservation and management. Therefore, it is crucial to conduct studies that provide an updated assessment of the main risk factors and hazards affecting archaeological heritage conservation. These studies serve as essential tools for developing conservation, enhancement, and management plans for this valuable national resource.

In this context, the research project The Past at Risk: Geological, Climatic, and Cultural Factors Affecting the Conservation of Archaeological Heritage on the Peruvian Coast was carried out between 2019 and 2022, funded by the Peruvian National Council for Science and Technology (CONCYTEC). The primary objective of this project was to develop a framework for identifying and assessing the main climatic, geological, and cultural risks affecting archaeological sites along the Peruvian coast. This framework aims to support local, regional, and national authorities in the conservation, enhancement, and management of coastal archaeological monuments. The project sought to establish a reliable and cost-effective methodological model that could be implemented not only by government institutions at different levels but also by other entities or organizations involved in heritage management. This article presents part of this research, the proposed methodology for identifying the primary climatic and geological factors threatening the archaeological heritage of the Peruvian coast. The sociocultural aspects involved in this topic are not included here but were part of the general study and can be reviewed elsewhere (Mauricio et al., 2022). Although numerous studies have employed remote sensing methods to assess the conservation status of archaeological sites or to detect their presence in various regions of the world—some of which incorporate open-access data (e.g., Campana et al., 2022; Chyla, 2017; Comer et al., 2017; Lasaponara and Masini, 2011; Lasaponara et al., 2011; Laugier et al., 2022; Parcak et al., 2017; Rayne et al., 2017; Sampietro-Vattuone et al., 2022)—most of these cases focus primarily on the analysis of individual sites using aerial or satellite imagery, without incorporating multivariable assessments of risk factors or hazards. In contrast, our approach integrates multiple parameters—climatic, geological, hydrological, and geographical, among others—to enable both an updated and diachronic evaluation of a broader set of archaeological sites simultaneously.

The methodology developed for this study was applied to assess the case of the lower Chao, Santa and Cañete valleys. In this paper, we focus on the cases of the Chao and Cañete Valleys, located on the north and central Peruvian coast respectively.



Materials and methods

For the development of this risk assessment methodology, priority was given to the use of open-access data and free software, aiming to ensure that its application would require minimal financial investment. Geological, geomorphological, climatic, and archaeological data were sourced from official government portals and institutions responsible for collecting and updating this information. This methodology was applied to study the cases of the lower sections of the Chao, Santa and Cañete Valleys, located on the northern and central coast of Peru.

Our methodology is organized into three phases:

A. Data Collection and Remote Exploration Phase

This phase focuses on gathering background information and collecting data on archaeological site inventories, as well as climatic and geological risks, from updated and open-access archives and databases.

1. Compilation of archaeological site inventories

  The first step involves collecting information from archaeological site inventories within the study valley. This process aims to assess the status of the recorded sites in the study area, including the number of registered sites, their location, extent, and chronology.

2. Review of the SIGDA-Archaeological Geographic Information System

  The study reviews the registry of documented sites included in the Sistema de Información Geográfica de Arqueología (SIGDA) (https://sigda.cultura.gob.pe/) of the Ministry of Culture. This portal provides extensive information on state-recognized archaeological sites, including geolocalization and site boundaries (KMZ files), legal status of site delineation (pending approval, provisional protection, approved), and site registration status (registered or declared monument). This inventory can be compared against previous archaeological site inventories conducted in the study area to assess the accuracy of official records and to identify sites that may have disappeared over time or remain unregistered, given that SIGDA is an evolving database. Although it is possible to download this site inventory as spreadsheets (even filtered by districts or regions), this database is very heterogeneous. Therefore, the above-mentioned information is the common available data for every registered site.

3. Analysis of aerial photographs from the National Aerial Photographic Service (SAN)

  The archives of the Servicio Aerofotográfico Nacional (SAN), part of the Dirección de Vigilancia y Reconocimiento Aéreo (DIVRA) of the Peruvian Air Force, contain aerial photographs of various regions of Peru dating back to the 1940s. These images include archaeological sites in coastal valleys, documented at different times and scales. Utilizing SAN aerial photographs alongside resources such as archaeological site inventories, SIGDA, and Google Earth allows for a more comprehensive assessment of site conservation over time. The photographs can be acquired through DIVRA at a unit cost and are provided in high-resolution electronic format. However, government institutions such as the Ministry of Culture can negotiate agreements for free access to these archives.

4. Collection of information on vulnerable areas and El Niño-related hazards

  Data on zones affected by El Niño in the studied valley were obtained from reports published by national institutions such as the Instituto Geológico Minero y Metalúrgico del Perú (INGEMMET), the Instituto Nacional de Defensa Civil (INDECI), the Centro de Operaciones de Emergencia Regional (COER), the Centro Nacional de Estimación, Prevención y Reducción del Riesgo de Desastres (CENEPRED), and the Sistema Nacional de Gestión del Riesgo de Desastres (SINAGERD). These reports, available on the respective institutions' websites, identify areas of coastal valleys currently affected by El Niño, specifying the type of hazard present in each location. This information is essential for identifying the most vulnerable areas (e.g., floodplains, slopes) and the types of associated hazards (e.g., debris flows).

5. Collection of GIS data, reports, and maps from the GEOCATMIN platform

  The GEOCATMIN geoportal (https://geocatmin.ingemmet.gob.pe/geocatmin/) of INGEMMET provides updated information of various types and formats. The most relevant datasets for this study include critical zones affected by El Niño, hydrogeology (water sources, watersheds), geological hazards, geomorphology, mass movement susceptibility, and flood susceptibility, which can be downloaded as GIS files, KMZ, among others. This information is based on geological and geomorphological mapping, satellite imagery, technical reports, geological risk studies, among others, carried out by the Ministerio de Energía y Minas. The information contained in this geoportal is continuously updated; however, due to the scales of the information managed, field verification may be required to enhance its resolution. Additionally, this geoportal includes data from other government agencies, encompassing information on land use, population centers, demographic data, transportation networks, and more.

6. Satellite image analysis to assess the condition of archaeological areas

  A remote exploration was conducted using open-access resources such as Google Earth (https://www.google.com/intl/es/earth/about/versions/) to locate archaeological sites, estimate their extent, and conduct a preliminary assessment of their current state of conservation. This was done by reviewing archival imagery to analyze transformations over recent years. Satellite imagery was also cross-referenced with previously mentioned archival information. Additionally, evidence of looting (disturbed areas), proximity to agricultural fields or economic activities, and signs of modern human encroachment (e.g., roads, highways, houses) within or near archaeological zones were documented.

7. Selection of exploration areas in the lower and middle valley basin

  Based on the findings from the previous steps, areas with the highest geological or hydrogeological hazards or susceptibility were identified. The study prioritized archaeological sites located within or near high-risk zones. The selection process utilized remote data sources outlined in steps 1, 2, 3, and 6. Additionally, areas containing archaeological sites with significant deterioration, as identified through satellite imagery, or those in close proximity to modern human activities were given priority.

8. Development of maps with exploration polygons for direct field assessment

  Exploration polygons were created to focus on areas with higher numbers of archaeological sites and most susceptible to geological, geo-hydrological, and hydro-meteorological hazards. The objective was to conduct direct field evaluations of the conservation status of archaeological sites and the occurrence of these hazards. Maps were developed with designated polygons located in different sectors of the lower and middle valley sections.

B. Direct Exploration Phase

This phase involves direct (field) exploration of the areas selected in the previous phase. The main objective of this phase is to assess the accuracy of the information collected in phase A and to evaluate the conditions and contexts of archaeological sites. The following steps may be undertaken, depending on the context:

1. Direct survey of archaeological areas in selected zones

  This step consists of on-foot exploration of the selected areas for documentation and assessment, as detailed in the following points. If multiple archaeological sites exist within the selected zone, priority should be given to those with better accessibility—such as those outside agricultural areas or private property. Less accessible sites or those in remote areas may be explored using drones.

2. Drone-based documentation and aerial photography for the creation of georeferenced orthomosaics, high-resolution maps, slope models, and topographic maps

  Aerial photographs should be captured using automated flight plans with specialized applications (e.g., Pix4Dcapture, DJIGo, DJI Ground Station UGCS, Mission Planner, DroneDeploy). A minimum overlap of 70% is recommended, and photographs should be taken at altitudes not exceeding 150 m to ensure good resolution (the required altitude depends on the area being surveyed, with larger areas requiring higher altitudes). To achieve accurate georeferencing, control points should be established at the site prior to photography, preferably using a GNSS or differential GPS device. The photographic record should be verified in the field to ensure all necessary images have been captured and that no signal loss occurred during the flight.

3. Sampling of sediment deposits in archaeological zones near geological and El Niño-related hazards

  This survey focuses on floodplains, alluvial terraces, alluvial plains (including ravines), and moderate-to-steep hillslopes. It involves visual assessment and/or sediment sampling using soil coring equipment. If coring equipment is unavailable, test pits may be excavated for stratigraphic exploration. Depending on surface sediment conditions, these pits may measure 1–2 m per side, with an average depth of 1 m. The objective is to analyze the sedimentary environment and geological characteristics of sediments near archaeological sites, corroborating the presence of previously identified hazards. This step may include collecting geological samples for further identification.

4. Exploration and sampling of archaeological zones

  This step consists of two components:

• Direct archaeological survey in areas affected by geological and hydrogeological hazards

This survey assesses the preservation status of archaeological sites, including the identification of collapses or sediment deposits caused by previously identified hazards.

• Controlled test pit excavations for detailed site evaluation

If a more precise assessment of a site is required, controlled test pit excavations are recommended to document the presence, extent, and recurrence of sediment deposition due to identified hazards. Excavations should be conducted across various sectors of the site, including both peripheral and interior areas. Priority should be given to sites located in alluvial plains, floodplains, sand deposition zones, and mass movement areas. These excavations may reveal archaeological zones that are not visible on the surface due to sediment deposition caused by geological and hydrogeological risks. This process helps assess the progression of site deterioration.

C. Data Processing Phase

This phase involves processing the data collected in the field from both archaeological and populated areas. The objective is to utilize the information gathered in Phases A and B to assess natural and sociocultural risk zones concerning the location and conservation status of archaeological sites within the study area. This will help identify high-risk zones, the most frequent and impactful hazards, and a list of archaeological sites and areas most vulnerable to deterioration. This phase includes the following process:

1. Processing of aerial photographs and creation of georeferenced mosaics

  This step involves applying photogrammetry software to generate high-resolution, rectified mosaics from drone images collected in the field. These mosaics are used to assess the conservation status of archaeological sites.

2. Preparation of maps and sectional plans of valleys and explored archaeological zones

  This process integrates high-resolution aerial photography, geological and geomorphological data, and identified hazards (geological, hydrogeological, and cultural). The maps and plans are created using data from Phases A and B and are developed using QGIS, an open-source Geographic Information System. The maps and plans can include:

• Maps comparing archive (SAN) and current images (e.g., Google Earth) of the valley under study (Supplementary Figure 1).

• Maps with selected areas for direct exploration (for example Figure 1).

• Location of archaeological sites in relation to topographic elevation (Figure 2).

• Location of geological and hydrogeological risk zones related to El Niño precipitation, including flooding and mass movement (Figures 3, 4).

• Geomorphological maps based on GIS data from state servers such as GEOCATMIN, with geological hazard data and the location of archaeological sites (Figure 5).

• Maps with location of archaeological sites in relation to vegetation cover/use, urban areas, population centers, transportation networks identified in the study area (Supplementary Figure 2).

• Location and boundary polygons of archaeological zones within the study area. For sites included in SIGDA, available polygons in KMZ format can be used. For non-delineated sites, estimates can be made using current (Google Earth, drone imagery) and archival remote sensing data (Google Earth, SAN), as well as direct exploration data. These maps can include contour lines representing local topography, derived from drone photographs and/or geological maps available on the GEOCATMIN platform (Supplementary Figure 3).

• Cross-sectional topographic profiles and elevation gradients for identified archaeological sites (Supplementary Figure 3).

3. Analysis of sediments identified during direct exploration of archaeological zones

  This step involves identifying the types of sediments found near archaeological areas to assess their extent, depth, and depositional mechanisms related to natural events posing conservation risks. This analysis is based on field notes and, if necessary, laboratory sediment texture analysis. Such analyses should be conducted with geoarchaeologists, geologists, or sedimentologists. Sediment texture studies can be performed in geology or mining engineering laboratories, preferably in collaboration with universities or state institutions like INGEMMET.

4. Analysis of materials recovered from excavations in archaeological zones

  This analysis evaluates sediment types present at archaeological sites and their relationship with pre-Hispanic structures or deposits, helping determine past and ongoing climatic and geological events affecting the study area. This step may include radiocarbon dating of selected contexts to establish site chronologies.

5. Compilation of a list of geomorphological areas

  This list identifies areas with the highest concentration of archaeological sites within the lower and middle sections of the coastal valley under study in relation to their geomorphological location (Table 1).

6. Identification of slope gradients in hills where archaeological areas are located

  This information helps detect geological hazard zones associated with mass movement due to the gradient of the slopes. The most vulnerable areas include steep slopes and high-gradient zones. Table 2 presents the classification system used in this study, incorporating both percentage-based [Organización de las Naciones Unidas para la Agricultura y la Alimentación (FAO), 2009] and degree-based [Instituto Geológico Minero y Metalúrgico del Perú (INGEMMET), 2018] slope classifications, along with their equivalencies. Slope gradients can be calculated using open-source GIS software like QGIS, using photogrammetric models to generate contour lines. A simpler but less precise alternative is using the “Elevation Profile” tool in Google Earth, which provides terrain gradient percentages based on a straight-line trace over the study area (Table 2).

7. Compilation of a list of the most frequently identified hazards in zones with archaeological sites

  This list is based on hazards recorded throughout the valley in reports reviewed in Phase A and identified in Phase B. The identified hazards must be directly relevant to the presence of archaeological zones (Table 3).

8. Assessment of susceptibility levels of geographic areas and landforms within the study zone

  This step evaluates their relationship with the most common or frequently identified risks. This data can be obtained from periodic reports issued by INGEMMET for various sections of the Peruvian coast. The information allows prioritization of conservation risk assessments for archaeological sites in the most susceptible areas (Tables 4 and 5).


[image: Satellite map showing two marked zones near the Pacific Ocean, labeled as “Zona I-Chao” and “Pampa de las Salinas,” with a small inset map indicating the region's location along the coast. The map includes geographic coordinates and a scale bar.]
FIGURE 1
 Areas selected for direct exploration in the lower Chao Valley.



[image: Topographic map showing archaeological sites as blue dots along a river system in a varied landscape. Elevation ranges from low coastal areas in blue to highlands in red. Legend indicates elevation in meters above sea level.]
FIGURE 2
 Location of archaeological sites recorded in 1976 in relation to topographic elevation in the lower and middle Chao Valley (information source: Milla and Cárdenas, 1996; INGEMMET, map adapted from Mauricio et al., 2022).
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FIGURE 3
 Archaeological sites of the lower and middle Chao Valley recorded in 1976 in relation to areas susceptible to fluvial inundation (information source: INGEMMET and GEOCATMIN; figure adapted from Mauricio et al., 2022).



[image: Map showing susceptibility to fluvial inundation in a region near the Pacific Ocean. Areas are color-coded: red for high, yellow for moderate, green for low, and light green for very low susceptibility. Blue lines represent rivers, and blue dots indicate archaeological sites. The Chao River is labeled. Scale and source information are included.]
FIGURE 4
 Archaeological sites of the lower and middle Chao Valley recorded in 1976 in relation to areas susceptible to mass movements (information source: INGEMMET and GEOCATMIN; figure adapted from Mauricio et al., 2022).



[image: Geological map depicting geomorphology and archaeological sites near the Pacific Ocean. Features include coastal fringes, sand mantles, piedmont slopes, and floodplains. Color-coded legend indicates landslides, complex movements, sand accumulation, flooding, and El Niño critical zones. Archaeological sites are marked with blue dots. Coordinates and a scale bar are provided for reference.]
FIGURE 5
 Archaeological sites of the lower and middle Chao Valley in relation to geomorphology areas (information source: INGEMMET and GEOCATMIN; figure adapted from Mauricio et al., 2022).


TABLE 1 Types of geological formation where archaeological sites are more frequently located in the lower and middle Chao and Cañete Valleys.	Geomorphological location of archaeological sites in the Chao Valley
	Sector	Flood plain	Alluvial terrace	Alluvial plain	Alluvial fan	Quebrada/Gully	Hillside
	Lower valley	x	x	x	x		x
	Middle valley	x	x	x	x	x	x
	Geomorphological location of archaeological sites in the Cañete Valley
	Sector	Flood plain	Alluvial plain	Alluvial fan	Quebrada	Hillside	Hilltop
	Lower valley		x			x	x



TABLE 2 Slope classification based on percentage and degree of the terrain elevation slope [based on Organización de las Naciones Unidas para la Agricultura y la Alimentación (FAO), 2009; Instituto Geológico Minero y Metalúrgico del Perú (INGEMMET), 2018. The conversion is ours].	Slope classification in percentage and degrees
	FAO 2009	INGEMMET 2012
	Class	Percentage %	Class	Degrees °	Percentage %
	Level plain	0–1	Flat	<1	<2
 	Very slightly inclined	2-Jan
	Slightly inclined	5-Feb	Gently sloping	5-Jan	9-Feb
 	Inclined	10-May
	Steeply inclines	15-Oct	Moderate slope	15-May	27-Sep
 	Moderately steep	15–30
	Steep	30–60	Strong slope	15–25	27–46
 	Very steep slope	25–45	46–100
	Very steep	>60	Extremely steep	>45	>100



TABLE 3 Identified geological and hydrological hazards in the mower and middle sections of the Chao and Cañete Valleys.	Identified processes in the Chao Valley
	Sector	Sand deposition	Mud flow	Debris flow	Mass movement
	Lower valley	x	x	x	
	Middle valley		x	x	x
	Identified processes in the Cañete Valley
	Sector	Sand deposition	Mud flow	Debris flow	Mass movement
	Lower valley	x	x	x	
	Middle valley		x	x	x



TABLE 4 Degree of flood susceptibility in various geomorphological features of the lower and middle zones of a coastal valley (based on Concha et al., 2017; Medina Allcca et al., 2017; Núñez Juárez et al., 2017).	Flood susceptibility
	Susceptibility level	Geographical areas and geomorphological features
	Negligible	Steep and concave slopes of mountains, low hills, and knolls, where flood susceptibility is minimal due to topographical elevation
	Low	Slightly elevated terrains with high alluvial terraces covered by sand deposits and low-elevation fossil dunes. These areas are not prone to fluvial inundation, except under extreme hydrological events associated with exceptional river discharge
	Medium	Low-gradient to nearly flat terrains in proximity to the main river course. Geomorphological features include medium to high terraces, low-elevation fossil dunes, and ephemeral gullies that activate under exceptional conditions. These areas may be affected by both fluvial and pluvial flooding
	High	Very low-gradient floodplains, forming part of the riverbed, low terraces, and ancient fluvial channels, which are highly susceptible to recurrent flooding events



TABLE 5 Degree of susceptibility to mass movements in various geomorphological features of the lower and middle zones of a coastal valley (based on Concha et al., 2017; Medina Allcca et al., 2017; Núñez Juárez et al., 2017).	Susceptibility to mass movements
	Susceptibility level	Geographical areas and geomorphological features
	Very low	Flat terrains, low terraces, eolian deposits, and river channels, where mass movements are nearly absent or extremely rare
	Low	Terrains with low slopes (1° to 5°), primarily composed of alluvial deposits. These areas are affected by sediment accumulation processes occurring in the upper watershed. They serve as depositional zones for debris and mudflows originating from the middle or upper sections of ravine basins. Mudflows may also develop due to the erosion of eolian deposits
	Moderate	Terrains with moderate slopes ( ≤ 15%), including intrusive, sedimentary, volcanic, and metamorphic hills. These areas are susceptible to mass movements such as landslides and mud or debris flows
	High	Terrains with slopes between 25° and 45°, consisting of volcanic, metamorphic, and sedimentary hills and mountains. These areas exhibit a high susceptibility to mass movements
	Very high	Terrains with slopes exceeding 25°, primarily composed of volcanic-sedimentary hills and mountains, where mass movement processes are highly frequent





Results


The lower Chao Valley

The Chao Valley is located on the northern coast of Peru. Chao is a valley formed by the basins of the Chorobal River (north) and the Huamanzaña River (south), which converge in the lowest section of the valley to form the Chao River. The Chao Valley watershed (also referred to as the Huamanzaña Basin) covers an area of 1,429.00 km2, with a length of 76.11 km and an average width of 18 km. The geology of the valley is characterized by fluvial and aeolian deposits, clasts, gravels, and clays. The hills that define the middle and lower valley consist primarily of andesite and rhyolite formations, with elevations below 550 m above sea level and an average gradient of 5% (Medina et al., 2012).

A. Data Collection and Remote Exploration Phase

To examine the case of the lower Chao Valley, we gathered information from archaeological surveys previously conducted in the area. Among these, two surveys proved particularly relevant due to the number of sites recorded. The first was carried out in 1976 under the direction of archaeologist Mercedes Cárdenas (Milla and Cárdenas, 1996). Later, in 1988, another survey was led by archaeologist Santiago Uceda (Uceda, 1988; Uceda et al., 1990) in response to the development of the CHAVIMOCHIC inter-valley irrigation project—which integrates the valleys of Chao, Virú, Moche, and Chicama through hydraulic infrastructure designed to support industrial agriculture. This information was complemented by data from the SIGDA platform regarding the location of all archaeological sites in the middle and lower sections of the valley. (Milla and Cárdenas 1996) reported 190 sites of varying nature, size, and chronology: 126 located in the valley and 64 in adjacent areas. These sites are distributed across different sections and landforms, including floodplains, alluvial terraces, alluvial fans, ravines, and hillsides. The chronology of these sites encompasses the Middle Preceramic to the Late Horizon (circa 4000 BCE−1500 CE). Uceda's survey (Uceda, 1988; Uceda et al., 1990) focused on the areas of the Chao and Santa Valleys that were inside the area of the CHAVIMOCHIC irrigation project (the upper part of the lower valley). Here Uceda identified 21 sites in the Chao Valley and 35 in adjacent areas. Therefore, we consider that (Milla and Cárdenas 1996) is the most complete site inventory of the Chao Valley. The current record in the SIGDA platform for the Chao district includes 46 sites formally recognized. There are 159 sites recorded as “refenciales”, 35 archaeological areas recorded as “registrado referencialmente”. It is not clear what the difference is between these two categories. Additionally, there are 8 sites in the process of formal recognition, 2 sites with provisional protection, 23 sites as “BID declarado” and 68 sections of the Qapaq Ñam road system (the Inca Road system). Although the SIGDA record includes more sites than previous works at the valley, some sites appear more than once because of the ways the Ministry of Culture records site (e.g., when sites are cut by a road or a modern construction every section of the site is recorded individually), also this record shows sites that no longer exist (Supplementary Figure 4). This difference between current and past records has to do with the criteria used to identify and record a site.

Historical aerial imagery of the lower Chao Valley was obtained from the archive of the Servicio Aerofotográfico Nacional (SAN), specifically from flights conducted in 1957 and 1961. These images were used to create georeferenced mosaics for comparative analysis with more recent Google Earth imagery and drone-based aerial photographs. The selected years were chosen because they represent decades of relatively low agricultural activity and limited urban expansion, offering a valuable baseline for assessing subsequent landscape transformations.

In addition, data were compiled on risk factors, natural hazards, and critical zones associated with El Niño events, as well as on the geomorphological and hydrological characteristics of the Chao Valley. This information was sourced from materials identified during Phase A of the proposed methodology.

Based on this data, two areas were selected for both remote and on-the-ground exploration in the lower valley, one on the northern margin and one on the southern margin (Figure 1). Area 1 (north) was chosen due to its high concentration of archaeological sites, its susceptibility to environmental hazards, and its location within a zone of intense contemporary human activity (including agriculture and residential development). In contrast, Area 2 (south) was selected because it also contains a significant number of archaeological sites, is situated within a geomorphologically distinct zone compared to Area 1 and is relatively isolated from modern settlements and activities. This selection strategy was intended to facilitate a more comprehensive assessment of the conditions affecting the lower Chao Valley.

B. Direct Exploration Phase

Direct fieldwork in the selected areas was carried out in 2019 and 2021. In accordance with the objectives of this phase, the following activities were undertaken:

- On-the-ground surveys were conducted in Areas 1 and 2 to assess the current condition of archaeological sites and to identify evidence for the occurrence of natural hazards previously defined in Phase A.

- Remote surveys using aerial drone photography were carried out in both areas to evaluate specific sectors and archaeological sites. These flights were conducted at altitudes of 50 and 100 m, with a lateral overlap of 70%. In Area 1, the survey focused on the archaeological site of Santa Rosa, located on the slopes and surroundings of the hill bearing the same name, as well as nearby coastal sectors where shell middens and ancient agricultural fields had been reported. In Area 2, surveys focused on sites located in the sector known as Pampa de las Salinas, particularly on hillside slopes and alluvial plains.

- Archaeological excavations were undertaken at two sites in Area 2: Salinas de Chao and Piedras Negras. Test pits were excavated with the aim of evaluating the presence and characteristics of sedimentary deposits potentially associated with the hazards identified for this area.

C. Data Processing

Chao's climate is warm and dry, with an annual average temperature ranging from 18° to 25 °C and a relative humidity of 78%. The Chorobal and Huamanzaña rivers have minimal water flow, typically between January and April; however, in regular years, the annual average discharge is approximately 0 m3/s (Autoridad Nacional del Agua, 2025; Supplementary Figure 5). In this arid environment of the northern Peruvian coast, precipitation associated with Eastern Pacific El Niño and Coastal El Niño events has a significant impact (Supplementary Figure 5), as these phenomena are linked to the main geological and hydrogeological hazards reported in the valley, including floods, landslides, debris flows, riverbank erosion, and sand deposition. According to studies conducted in the valley (Medina et al., 2012; Medina Allcca et al., 2017; Núñez Juárez et al., 2017), the main hazards identified in the middle and lower sections are related to the effects of El Niño (Figures 3, 5, and Tables 1, 3, 4). This pattern is consistent across most of the Peruvian coast, particularly along the northern and central regions, where the effects of El Niño are most intense. For this reason, El Niño represents the primary natural risk factor for the conservation of archaeological sites in the Chao Valley. However, although sociocultural factors are not the focus of this article, it is important to emphasize that, at present, human activity has the most frequent and severe impact on archaeological sites in Peru (Tapullima and Ortiz, 2018).

The application of this methodology in the Chao Valley has allowed us to corroborate several initially proposed aspects and assess the scope and resolution of the collected data. First, while the SIGDA platform inventory constitutes an official national registry, it remains an ongoing inventory that must be supplemented with additional information from other local registries and photographic archives. Moreover, this platform contains outdated information, including sites that have already disappeared under areas where modern constructions have been built over former archaeological zones or agricultural fields occupy the former archaeological areas (Supplementary Figure 4). Therefore, combining cadastral data is the most effective approach to obtaining an up-to-date inventory of archaeological sites. Additionally, geological and geomorphological information available through platforms such as GEOCATMIN proved highly useful for identifying hazards in the area. However, due to the scale of the available data (1:50,000, 1:100,000), certain aspects require further refinement. For instance, during the exploration of the southern margin of the lower valley, we identified the presence of alluvial plains and fans in areas previously reported as “sand mantles” (Supplementary Figure 4). These details should be refined through direct field exploration of the selected monitoring areas.

Furthermore, the analysis of the collected data reveals a widespread distribution of archaeological sites in the lower Chao Valley (Table 1), most of which are located at elevations below 250 m above sea level (Figure 2), on alluvial plains and terraces (Figure 5). Consequently, elevation- and slope-related hazards, such as mass movements and landslides, are not significant in this valley (Figure 4). In the lower valley, most of the sites recorded in this study are situated in areas of high and moderate susceptibility to fluvial flooding (Figures 3, 5). Therefore, the most critical hazards in the lower Chao Valley include flooding, debris flows, and aeolian deposition (Table 3), all of which are linked to anomalous precipitation events on the Peruvian coast—namely, the occurrence of El Niño. These areas are also associated with agricultural fields and population centers (Supplementary Figure 2). As a result, archaeological sites are affected by the deposition of alluvial sediments, structural collapses, sand accumulation, and intentional destruction due to modern activities.

Excavations at the site of Las Salinas de Chao (Exploration Area 2) revealed a strong correlation between the information gathered during Phases A and B concerning the archaeology, geology, and geomorphology of the area. Las Salinas de Chao is a monumental site covering 21.5 ha, featuring stone-built structures distributed along the slopes of the Coscomba hills and the adjacent alluvial plain. Our excavations revealed the presence of alluvial deposits within the plain, consisting primarily of gravel and coarse sand deposited during various occupational phases of the site, and in some sectors, after its abandonment. Although the alluvial plain also exhibits the presence of aeolian deposits, their extent is more limited and does not appear to have caused significant damage to the archaeological structures.

The areas at the base of the hillsides and on the hillsides themselves presented evidence of sediment flows and displaced stone blocks originating from higher elevations—transported downslope via minor ravines—both during the site's occupation and after its abandonment (Supplementary Figure 6). Data collected during Phase A suggested the presence of extensive sand mantles over archaeological areas; however, our field observations indicate that the actual extent of these deposits is somewhat smaller, primarily affecting sectors closer to the coastline.

When we compare the sites recorded in 1976 with the current register of archaeological sites recognized by the Ministry of Culture in the SIGDA platform, a significant loss of sites becomes evident, particularly in the lower valley on both banks of the river (Supplementary Figure 7). In 1976, 33 sites were documented in Exploration Area 1 alone; by 2025, this same sector contains 15 sites (Supplementary Figure 7), representing a 54% loss.

Within Exploration Area 2, the most frequently recorded and impactful threats to the preservation of archaeological sites were, in order of prevalence: sediment flow, mass movement, and sand encroachment.In contrast, in Exploration Area 1, the most frequently recorded and impactful threats to the conservation of archaeological sites are related to human activity, particularly agricultural practices. This is followed by flooding and fluvial erosion, which have affected archaeological sites through the deposition of fine sediments and the destabilization of alluvial terraces caused by erosion processes. Lastly, sand encroachment impacts areas located closest to the coastline.

Overall, the state of conservation of archaeological sites is notably better in Area 2, primarily due to the limited presence of human activity (restricted mainly to poultry farms), the absence of permanent settlements, and its location outside the river's floodplain. Both areas, however, remain susceptible to hazard events triggered by anomalous rainfall in the valley. These include flooding and fluvial erosion in Area 1, and debris flows and mass movement in Area 2.



The lower Cañete Valley

Following the application of this methodology to the lower Chao valley, it was applied to the lower Cañete valley. Administratively, the Cañete River basin is located within the provinces of Cañete and Yauyos, both of which belong to the Lima Department. The Cañete River Valley, with 24,052 ha of cultivated land, lies in the south-central coastal region of Peru, at the southernmost point of the Lima Department. Physiographically, this area consists of the Cañete River's alluvial plain and the alluvial fans of Quilmaná and Conta (Rosas et al., 2020).

The Cañete River is part of the Pacific or Western watershed, spanning 220 km with an average slope of 2%, from its source at the Ticllacocha lagoon to its mouth in the Pacific Ocean. The basin consists of two areas: a mountainous zone that covers approximately 95% of the total area, and an alluvial zone (the Cañete River Valley) in the lower part, which covers the remaining 5%. This alluvial area has a nearly flat relief with a gentle slope, interrupted by hills and smaller elevations, covering an area of 310 km2. The area has been divided into seven distinct landscapes based on the origin, genesis, and form of the material. These include the alluvial plain, alluvial fans, marine landscape, marine-alluvial landscape, aeolian action landscape, and witness hill landscape. Within the alluvial area lies the region known as the Valley, which contains the highest concentration of agricultural land in the basin, as well as archaeological sites.

The valley receives 200–300 mm of rainfall annually, classifying it as semi-desert. Most precipitation occurs during the rainy season from December to March, but the amount and distribution can vary significantly each year. The Cañete valley faces significant hydrogeological risks as it is highly susceptible to flooding, particularly during El Niño events, which can cause river overflow and landslides that impact agriculture and infrastructure (Instituto de Defensa Civil, 2002).

It is important to note that the Cañete valley presents one of the most fertile valleys in Perú. Since its river plain is wide, it presents ample flat land for agriculture, as well as water year-round. The irrigation system that waters the lower valley was constructed in pre-Hispanic times (Fernandini Parodi, 2018) and has been improved throughout the years. During colonial times, Cañete housed large haciendas, which became even larger latifundios during republican times. In 1969, President Velasco Alvarado changed the rural landscape of Perú by implementing an Agrarian Reform, which expropriated large latifundios from its owners and gave the land to the farmers, who in turn organized themselves into agrarian cooperatives. Agrarian cooperatives lasted until 1984, when the government started a parceling process going back to individual farmers (Portocarrero, 1987). All these changes had profound effects on the agricultural, and indirectly, cultural landscape.

In terms of archaeology, the lower Cañete presents a total of 225 recorded archaeological sites. The first surveys were performed by Carlos Williams and Manuel Merino between 1977 and 1978 who recorded 163 archaeological sites (Williams and Merino, 2006). The remaining 62 sites were recorded by Fernandini in 2022 (Fernandini, 2023). Most of these sites are located in what is today agricultural lands, although larger sites can be found on top of low hills. These archaeological sites date from the early Preceramic period (ca. 9000 BP) to the Late Horizon (1400–1532 CE), showing a continuous occupation throughout time.

A. Data Collection and Remote Exploration Phase

We compiled data from previous surveys performed in the valley, mainly from Williams and Merino (2006), and from the Ministry of Culture inventory and SIGDA (which was based on the original Williams and Merino survey). Moreover, we obtained aerial photographs from the SAN archives. These photographs date to 1961 and 1966. These dates are important since between 1970 and 1984, the agricultural landscape experienced changes due to the Agrarian Reform. We also collected data on areas vulnerable to flooding and land mass movement from national institutions such as INGEMMET, INDECI and CENEPRED, which was analyzed in conjunction with a collection of GIS data and reports from the GEOCATMIN platform.

Following the collection of data, we made an initial identification of areas vulnerable to geological risks such as flooding and land mass movements, and also to urban and agricultural expansion. Based on this initial identification we selected areas for exploration in the lower valley and generated a series of exploration polygons for direct field assessment.

B. Direct Exploration Phase

During the direct exploration phase, we performed on-foot and drone exploration of the selected areas. When access was allowed, we walked and recorded archaeological sites by foot, nevertheless some sites were within private property, mostly inside agricultural lots surrounded by high walls, these were recorded by drone.

We generated aerial photographic models of the selected polygons using the software Pix4Dcapture to create automated flight plans, using an overlap of 70% and at an altitude that did not exceed 150 m. In order to achieve accurate georeferencing we took control points using a Trimble GNSS.

Five archaeological sites that presented different geological characteristics were excavated for stratigraphic exploration. The sites selected were:

1. Espíritu Santo de Palo, located in an area denominated as “foothill torrential flood”, is a large site dated between AD 600–800. The site's architecture is completely made out of river stones, possibly because of its easy access to them. We performed two test pits in this site. The stratigraphy showed that the lower levels, what archaeologists denominate as the sterile layers, were composed of sedimentary rocks and river rocks. At the lower part of the site there is a small modern settlement, yet the archaeological remains are so visible they have not expanded toward the site. Nevertheless, there is a telephone tower in the middle of the archaeological site.

2. Con Con, located on an alluvial fan. We placed three test pits, two inside archaeological structures and on the outside of the site. Stratigraphy from the test pit placed on the outside showed the successive passing of water and sediment, and its sterile layers showed a mix of sedimentary rocks and river rocks. The inside test pits show water did not access the structures, possibly because it was deviated from them. Sterile layers show only sedimentary rocks. The land where ConCon is located belongs to a residential development company that is preparing the area to build vacation homes.

3. Cerro Blanco is located on a low sedimentary rock hill within the alluvial plain. As its name depicts, the hill is composed of the debris of limestone sediment (white). This is a small archaeological site composed of a series of badly preserved structures. We performed one test pit at Cerro Blanco. Stratigraphy showed a mix of sedimentary rocks and river rocks, although the sterile layers were composed mostly of river rocks. This site is located next to a modern human settlement, yet due to its small size it has not been occupied.

4. Cuiva is one of almost a hundred cultural mounds located in the alluvial plain to the north of the Cañete River. Cuiva is a small mound that presents large amounts of river rocks on the base. We excavated one test pit on the top of the mound. The stratigraphy showed mostly soil mixed with river rocks. This site is surrounded by agricultural fields showing modern crops such as onions, lettuce, cucumber, cabbage and carrots.

5. The Ex-La Quebrada archaeological site is located in the alluvial plain toward the northern area of the valley. This is a large site that presents mudbrick monumental architecture. Here we performed two test that showed mostly fine sediment with a low number of sedimentary rocks. This site presents intense alterations due to human activity, mainly agricultural. Almost 75% of its surface is covered by banana trees and pitahaya plants. The site also presents a water reservoir and a house where the caretaker lives.

C. Data Processing

After collecting different sources of information both using digital and physical methods, we proceeded to process this information. We used QGIS to process this data in different layers in order to perform different types of spatial analysis. Our layers included: aerial photogrammetric models of the polygons selected, aerial photographs from 1961, a layer of archaeological sites which existed until 1961 which sums to sites and a layer of archaeological sites that exist in 2024, in total. Moreover, we also included GIS information obtained from the different national organizations such as INGEMMET and CENEPRED, that included the distribution of urban areas, geomorphologic, topographical and hydrogeological information, data regarding areas vulnerable to flooding, land mass movements, geological risk and the El Niño phenomenon. Using these different sources, we managed to obtain important information regarding site preservation in relation to risks linked to urban and agricultural growth and flooding.

In order to explore site preservation and its relation to natural and cultural phenomena, we first focused on making a comparison between site preservation in 1961 vs. 2024. Figure 6 shows a total of 255 archaeological sites. From these we have differentiated sites registered in 1961, recorded from aerial photographs, and sites registered in 2024, recorded from Google Earth, aerial photographs taken by the project and on foot inspection. From the 255 archaeological sites recorded in 1961, only 163 were recorded in 2024. That is 92 sites have been destroyed in the last 63 years, a 36% loss.


[image: Map depicting archaeological sites near the Pacific Ocean, showing preserved sites as purple squares for 1961 and purple triangles for 2024. An inset map highlights the region's location on the coast. Farmland and terrain details are visible.]
FIGURE 6
 Map showing archaeological sites preserved in 1961 and in 2024 in the Cañete Valley.


In order to explore the different factors affecting site preservation, we used information regarding agricultural expansion, population expansion and geological factors such as flooding or land mass movements. For instance, regarding agricultural expansion, we have used information of cultivated land in 1986 and 2019, when the last agrarian census was performed, as well as sites preserved until 1961 and 2024 (Figure 7). It is clear that most archaeological sites within the Cañete valley lie within agricultural land. Out of the 255 archaeological sites in the lower valley, 218 lie within current agricultural land. Visual inspection of the 1961 aerial photographs show that the valley was actively cultivated in those times, yet given the presence of several archaeological sites within agricultural land it seems farmers were avoiding archaeological sites and, to some extent, guaranteeing its preservation. This scenario changed drastically in 2024 when out of the 218 archaeological sites that existed in 1961 within agricultural land, only 138 were preserved, that is 80 archaeological sites had been destroyed. On closer inspection, we can observe that several of the non-preserved sites were destroyed between 1986 and 2024. This is an important date, since it was between 1984 and 1986 that cooperatives disintegrated to give way to the parceling of agricultural land. Out of the 92 sites destroyed by 2024, 28 were destroyed by agriculture expansion from 1986 onwards.
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FIGURE 7
 Map showing archaeological sites preserved in 1961 and in 2024 in comparison with land cultivated until 1986 and 2019 in the Cañete Valley.


While agricultural expansion seems to be the main factor in site destruction between 1961 and 2024, we also explored the relation between populated areas and site preservation. Figure 8 shows information regarding sites preserved in 1961 and 2024, and its relationship with populated areas. This map shows there is a cluster of non-preserved sites that used to be located near the largest population cluster, that is the city of San Vicente, the capital of the Cañete province. On a lesser scale, we can observe that the second largest population cluster, San Luis de Cañete, is also linked with archaeological sites that are no longer preserved. This information shows there is a clear relationship between the urban growth of this city and the disappearance of archaeological sites. Out of the 37 archaeological sites located close or within currently populated areas in 1961, only 17 exist in 2024. Which shows a 56% decrease in site preservation.


[image: Map showing population growth and site preservation in the Cañete region, near the Pacific Ocean. Purple squares indicate preserved sites from 1961, and purple triangles represent preserved sites in 2024. Orange circles mark populated areas. Insets highlight San Vicente de Cañete and San Luis de Cañete. Scale bar indicates two kilometers.]
FIGURE 8
 Map showing preserved archaeological sites of the Cañete Valley in 1961 and 2024, in relation to populated areas.


Based on these maps we can observe the agricultural and population growth represents a serious factor in site preservation, particularly since 1961 onwards. On the other hand, hydrological risks associated with flooding and land mass movement are factors that also affected the preservation of sites in the long term. As we can see in Figure 9, the lower Cañete valley presents two basins, the Cañete River Basin (purple), and the Pocoto Basin (green). The latter is composed of a series of quebradas that gather water from the high and middle valley, affecting the central and northern portion of the lower valley, as is reflected in light-blue in the map, and marked as an area of high hydrological risk. Coincidentally the area marked as hydrological risk at the center of the valley lies on top of San Vicente. The map also shows the location of geological risks associated with land mass movement, mainly the falling of rocks associated with the activation of quebradas or earthquakes.
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FIGURE 9
 Map showing hydrological and geological risks in the Cañete valley, indicating the Pocoto and Cañete basins.


When examining the relationship between hydrological and geological risks and the distribution of archaeological sites, one area emerges as particularly significant: San Vicente (Figure 10). This zone not only hosts a high concentration of sites but is also classified as high-risk. As previously noted, several archaeological sites recorded in 1961 are no longer present in 2024. While this loss can partly be attributed to urban expansion, recurrent flooding likely played a significant role in their disappearance. Site distribution analysis in the lower valley (Table 1) reveals that the majority of sites (220) are located on alluvial plains, with only a small number situated on hillsides (4) or hilltops (4). A ground survey of the high-risk zone at the center of the valley shows that only hilltop sites have survived, suggesting that ground-level sites were either destroyed by flooding or that these areas were consciously avoided due to their vulnerability. Regarding geological risks, the lower valley contains few high-risk zones, with most geological hazards concentrated in the middle valley, where the terrain becomes narrower and steeper.


[image: Map showing hydrological and geological risks in a coastal and mountainous region. It includes preserved sites from 1961 and 2024, marked with purple squares and triangles. Pink circles indicate geological risks. Blue shaded areas depict hydrological risks, while light blue areas denote quebadas. An inset provides a detailed view of a specific area with concentrated markers.]
FIGURE 10
 Map showing archaeological sites preserved in 1961 and in 2024 as well as hydrological and geological risks in the Cañete valley.


Finally, we have identified geological and hydrogeological processes in the Cañete valley (Table 3). For the lower Cañete valley, we can observe sand deposition mainly due to wind erosion and flooding. Processes such as mud and debris flow are also present linked to heavy rains in the high and middle valleys, which activate quebradas in the lower valley.




Discussion

The application of the methodology developed for this study in valleys along the northern and south-central Peruvian coast has allowed us to assess both its scope and limitations. The positive aspects are primarily related to the availability of multidisciplinary, open-access, high-resolution, and up-to-date datasets (e.g., through censuses and regional studies) for the various coastal valleys of Peru. These datasets, produced by different governmental agencies (INEI, ANA, INGEMMET, CENEPRED, SIGRID, SIGDA, etc.), are stored in formats compatible with multiple software and platforms (QGIS, ArcGIS, Google Earth, among others), enabling their processing and analysis. Furthermore, although coastal valleys in Peru exhibit significant geological, geomorphological, and hydrological differences, field explorations confirm that the available geological and hydrological data (Phase A) are consistent with field observations. Therefore, these datasets can serve as a basis for characterizing the natural setting of archaeological sites and assessing associated hazards.

However, certain aspects require refinement through fieldwork to improve and correct the resolution of the data used. This is particularly the case for geomorphological data from the GEOCATMIN portal, which, due to the scale of geological information it provides, must be refined through direct field observations. Similarly, regarding the SIGDA platform, it is important to acknowledge that this database contains incomplete and, in some cases, outdated information. Consequently, any estimates of cadastral changes in archaeological sites within each valley should incorporate additional sources, such as records from the SAN archive, local site inventories, and direct field exploration. Thus, to maintain an up-to-date site registry or to assess the chronological evolution of site preservation, the combined use of the datasets proposed in Phase A of this study is recommended. Additionally, given that SIGDA is managed by the Ministry of Culture, it could include greater detail regarding the registered sites, such as a user manual and glossary of terms, definitions of various registry categories, documentation approving site delimitations, among other elements, presented as metadata. This would facilitate their use and processing in new research, ultimately generating more comprehensive and updated data.

To assess the loss of archaeological sites over time in both the Chao and Cañete valleys, the most effective methodology involves spatial analysis using GIS software. This approach should integrate local cadastral coordinates, SIGDA's site delimitation KMZ files, historical aerial imagery, and recent satellite images. This combination allows for the generation of site inventories by year based on available records and images, ensuring that updated inventories avoid duplication of sites and enabling the identification of probable causes for site loss.

Regarding our hypothesis that El Niño represents the primary risk factor for triggering geological and hydrogeological hazards in the lower sections of coastal valleys, field explorations in the Chao, Santa, and Cañete valleys confirm this assertion, particularly for the lower valley sectors. In Cañete, we can observe that since the valley is much wider than in other coastal valleys, the activations of quebradas in the upper and mid valley areas affects specific areas in the lower valley. Such is the case of the Pocoto quebrada that generates a high-risk flooding area in the lower Cañete valley that affects ancient and current populations. Moreover, the Cañete River watershed covering 6,000 km2 is largely affected during El Niño events (Mauricio and Fernandini, 2024), generating the activation of geological and hydrogeological hazards in the middle and lower valleys. On the other hand, in the Santa River Valley, located in northern Peru and home to the largest watershed on the Peruvian coast (11,597 km2) with a relatively stable annual flow, El Niño events significantly alter both river discharge and precipitation patterns in the lower valley (Autoridad Nacional del Agua, 2025). These changes substantially increase the likelihood of activating geological and hydrogeological hazards.

Although this article does not focus on sociocultural threats, our broader study highlights that in both the Chao and Cañete valleys, human activities—unregulated and diverse in nature—represent the most significant risk factor in terms of scale and intensity. These activities can result in the total loss of archaeological sites in a single event. This is evident in maps showing the distribution of archaeological sites in relation to land use and human settlements in each valley (Figures 7, 8, and Supplementary Figure 2). In both Chao and Cañete, a substantial number of archaeological sites are located within agricultural fields and are surrounded by modern urban settlements, which greatly increases their risk of damage or destruction. These sociocultural risks require evaluation through distinct parameters beyond those discussed in this article, but they can be assessed using similar data sources. For instance, it is essential to characterize the types of human activities and the communities established near archaeological zones. This information can be obtained from the same governmental sources (INDECI, INEI, ANA, etc.), incorporating poverty maps, transportation networks, economic activities, educational centers, population statistics, and other relevant factors that can help to characterize socioeconomic conditions and vulnerabilities of local populations (Mauricio et al., 2022).

Finally, we emphasize that this is a methodological proposal that can and should be refined and improved through its application across different sectors of the Peruvian coast, incorporating the unique characteristics of each valley and region. It is important to highlight that Peru possesses high-resolution, multi-scale, open-access, and up-to-date data that can be processed for various research objectives, including the development of assessment and monitoring methods for archaeological heritage along the coast, as proposed in this study. Despite the availability of such datasets from governmental agencies, there are currently no studies, methodologies, or dedicated offices within the Ministry of Culture of Peru focused on systematic monitoring and data driven conservation planning. The Peruvian coast, home to a vast number of archaeological sites and highly susceptible to El Niño events, has seen conservation efforts limited to the construction of protective covers and drainage systems at well-known sites in the northern region (Coahila Osorio, 2016). However, there is no long-term monitoring or assessment of the effectiveness of these measures over time.

The implementation of this methodology by the Ministry of Culture of Peru is highly feasible because this institution has the capacity to obtain, analyze, and produce this type of information through several of its offices, particularly the Dirección General de Catastro y Saneamiento Físico y Legal. This office is responsible, among other functions, for the identification, registration, legal recognition, and protection of archaeological sites in the country, which includes the management of the SIGDA platform. It maintains information on the location of reported sites, their extent, state of conservation, and legal status at the national level. As a state entity, the Ministry of Culture of Peru is also able to secure access to relevant information generated by other governmental institutions, such as those included in this study (ANA, INEI, MINEM, etc.). Furthermore, the Ministry operates a network of regional offices (DDCs) that continuously receive and evaluate cadastral information from their respective regions. Therefore, this methodology can be further refined through its application and assessment across various coastal regions, incorporating feedback and generating continuously updated information.

Although many of the sites that are lost or damaged on a daily basis remain unknown to most Peruvians, the country's archaeological heritage constitutes an important source of economic, social, and cultural development. Economic growth associated with tourism centered on archaeological heritage is a widely held expectation among many local communities. At the same time, archaeological research contributes to recovering the histories of these communities, including the knowledge and technologies that Andean peoples developed to adapt to their environments and make them productive. The loss of archaeological sites therefore entails losing the opportunity to recover this history and identities, as well as the valuable knowledge that Andean populations developed to confront periods of climatic crisis that could be applied to create sustainable solutions for current and future scenarios.



Conclusions

This article presents the findings of a multidisciplinary study aimed at supporting the preservation of built archaeological heritage along the Peruvian coast. The research develops a methodology for assessing geological and climatic risks and their impact on the conservation of archaeological sites in the region's lower valleys. Although this article primarily addresses climatic and geological factors, a comprehensive risk monitoring approach should also consider sociocultural factors, as they represent significant threats to site preservation. The proposed approach is low-cost and relies primarily on multidisciplinary, open-access data produced and regularly updated by state institutions. The study focuses on three coastal valleys: Chao and Santa on the northern coast, and Cañete on the central-southern coast.

Our results indicate that this methodology can serve as a foundation for initiating monitoring programs focused on the preservation of archaeological sites along the Peruvian coast. This methodology goes beyond climatic and geological factors. It combines geomorphology, hydrology, and archaeological survey (remote and direct), with land use, modern population distribution, and GIS mapping. This combination enables a more accurate identification of vulnerable areas and degrees of risk, and consequently, more detailed spatial analyses that support a stronger and more robust risk assessment.

In the valleys where this methodology was applied, considerable geomorphological and hydrological variability was identified, resulting in differences in the intensity and frequency of prevailing hazards. Nonetheless, in the lower sections of these valleys, the primary risk factor is linked to El Niño events—or, though far less frequent, other anomalous climatic phenomena that produce heavy rainfall in coastal areas, such as the tropical cyclone Yaku in 2023. Because these hazards stem largely from unusual precipitation in the coastal desert, the most significant threats to archaeological sites are geological and geo-hydrological in nature.

In the context of ongoing global warming, both global and coastal El Niño events are expected to become increasingly frequent and intense (Peng et al., 2019). Considering Peru's particular vulnerability to the impacts of this phenomenon, it is imperative to underscore the need for both short- and long-term monitoring and protection strategies for immovable archaeological heritage. Such strategies must be grounded in robust, multidisciplinary scientific data to ensure the more effective and efficient allocation of resources, which are often limited.
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SUPPLEMENTARY FIGURE 1 | (A) Mosaic based on aerial photos of the Chao Valley taken in 1961 by the SAN. (B) Satellite photo of the Chao Valley from 2022 (Google Earth).

SUPPLEMENTARY FIGURE 2 | Archaeological sites of the lower Chao Valley in relation to vegetation cover and location of modern settlements (information source: INGEMMET and GEOCATMIN; figure adapted from Mauricio et al., 2022).

SUPPLEMENTARY FIGURE 3 | (A) Map with contour levels of an archaeological site located on a hilltop and slope, based on drone photography. (B) Cross sections of two sections of the site (blue lines on top map) showing elevation (masl) and distance of the archaeological structures distributed over a hill (taken from Mauricio et al., 2022).

SUPPLEMENTARY FIGURE 4 | (A) Location of an archaeological site polygon overlapping a modern settlement in the lower Chao Valley, according to the SIGDA platform (https://sigda.cultura.gob.pe/). (B) View of an archaeological site located over alluvial fan deposits identified as sand cover according to the geomorphology information on the GEOCATMIN platform (https://geocatmin.ingemmet.gob.pe/geocatmin/).

SUPPLEMENTARY FIGURE 5 | Annual river discharge based on average per day for the Choroal (A) and the Huamanzaña (B) rivers for the 2014-2024 period. These graphics show the significant difference between non-El Niño and El Niño (2017) annual discharge in the Chao drainage. The 2023 record corresponds to the occurrence of the "Yaku" tropical cyclone (source: Autoridad Nacional del Agua (ANA) https://snirh.ana.gob.pe/onrh/).

SUPPLEMENTARY FIGURE 6 | (A) Contour-line map of the site Las Salinas de Chao (exploration area 2) based on drone photography. (B) Alluvial deposits recorded in an excavation unit on the plain (red dot) area of the site. Gravel and coarse sand were deposited during site occupation. (C) Alluvial deposits recorded in an excavation unit located on the foothills of the northern area of the site (yellow dot). Deposition occurred during site occupation.

SUPPLEMENTARY FIGURE 7 | Map of the Chao Valley showing the location of archaeological sites recorded in 1976 (blue dots) and archaeological sites registered in the SIGDA platform in 2025 (yellow dots). Upper right corner: location of sites in the Exploration Area 1. Bottom right corner: archaeological sites in the Exploration Area 2 (Source: Milla and Cárdenas, 1996; Sistema de Información Geográfica de Arqueología (SIGDA), 2025).
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