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Abstract

The geomorphological characterization of coastal-marine environments is essential for
environmental management and biodiversity conservation. The objective of this study was
to model the geomorphological diversity of the Punta de Coles National Reserve, located in
Puerto de Ilo, Moquegua, Peru, using GNSS geodetic receivers, integrating topographic and
bathymetric data to continuously represent both the emerged and submerged relief. The
methodology involved establishing two “C”-order geodetic control points, implementing a
closed polygon with 13 vertices, conducting a topographic survey, and recording bathymet-
ric data along coastal transects extending 1 km offshore using an echo sounder and GNSS
positioning. The data were processed in a GIS environment to generate a Coastal-Marine
Digital Terrain Model (CM-DTM) with metric resolution. The results showed a total area of

" —— ‘ 171.451 ha, with elevation variations ranging from sea level to 71.617 m above sea level.

Distinct geomorphological units were identified, such as coastal plains (0-5% slope), hills
Academic Editor: (15-35%), and cliffs (>45%), in addition to 16 rocky islets covering 1.537 ha. In the under-
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v water environment, the model made it possible to identify submerged terraces, slopes, and
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local depressions down to a depth of —115 m, revealing a continuous transition between
the land and sea topography; additionally, areas with a higher susceptibility to erosion
and areas of high ecological importance were identified. This study’s contribution lies in
Copyright: ©2026 by the authors. the integration of GNSS geodetic data with topobathymetric surveys, which enabled the
Licensee MDPI Basel, Switzerland. generation of a high-precision continuous model in an area with limited prior information,
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1. Introduction

While topobathymetric characterization is an essential requirement for the monitor-
ing, conservation and sustainable management of protected areas [1-3], the study of the
abiotic component known as “geodiversity” is less common [4,5]. The monitoring of the
geomorphological transformation of geological heritage [6] without considering the omis-
sions described can directly affect the conservation of biodiversity of the ecosystem and
the provision of various socioeconomic and cultural benefits [7,8]. A similar situation is
observed in the Punta de Coles National Reserve (PCRN) in Moquegua, where, despite
its valuable geological heritage and biodiversity, it lacks accurate bathymetric data and
a detailed terrestrial topographic study, a gap that severely limits the implementation of
effective conservation strategies [9].

In recent years, the development of technologies for topographic measurement, such
as LiDAR, TLS, and drones with GNSS/IMU and PPK, together with advanced geospatial
processing, has revolutionized geomorphological analysis through precise digital terrain
models [10,11]. These techniques improve the quality of geospatial data [12,13] and allow
the generation of point clouds, polygonal and orthomosaic models and DSM/DTM indices,
including bathymetry [14-16]. The integration of GeoAl and machine learning has facili-
tated the prediction of the terrain, the identification of vulnerable and diverse areas, and
support for adaptive conservation plans [17]. In addition, satellite remote sensing with
deep learning has been applied in the monitoring and evaluation of protection measures
for fisheries [18], generating detailed maps of coastal geomorphology with scientific and
aesthetic value for geo-tourism [19,20].

The integration of single-beam echo sounders with GNSS satellite positioning systems
has been established as a reliable method for obtaining precise georeferenced bathymet-
ric data in shallow coastal environments [21]. According to Wolf and Ghiliani [22], the
synchronization of acoustic sounding with precise spatial coordinates is fundamental for
minimizing positional errors and ensuring the accuracy of topographic models. This inte-
grated approach allows for the generation of high-resolution digital terrain models and
reliable bathymetric charts, which are essential for scientific monitoring.

The GNSS is essential for determining the horizontal positioning of sounding points,
enabling the precise georeferencing of each bathymetric measurement. The accuracy of
GNSS is decisive for the quality of the final product, since errors in the position directly
translate into geometric distortions of the bathymetric model [22]. In addition, GNSS
facilitates the control of navigation transects, ensuring a systematic and homogeneous
coverage of the study area, a fundamental condition for the correct interpolation of under-
water surfaces.

In coastal studies, the use of GNSS also allows the integration of bathymetric data with
terrestrial topographic information, enabling the generation of continuous coastal-marine
digital models (MDT-CM), which comprehensively represent the transition be-tween the
emerged and submerged relief [23].

The echo sounder used is a model from Garmin’s ECHOMAP UHD series, USA. Itis a
high-resolution single-beam device designed for shallow water applications, combining
traditional sonar technology with advanced seafloor visualization systems. Its ability to
record depths in real time, together with adequate vertical resolution, allows the identifica-
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tion of morphological variations of the bottom, such as slopes, underwater terraces and
local depressions [24].

The combination of GNSS and Garmin ECHOMAP UHD allows a reliable, georefer-
enced bathymetric database compatible with geographic information systems (GIS) to be
obtained. This integration makes it possible to generate derived cartographic products,
such as isobaths, bathymetric profiles, and digital models of the marine terrain, which
are essential for the morphometric analysis of the underwater relief [25]. Previous stud-
ies validate the use of multiband GNSS drones in complex terrain, highlighting their
subcentimetric precision and usefulness in areas of difficult access [26,27].

Therefore, the PCRN baseline study conducted coastal bathymetry up to a depth of
35 m, utilizing echosounder and perpendicular transects, with 143 sampling stations in
a strip of 300 around the reserve [9]. However, the terrestrial topography lacked high-
resolution spatial data, which prevents the identification of micro-topographic features
essential for nesting sites of the ecosystem, and rugged geomorphology and limited tech-
nology make adequate cartography difficult [28,29]. In addition to these limitations, the use
of conventional technology in previous measurements, whose limited accuracy resulted in
incomplete and discontinuous data between land topography and bathymetry, has been
identified as a gap in the use of technologies such as GNSS and drones, thereby limiting
the generation of accurate and continuous topobathymetric models in the PCNR; this
limitation hinders effective land-use planning and the implementation of conservation
strategies based on scientific evidence.

In this context, the present study implemented an integrated topobathymetric survey
in the PCNR by establishing certified geodetic control points, acquiring GNSS data in the
PPK mode and performing bathymetric sampling with a Garmin echomap UHD. Our
objectives were (i) to generate a high-resolution digital coastal-marine terrain model (DTM-
CM); (ii) characterize the terrestrial and submarine morphometry (slopes, profiles and
morphometric units); and (iii) discuss the applicability of cartographic products. This work
will strengthen the comprehensive geomorphological knowledge of the PCNR, providing a
robust scientific basis for the conservation and sustainable management of one of the most
valuable marine ecosystems of Peru. High-resolution spatial data provide the foundation
for future ecological interventions and adaptive management plans, ensuring informed
decisions and promoting an ecosystem approach that guarantees ecological integrity [30,31].

Within this framework, the objective of this research was to model the geomorpho-
logical diversity of the Punta de Coles National Reserve (Moquegua, Peru) using GNSS
geodetic receivers, integrating topographic and bathymetric information to generate a
continuous terrain model. This approach seeks to contribute to the creation of an accu-
rate geomorphological baseline to support environmental management and biodiversity
conservation in the coastal-marine environment.

2. Materials and Methods
2.1. Study Area

The study area corresponds to the PCNR, located in the province of Ilo, Moquegua
Region, on the southern coast of Peru, approximately 7 km southwest of the city of Ilo.
Geographically, it is located at coordinates 17°42/00” S, 71°22'50"” W. This area is part of the
System of Islands, Islets, and Puntas Guaneras (RNSIIPG) and is characterized by its high
ecological importance due to the presence of marine birds and marine mammals, as well as
the diversity of coastal and marine habitats (Figure 1). The research was conducted at the
Molecular Biology and Biotechnology Laboratory (BIOMED) of the National University
of Moquegua.
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Figure 1. Location map of the study area.

The PCNR, located on the active continental margin of the southeastern Pacific, is
the result of the subduction of the Nazca Plate beneath the South American Plate, a phe-
nomenon that controls the tectonic and geomorphological evolution of the southern coast
of Peru [32]. It is characterized by the presence of rocky outcrops, low cliffs, reefs, boulders,
isolated coastal rocks, and a marine abrasion platform shaped by the continuous action
of waves and coastal currents (Figure 2), which generate coastal inlets and promontories,
evidencing active processes of differential marine erosion characteristic of the Moquegua
coastline [33-35]. Geomorphologically, the area features a varied landscape consisting of
gently sloping coastal plains, undulating hills, steep cliffs, and rocky islets, all associated
with marine erosion and coastal dynamics. In the underwater environment, submerged ter-
races, slopes, and depressions are identified, demonstrating the morphological continuity
of the terrain down to the seafloor [36].

2.2. Instruments and Techniques

Geodetic control:

Two Order-C geodetic control points (MOQ03218 and MOQ03219) were established
and linked to the National Geodetic Network using dual-frequency GNSS receivers (Static
PP, Magnet Tools V6.10).

Terrestrial topography:

Topographic surveys were performed with a Trimble total station based on differential
GNSS data, establishing a closed traverse of 13 vertices with corrected linear error.

Bathymetry:

It was carried out by integrating geodetic differential GNSS technologies and portable
Garmin echomap UHD.

Digital processing:

ArcGIS 10.8 and AutoCAD Civil 3D 2022 were used for data integration, construction
of the DTM-CM and preparation of cartographic products.

2.3. Procedure
2.3.1. Reconnaissance of the Field and Planning of Control Points

The PCNR field inspection revealed topographic details of the terrain and allowed us
to establish the highest sites as initial points for geodetic control. These findings were vital
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for structuring the methodology and work plan. For this purpose, cartographic information
at scales of 1:100,000 and 1:25,000 was considered, along with satellite images of the Reserve
from Google Explorer.

STUDY DEVELOPMENT

Study Area: Punta Coles, llo - Moguegua, Peru
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Figure 2. Diagram of the development of studies in the Punta de Coles Nature Reserve.

2.3.2. Determination of Geodesic Control Points of Order “C”

According to the technical standards established by the National Geographic Institute
of Peru, IGN, two geodesic control points of order “C” were established, materialized in the
field by simple concrete milestones of 0.40 m x 0.40 m in section and 0.60 m in depth. In
the upper part of each milestone, a circular bronze plaque 7 cm in diameter was embedded,
with the following inscriptions: on the edge, the name of the institution National University
of Moquegua and the phrase Destruction is prohibited; in the center, a 7 mm equilateral
triangle, accompanied by the letter “C”, the code and the date of the point assigned by the
IGN. The first control point was located on Gallinazo hill with the code MOQ03218, while
the second point was located on El Mirador hill with the code MOQ03219. Observations
were made on these points using a multiband GNSS receiver (L1 C/A, L2E, L2C, I5), from
Topcon Positioning Systems, USA with coordinates recorded in the UTM system, zone
19K-South, horizontal datum WGS84 and vertical datum EGM2008. The observations
were made for five continuous hours, in reference to the permanent tracking GNSS station
located in the city of Ilo. Data processing was carried out in static postprocessing mode
(static PP) using Magnet Tools V.6.10 (64 bits) software and final precise ephemeris and
Rinex files. The fit yielded a precision of +0.01 m in planimetry (H) and £0.035 m in
altimetry (V), guaranteeing the reliability of the established vertices; in this way, it was
linked to the coordinates of the National Geodetic Network.
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2.3.3. Terrestrial Topographic Study

Polygonation

Based on the geodetic control points, a closed traverse consisting of 13 vertices and
complementary points in the Punta de Coles National Reserve was determined. These
vertices served as the initial and final reference of the circuit, ensuring the accuracy and
geometric control of the survey [37].

Each vertex was materialized with visible marks on the ground and coded as E-01,
E-02,..., E-13 strategically located; from these points, observations were made in a back-
ward view (towards the previous vertex) and a forward view (towards the next vertex),
following the procedure recommended in control surveys [22].

The measurement of horizontal and vertical angles and distances was carried out with
a one-second angular precision Trimble total station, complemented by GNSS observations
in differential mode to reinforce planimetric and altimetry georeferencing. The field records
were noted in topographic notebooks and later downloaded for processing in the office.
The relative coordinate error was executed using the method of successive approximations
for the adjustment of traverses, which allowed the proportional distribution of the closing
errors among the vertices [38]. The linear error of closure obtained was —0.149 m on the
east—-west axis, +0.096 m on the north—south axis and +0.201 m in altitude; these values were
corrected until tolerances were obtained within the parameters established by the Peruvian
technical norm [37]. In this way, the present study provides high-resolution geospatial
information that can be integrated into the management plans of the National Service
of Natural Areas Protected by the State, SERNANP and future actions for monitoring,
conservation and ecological planning of the southern coast of Peru.

Topographic Survey

With the polygonal adjusted as a support network, the topographic details were
obtained by applying the radiation method. From each station of the polygonal, several
points were recorded, adding a total of 6670 secondary points that represented the main
elements of the emerged relief, such as slopes, hills, rocky cuts and natural depressions.
The east (E), north (N) and elevation (Z) coordinates of these points were calculated using
the total station, taking as a reference the previously determined coordinates of each
vertex of the polygon. In this way, the accuracy in the representation of the relief was
guaranteed by the traditional topographic method of radiation, widely used in detailed
topographic surveys.

Digital Topographic Plan

The UTM coordinate data obtained with the total station were transferred to a com-
puter and subsequently imported into the AutoCAD Civil 3D platform, where they were
processed to generate contour lines with an interval of 1 m. These curves were then ex-
ported from the DWG format to the SHP format for integration into the ArcGIS platform.
In the ArcMap module, the information was organized by thematic layers to structure the
topographic map of the study area. With these data, surface analysis and the construc-
tion of the digital terrain model (DTM) were performed, which accurately represents the
terrestrial morphology of Punta de Coles. This procedure allowed the consolidation of a
high-precision topographic baseline, which constitutes an essential input for subsequent in-
tegration into the geographic information system (GIS) and for future analyses of territorial
management and conservation.
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2.3.4. Bathymetric Records Along Coastal Transects

The bathymetric survey in the coastal zone of the Punta de Coles National Reserve was
carried out by designing transects parallel to the coastline, with a separation of 50 m, that
homogeneously covered the study area and guaranteed the representation of the submarine
terrain. Each transect was traversed in a small boat equipped with a differential geodetic
GNSSS receiver and a Garmin ECHOMAP UHD, both of which were integrated by a real-
time data acquisition system (X, Y, Z). This combination allowed accurate three-dimensional
measurements of the surface of the seabed to be obtained.

During data acquisition, differential corrections were applied from a GNSS reference
ground station, reducing positional uncertainty to centimeter-level precision. The bathy-
metric data collected were post-processed using MapSource and Excel software; version
2019 was used this data was exported to AutoCAD Civil 3D to generate contour lines with
a 5 m interval; it was then exported to ArcGIS to convert it to SHP format, where it was
defined as isobaths. This procedure ensured a reliable bathymetric characterization, which
is indispensable for the integrated analysis of the terrestrial and submarine relief in the
area of the reserve.

2.3.5. Integration and Adjustment of Data in GIS

The integration and adjustment of topographic and bathymetric data were performed
within the ArcGIS software environment using the ArcMap module (ESRI), following
this procedure:

The contour lines generated in AutoCAD Civil 3D were exported in vector format
(DWG/DXF) and imported into the GIS environment via ArcGIS, where they were con-
verted to geospatial format (shapefile). Subsequently, a process of data cleaning, topological
validation, and reference system standardization was carried out, ensuring the consistency
of coordinates in the UTM system, WGS 84 datum fundamental conditions for guaranteeing
the spatial integrity of the data [39].

To represent the terrain continuously, the land surface contour lines were integrated
with the isobaths obtained from the bathymetric survey, and the boundaries of the islands
were incorporated into the model as emergent units. This process included verifying
altimetric continuity in the coastal transition zone, avoiding geometric inconsistencies
between emergent and submerged surfaces, which is key in the modeling of coastal marine
systems [40].

2.3.6. Generation of the DTM-CM, Contour Lines, Isobaths, Profiles and Sections

The generation of the digital model of the coastal-marine terrain (DTM-CM) for the
study area was generated from contour lines created in AutoCAD Civil 3D, which represent
the elevation variations of the land surface and the seabed. These contour lines were
exported in vector format (DWG/DXF) and imported into the GIS environment using
ArcGIS, where they were converted to shapefile format (SHP) for spatial processing and
analysis. This procedure is widely used to ensure the interoperability of geospatial data
and its proper integration into geographic information systems [39].

Subsequently, the contour lines corresponding to the land surface were integrated
with the isobaths derived from the bathymetric survey, which allowed for the generation of
a continuous model that uniformly represents the emerged and submerged morphology of
Punta Coles. To this end, the Triangulated Irregular Network (TIN) interpolation method
was applied, which is suitable for representing surfaces with geomorphological variability
and abrupt changes in slope, such as the cliffs present at Punta Coles [41].

Based on the generated DTM, longitudinal profiles were created, which allowed for
the analysis of relief variation along defined sections, identifying the main topographic

https://doi.org/10.3390/geosciences16040151


https://doi.org/10.3390/geosciences16040151

Geosciences 2026, 16, 151 8 of 18

features in both the terrestrial environment (plains, hills, and cliffs) and the underwater
environment (slopes, banks, and depressions). This type of analysis is a key tool for
geomorphological interpretation and the study of landform dynamics [40].

3. Results
3.1. Geodesic Control Points

As a result of the GNSS postprocessing process, the UTM coordinates were obtained
in the WGS84 datum zone 19 South, which is officially certified by the National Geographic
Institute (IGN) for the geodetic control points MOQ03218 and MOQ03219 (Table 1). The
accuracy evaluation revealed that both the planimetry and the altimetry are within the
tolerances established by the current regulations, reaching a margin of error of less than
£0.02 m, which guarantees the reliability and validity of the established geodesic points.

Table 1. UTM coordinates of the geodesic points, Zone -19, datum WGS 84.

Code Number East (X) North (Y) Altitude Details
MOQO03218 248,747.887 8,041,886.264 61.374

MOQ03219 248,596.313 8,041,268.958 71.806
Note: Results of the coordinates after the GNSS 2021 postprocessing.

Located at the top of a hill

Located at the top of a hill

3.2. Polygonal Support Network, Punta Columns

As a second result, based on the Order “C” geodetic control points (MOQ03218 and
MOQO03219), the support polygonal network for the topographic survey was established,
ensuring the geometric accuracy required for the proper preparation of the topographic
map of the study area.

In the established polygon, the initial calculation yielded a linear closure error of
0.147 m on the east-west axis (PEO) and 0.096 m on the north-south axis (PNS), values that
were subsequently corrected by fitting procedures, according to the established parameters.
in terms of technical regulations. These adjustment techniques, widely recommended in
the specialized literature [42], ensured the geometric reliability of the support network.

Table 2 shows the UTM coordinates of the traverse vertices, which constitute the basis
for the detailed topographic survey of the study area.

Table 2. UTM coordinates of the closed traverse.

Total Coordinates

Vertex East North Elevation
MOQO03218 248,747.887 8,041,886.264 61.374
E-01 248,674.929 8,041,687.488 59.472
E-02 248,533.874 8,041,906.038 49.389
E-03 248,333.728 8,042,106.032 10.886
E-04 248,221.065 8,041,963.546 12.231
E-05 248,071.881 8,041,615.404 13.401
E-06 248,138.390 8,041,245.228 27.906
E-07 247,970.349 8,040,831.793 10.879
E-08 248,336.533 8,040,711.139 11.528
E-09 248,734.538 8,041,026.113 24.370
E-10 248,925.962 8,041,077.764 13.649
E-11 249,114.790 8,041,198.307 10.576
E-12 249,073.324 8,041,440.037 11.950
E-13 249,102.323 8,041,853.033 3.520
MOQ03218 248,747.887 8,041,886.264 61.374
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According to Casanova [43], the traverse method is widely recognized as one of the
topographic methods predominantly used to establish support networks in the execution
of detailed topographic surveys and the production of plans.

3.3. Topographic Survey of the Punta de Coles National Reserve

One of the most relevant results obtained in the PCNR was the construction of the
terrestrial morphology from a survey that included 6670 topographic points. This database
allowed us to accurately represent the physiography of the area, generating a topographic
plan with contour lines, developed in the AutoCAD Civil 3D platform, with an equidistance
of 1 m between curves. The map shows elevation variations ranging from 1 m to 71,617 m
above sea level, with the latter value corresponding to the highest point of the area.

The geographic area of Punta de Coles is 169.9142 ha. In the southwest sector, there
are 16 islands with a total area of 1.5366 ha. Adding this to the main area results in a total
area of 171.4508 ha in the entire contour of the reserve. The topography is characterized by
moderately flat terrain, interrupted by low dome-shaped hills, covered with rocky outcrops
and silty-sandy deposits. The maximum elevation is located on El Mirador hill, with an
altitude of 71,617 m above sea level, where the geodesic point MOQ03219 is located, in
proximity to the station of the Geophysical Institute of Peru, IGP.

With respect to the slopes, three main categories were identified: Gentle slopes (0-5%)
and areas of marine flat and coastal terraces. Moderate slopes (15-35%) are associated
with hills and transitions toward the interior. Steep slopes (>45%) are present in cliffs and
mountainous sectors, mainly in the El Mirador, La Tetona and El cerro Gallinazo hills.
These slope variations condition erosion processes, slope stability and accessibility, which
are critical aspects in the planning and management of reserves [22].

From a geological point of view, the topographic plane allowed the consolidation of a
geomorphological baseline of Punta de Coles. The area is made up of igneous, sedimentary
and volcanic rocks, with predominantly andesitic and basaltic outcrops linked to the coastal
batholith, with intrusions and dykes that form steep terrain and characteristic cliffs [44].
The interaction of these formations gives rise to plains, hills and cliffs, resulting in a diverse
landscape whose interpretation is key for environmental management, geodynamic risk
assessment and planning for the sustainable use of this natural protected area.

In the southwestern end of the Punta de Coles National Reserve, the presence of a
coastal lighthouse was identified, which constitutes a relevant geographical reference point
and a sector of high biodiversity. In this area, a high concentration of guano birds and
marine mammals, particularly sea lion colonies, interfered with the topographic survey
along the shoreline, restricting direct access to certain sectors.

As a result of these conditions, the on-site measurement of topographic points had to
be interrupted on several occasions, due to operational restrictions and the need to avoid
disturbance of wildlife. However, by using a Trimble Access total station, equipped with
prismless measurement technology and an operational range of up to 1 km, distances
and coordinates were recorded from safe positions outside the areas occupied by sea lion
colonies. This strategy made it possible to complete the topographic survey of the coastal
edge in the lighthouse sector and on the southern flank of the reserve, guaranteeing the
spatial continuity of the data obtained.

The topographic surveys of the rocky islets, located approximately 400 m offshore,
revealed a highly irregular surface morphology. As detailed in Figure 3, photogrammetric
data integration allowed for a precise representation of these features, which are character-
ized by steep rock faces and ragged crests. These results complete the general topographic
plan, providing a continuous view of the reserve’s offshore relief.
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Figure 3. Polygonal network (A); topographic Punta de Coles (B).

Based on the interpolation of the surveyed topographic points, a surface model with
1 m contour intervals was generated. This high-resolution representation reveals the
detailed morphology of the terrain at the time of the survey, specifically highlighting the
vertical transitions between the marine terraces and the coastal edge.

3.4. Bathymetric Plan and Submarine Morphometry of the Punta de Coles National Reserve

The transects were drawn parallel to the coastal edge, with a separation of approxi-
mately 100 m between them, covering up to 1 km offshore. This design allowed accurate
recording of variations in the depth and morphology of the seabed, facilitating the interpo-
lation of data to generate the bathymetric model.

The generated bathymetric model allowed accurate characterization of the submarine
morphometry of the coastal strip between Punta de Coles and its immediate surroundings
(Figure 2). From the integration of differential GNSS data and Garmin ECHOMAP UHD, a
high-resolution digital model of the seabed (DMF) was constructed, with isobath curves
of an equidistance of 5 m, which faithfully represent the variations in depth and the
configuration of the submarine relief and the variations in depth [36].

The bathymetric model and submarine morphometry of the PCNR recorded depths
between —2 m and —110 m, indicating a narrow continental shelf. Gentle slopes (0-10%)
were identified in the northeast sector, where sandy and transitional bottoms predomi-
nated. The medium slopes (10-25%) are concentrated in front of the coastal cliffs, whereas
steep slopes (>35%) are associated with ruptures of the seabed, interpreted as submarine
cliffs [36].

Regarding submarine morphology and principal structures, stepped submarine ter-
races were observed, which reflect ancient levels of Quaternary marine abrasion (Figure 4).
Localized depressions or submarine wells were identified, especially to the southwest, with
depths greater than 90 m, linked to processes of differential erosion and tectonic subsi-
dence. In summary, the seabed has a mixed morphology with rocky, sandy and silty-clayey
deposits, which is a product of the interaction between marine dynamics and continental
contributions [45].

In terms of the relationship with the emerged relief, the cliffs and emerged coastal
hills continue below sea level in the same form and submerged terraces, which show
land—-sea morpho-structural continuity, as in (Figure 5). This geomorphological transition
demonstrates the progressive uplift of the southern coastal strip of Peru, which is associated
with the active tectonic process of the continental margin [44,46].

https:/ /doi.org/10.3390/ geosciences16040151


https://doi.org/10.3390/geosciences16040151

Geosciences 2026, 16, 151 110f18
_ 200 247000 246000 247000 245000 245000 250000
LEGEND: BATHYMETRY' LEGEND: BATHYMETRY 4 3
—— Coastal Edge »  — Coastal Edge (B) 8
%— —— Route Transects 5= — lsobat major '5’
" Minor Isobat N

5042000

2041000

042000

B1ONC

g \ S m,\ §
V et LEGEND: ;
R T—— =
—— Cesstal Zege Inermecits Suves N(- — Coastal Edge smden O
—— Revto Transacs Wk S . X AMoph
g v g o | Ho.sing wal s H )‘\T :v.v-. landirg sbig L:m;‘:sm -
g i IGo-scn § § = Dol
2 Panmeter ence | Cosstal ezge g Y Periveter Fence - Censtruction
1£10,000 ~ Herseshoe Trsil | Groen arca Homashos, Trell Cosstal ecge
0 0225045 0.8 135 Mar road v S¢00n Beo
= Kilometers Islands Isards
226000 247000 248000 265000 250000 246000 247000 225900 25000 250000

-1 dsm
5 (.-
5| s s 70
% | 7705565

.11 &7 2

e

LEGEND:
Coastal Edge

LEGEND: BATHYMETRY

LEGEND: BATHYMETRY

~— Coastal Edge
—— Isobat major
—— Minor Isobat

041000

a0

030000

0000 24700

5 —— Coastal Edge
~— Isobat major
Minor Isobat

f’: ‘ N (C) g — Profie line

e

o100

' LEGEND:

& Gocote Comn Ports Lewwl s

LEGEND:

A Sescel Cow Pae Lovsicanme

Cousta Edpe ameson s
Mt gt —— Vo G
Fevsng Houmng Vs § g
PatmemcFeoce T Comtucion | 3
Hermanon Tex Comta wize
Vi road

o
2es000 240080 200005 2000 7o 248020 o0 2008

Figure 5. Digital model MDT of submerged (A); MDT of terrestrial emerging elevations (B); emerged
and submerged relief (C); cross sections (D).

3.5. Digital Coastal-Marine Terrain Model (DTM-CM)

The integrated topographic-bathymetric surface provides a high-precision three-
dimensional representation of both the emerged and submerged terrain of the PCNR
(Figure 5). The model reveals a continuous morphological transition from the coastal
plains to the seabed, revealing the structural connection between the coastal batholith and
the adjacent continental shelf. The modeled surface shows elevational variations from
71.617 m.a.s.l. to -110 m, indicating a coastal-marine relief of great geometric complexity.

In the terrestrial sector, the MDT-CM shows the following:
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- Gentle slopes (0%—5%) in plains and marine terraces in the north and northeast.

- Moderate slopes (15%-35%) on the hills” intermediate phases and transitions toward
the interior.

- Steep slopes (>45%) in cliffs and elevations such as El Mirador, La Tetona and
El Gallinazo.

In the submarine sector, the model distinguishes three main morphometric units:

- Internal platform (0-30 m): sandy bottoms and gentle slopes.

- Middle platform (30-70 m): structural terraces with moderate ruptures.

- External shelf (>70 m): submarine cliffs and deep depressions, reaching 110 m deep.

- Morphometric analysis derived from the MDT-CM confirms the presence of stepped
submarine terraces, erosion depressions and subtidal channels, which are typical
features of an active continental margin subjected to tectonic uplift [45,46].

Likewise, the model allowed the generation of derived products of great analyti-
cal value:

- Level curves (1 m equidistance) and isobath curves (5 m).
- Longitudinal and transverse profiles that represent the continuity of the relief.

From the longitudinal profile and cross sections, hypsometric and slope maps can also
be generated, which could be useful for evaluating erosion processes, coastal stability and
marine dynamics. In summary, the DTM-CM constitutes a geospatial reference baseline for
environmental monitoring, land use planning and sustainable use planning in the PCNR.
Its integration in GIS platforms will allow the analysis of the geomorphological evolution
of the area and strengthen the management of the coastal natural heritage of southern Peru;
see Figure 6.
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Figure 6. Longitudinal profile section 05.

3.6. Longitudinal Profile and Cross Sections of the Coastal-Marine Relief

The analysis of the longitudinal profile and the cross sections is derived from the
digital model of the coastal-marine terrain (DTM-CM), which allows us to show the
morpho-structural continuity between the terrestrial and submarine relief of the PCNR; its
description is carried out as follows; see Figure 5.

3.6.1. Longitudinal Profile

The longitudinal profile, drawn in a northeast—southwest direction, shows a general
downward slope from El Mirador hill (71,617 m above sea level) to depths of —110 m at
the edge of the submarine platform (Figure 6). This trend shows a progressive transition
from the emerged to the submerged relief, characterized by three main sections:
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Upper terrestrial section (0-71,617 m above sea level): this section consists of hills and
hills with slopes of 10-35%, corresponding to andesitic volcanic formations.

Intertidal section (0 to -5 m): zone of active coastal abrasion, where the relief is abrupt
and the cliffs show evidence of marine erosion and coastal retraction.

Submarine section (-5 to =110 m): characterized by a series of stepped terraces and
submarine cliffs, product of the combined action of the tectonic uplift and marine scour
processes [46].

The profile confirms that the coastal morphology of Punta de Coles is controlled by
the geological structure of the coastal batholith (Figure 6), which determines the continuity
of the relief that emerges below sea level [44].

3.6.2. Cross Sections

The cross sections, made at different representative points, show abrupt variations in
slope and asymmetry between the coastal flanks, as in Figure 5.

In the northern sector, the slopes are gentler (<15%), with flat and marine terraces. In
the central sector, the slopes are accentuated (>35%) by the presence of cliffs and structural
ruptures. In the southwestern sector, the sections reveal deep submarine depressions
(>90 m) and dome formations, possibly associated with the tectonic and erosional activity
of the continental margin [45].

The sections show that the submarine relief is an extension of the emerged relief, and
both form an integrated geomorphological unit in which the general slope of the terrain
reflects the active dynamics of the Andean continental margin [47].

The highest point of the PCRN is located on the longitudinal profile of section 03,
reaching 71.617 m above sea level to a depth of —80 m (Figure 7). In summary, the
longitudinal profile as well as the cross sections allow us to identify the topographic
continuity between the terrestrial and marine environments, confirming that Punta de Coles
constitutes a structurally uplifted coastal system, with processes of erosion, accumulation
and submarine modeling in dynamic equilibrium.
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Figure 7. Longitudinal profile section 03.

An integrated analysis of the Coastal-Marine Digital Elevation Model (DTM-CM),
together with longitudinal profiles, made it possible to identify a variety of both emergent
and submerged landforms, highlighting the interaction between active and legacy geo-
morphological processes. On land, gently sloping coastal plains associated with marine
accumulation processes are recognized, as well as ridges and steep cliffs down to a depth
of —115 m, resulting from differential erosion and the continuous action of waves on
resistant rock types. In the underwater environment, submerged terraces, slopes, and local
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depressions are identified, reflecting phases of sea-level stabilization and processes of shap-
ing by currents and sedimentary dynamics. The longitudinal profiles show a continuous
and gradual transition between the terrestrial and marine relief, with variations in slope
that indicate areas of greater erosive energy and sectors of accumulation. Taken together,
these landforms reflect a geomorphological evolution shaped by the interaction between
tectonic factors, sea-level variations, and current marine processes, forming a dynamic and
heterogeneous coastal-marine landscape.

These results provide key geospatial evidence for understanding the geomorphological
evolution of the southern coast of Peru and for the design of environmental management
and coastal monitoring strategies.

4. Discussion

The PCNR exhibits an integrated topo-bathymetric system in which coastal plains,
hills, cliffs, and rocky islets in the terrestrial domain are continuously connected to sub-
merged terraces, slopes, and submarine depressions. The emerged sector is mainly com-
posed of sedimentary rocks and reaches elevations of up to 71.617 m s.n.m., while the
submarine domain exceeds depths of —110 m, hosting key ecological niches for fishery
resources [9]. The diversity of supra-, meso- and infralittoral habitats within the PCNR
supports benthic communities [48,49] characteristic of the cold waters of the Humboldt
Current and rocky substrates [50], many of which are of commercial interest; therefore,
extractive, tourism, and recreational activities are carried out in the area [51,52].

From a geomorphological perspective, the PCNR reflects a tectonically controlled sys-
tem. The continuity between terrestrial and submarine relief evidences a coupled structural
unit, where the coastal batholith maintains its rigidity against marine erosion, indicating
active neotectonic uplift [44,46,53]. Terrestrial morphometry shows slopes ranging from
gentle plains (0-5%) to steep areas (>45%), with landscapes dominated by hills, marine
terraces, and cliffs. The moderate slopes (~10-20%) observed in submarine topography are
consistent with previous studies in other coastal areas, where such gradients are typical
of shallow continental shelves prior to the continental slope [54]. The presence of steep
slopes exceeding ~70% in the southwest, associated with depths of up to —100 m, indicates
the onset of the continental slope. This phenomenon, well documented in the literature,
marks an abrupt transition on the continental shelf and reflects intense geological processes,
such as submarine landslides or tectonic activity, which influence both biodiversity and
sedimentary dynamics in the area [55,56]. This slope distribution coincides with the typical
configuration of structural and erosional reliefs generated by the combined action of marine
and tectonic processes [36]. In the emerged zone, knolls and hills display a dominant
NE-SW orientation, consistent with regional structural trends [36,44].

Bathymetric analysis reveals a depth gradient reaching —110 m, indicating a narrow
and dissected continental shelf. Stepped submarine terraces were identified, representing
ancient levels of marine erosion, possibly associated with sea-level fluctuations during the
Quaternary [46]. Likewise, deep depressions and subtidal channels were observed and
interpreted as areas of local subsidence or differential erosion related to marine current
dynamics [47]. The presence of localized depressions and submarine basins in the southeast,
located approximately 500 m from the coastline, highlights their ecological relevance as
critical areas for marine biodiversity. These bathymetric features function as unique habitats
that concentrate nutrients and provide refuge, justifying their designation as priority zones
for conservation and high-resolution monitoring [57].

The identified landforms reflect a complex geomorphological evolution shaped by
the interaction of tectonic processes, sea-level fluctuations, and marine dynamics. Coastal
plains and marine terraces indicate phases of relative sea-level stability, whereas cliffs and
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slopes reflect active coastal erosion and shoreline retreat processes [36]. In the submarine
environment, terraces and depressions are associated with sediment redistribution and
marine current activity, consistent with patterns described in coastal geomorphology and
marine relief modeling studies [25].

In this context, the use of the DTM-CM and longitudinal profiles is established as an
effective tool for interpreting the evolution of the coastal-marine landscape, as it enables the
integration of topographic and bathymetric information into a continuous representation
of the seabed [23]. Based on the DTM-CM, key morphometric parameters, elevation, slope,
and profiles, were analyzed to interpret submarine morphology and structural controls;
however, the analysis is limited to an offshore coverage of approximately 1 km and by the
lack of sedimentological and oceanographic data. Nevertheless, its integration within a
GIS framework facilitates access to otherwise inaccessible reliefs of the PCNR [58] without
disturbing landscape geomorphology and ecology [23].

Finally, the determination of area topography is a key factor for biodiversity con-
servation, as it controls species distribution, habitat heterogeneity, and environmental
gradients that regulate the presence and abundance of flora and fauna [59]. Therefore, it is
necessary to implement integrated DTM-CM models to accurately define topo-bathymetric
geomorphology, while promoting sustainable management strategies that harmonize the
preservation of geophysical heritage with biodiversity protection and the socio-economic
dynamics of local fishing communities that may modify maritime space use [51,52,60,61].
The main contribution of this research is the establishment of a quantitative geospatial
baseline that goes beyond mere physical description, becoming an indispensable predictive
tool for zoning, risk mitigation, marine spatial planning, and decision-making in the context
of global change.

5. Conclusions

Geodetic, topographic and bathymetric surveys allowed the generation of a high-
resolution digital coastal-marine terrain model DCM-TM, which accurately integrates the
terrestrial and submarine relief of the Punta de Coles National Reserve.

The DCM-TM reveals a continuous morphometric transition between the emerged
relief dominated by plains, hills and cliffs and the submerged relief characterized by
submarine terraces and depressions, revealing the structural connection between the
two environments.

Submarine depths reach up to —110 m, forming a narrow and rugged continental
shelf, while terrestrial altitudes exceed 71.6 m.a.s.l., with slopes ranging from gentle (0-5%)
to steep (>45%) with an area of 171.451 ha.

The coastal-marine morphology of Punta de Coles is determined by the tectonic activ-
ity of the coastal batholith, marine erosion and littoral sedimentation processes, confirming
its condition as a geodynamically active area.

The DCM-TM model constitutes a geospatial baseline of great value for territorial
planning, coastal monitoring and environmental conservation, facilitating decision-making
in the sustainable management of this natural protected area.
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