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ABSTRACT

The geological substratum of Vifales National Park is crossed by fractures and over-thrusts. It
includes siliciclastic (Jurassic San Cayetano Formation), carbonate (Late Jurassic to Early Eocene
Jagua, Guasasa, Pons and Ancén Formations) and olistostrome (Early-Middle Eocene Manacas
Formation) rocks, covered by Quaternary deposits. Cartographic methodology includes
Fundamental maps (geologic formations, Quaternary, tectonics and geomorphology) and
Auxiliary maps (substratum-structures-drainage, slopes and lithology). Auxiliary maps
provide basic information, whereas fundamental maps contribute, by means of
superposition and selection, to elaborating the final geomorph-tectonic map as an essential
part of the geological map. Results and conclusions are derived from the various cartographies.
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1. Introduction

Vifales National Park (VNP), in the western Guani-
guanico Range, consists of Jurassic-Cretaceous carbo-
nated sierras with steep slopes and rounded summits
(the so-called mogotes) with Quaternary deposits in
the intervening fluvio-karstic valleys, surrounded by
siliciclastic schistose shales (San Cayetano Formation)
and olistostrome (Manacas Fm) rocks. The sierras
form parallel bands oriented NE-SW in the central
sector, and NNE-SSW in the southern VNP (Figure
1). The term ‘mogote’ was coined in Cuba to refer
to calcareous relieves with steep sides and rounded
tops, very common in Vifales valley (Iturralde-
Vinent, 2015; Lehmann, 1960a, 1960b, 1968; Lehmann
et al., 1956; Molerio-Leén, 2006). The only relieves
comparable in origin and morphology are found in
China, Vietnam and Thailand (Iturralde-Vinent,
2015). VNP is the most emblematic of the protected
Cuban natural spaces. It has been rated as a National
monument (1979), Cultural Landscape of Mankind
(1999), National Park (2001), Cuban Geopark
(2021), with pending UNESCO’s Global Geopark.

It extends across 9 sheets (Sitio Morales, San Caye-
tano, Minas de Matahambre, Pan de Aztcar, Vifales,
Pons, El Moncada, Sumidero and Cangre) of the E.
1:25,000 Topographic Map of the Cuban Republic
(1985).

The relief of low-carbonate and siliciclastic
mountains is crossed by structures (Diaz et al.,

1989). Carbonates are karstified and eroded, with
chains or isolated hills or mogotes (rounded
relieves) and residual remains (hums), separated
by karstic (poljes, uvalas, dolinas, abras, karstic val-
leys, etc.) and erosional-structural (fluvio-tectonic
valleys, karstic valleys, morph-structural trenches,
etc.) depressions.

Mapping was supplemented by previous maps,
mainly Lehmann et al.,, 1956; Lehmann, 1960a, 1960b,
1968, with schemes on air photographs E. 1:40,000, E.
1:50,000 for the central zone (Knipper, 1965 y Knipper
& Puig, 1967), eastern zone (Biriukov et al., 1969), NW
area of Pinar del Rio, sheets 3484-111, 3483-I11, 3483-IV
(Astajov et al., 1981), western part (Burov et al., 1988),
and central part (Martinez et al., 1988). Later on, Vaz-
quez Torres et al. (2000a, 2000b, 2020) published the
geological sheets Minas de Matahambre (3483-IV),
Constelacion del Sur (3483-I) and Cayo Inés de Soto
(3484-I1I); Lépez Rodriguez (2009), Otero-Collazo et
al. (2016) and Goy et al. (2014, 2023) published geo-
morphological maps of the VNP or nearby zones
(San Carlos range). Diaz Guanche (2017, PhD mono-
graphy) and Vazquez Torres et al. (2021) (Geologic
Guide of the PNV) published geological maps scaled
1:50,000.

Other consulted maps are the geology of Pinar del
Rio, E. 100,000 (Garcia et al., 2003, 2005; Martinez,
1994); maps E. 1:250,000 geology (Pszczolkowski et
al., 1975, p. 1987), geomorphology (Biosca, 1980;
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Figure 1. Location of the study drea and limits of the VNP.

Biosca et al., 1978), geology of Cuba (Albear et al,  maps E. 1:500,000, tectonic map (Pushcharovski et
1988; Pushcharovki et al, 1985 Pushcharovski, al., 1967, 1996; Shein et al., 1985) and Geological
1988), Quaternary deposits (Penalver et al, 2001);  Map of the Republic of Cuba (Linares et al., 1985).



The objective of this work is to improve the geo-
logical information of the PNV, in geomorphological,
morphostructural and neotectonic aspects, and of the
Quaternary deposits, with few references in the maps
of this area, and to serve as a basis for the Geomorpho-
tectonic map by facilitating the adjustments of the
geological and geomorphological units.

2. Geologic and geomorphologic framework

The basement of the VNP includes folded, slightly
metamorphic Early Jurassic to Early-basal Middle
Eocene rocks, with three lithologic units: basal terrige-
nous, intermediate carbonate and upper olistostrome.
Some references about the geology of Cuba are:
Pszczolkowski et al., 1987/1982; Iturralde-Vinent,
1997, 1998; Cobiella & Cruz, 1999; Iturralde-Vinent
et al., 2009; Iturralde-Vinent, 2011.

In ascending order, the lithostratigraphy includes:

1 — Lower to upper Jurassic San Cayetano Fm. Low
metamorphic siliciclastics of deltaic origin. 2 — Late
Jurassic Jagua Fm. Stratified, fossiliferous marine car-
bonate and mudstone. 3 — Late Jurassic-Early Cretac-
eous Guasasa Fm, with four members (Mb): (a) San
Vicente Mb: grey, massive limestone with Mogotes
morphology. It is informally called Guasasa 1. (b) El
Americano Mb: dark, dolomitic limestone. (¢) Tum-
badero Mb: micritic, chert limestone. (d) Tumbitas
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Mb: thick-bedded, microgranular limestone. The
informal name for the whole is Guasasa 2. 4 — Lower
to Upper Cretaceous Pons Fm: Dark, micritic chert
limestone with interbedded siliciclastics. 5 — Strati-
graphic hiatus of part of the Upper Cretaceous (Con-
iacian to Maastrichtian). 6 — Unconformable Moncada
Fm: 2 m thick, calcareous sandstone with interbedded
siliciclastics of K-Pg limit age (Diaz Otero et al., 2001;
Iturralde-Vinent et al., 2000; Rojas et al., 2007; Tada et
al,, 2002). 7 — Concordant limestone, marlstone and
calcareous breccia of the Early Palaeocene to basal
Early Eocene Ancon Fm. 8 — Early to Middle Eocene
Manacas Fm: Olistostrome breccia with sandstone,
mudstone, calcarenite, limestone, as well as basalt
and serpentinite rooted on the mantle and oceanic
crust (Vazquez Torres et al., 2021). This unit acts as
a detachment layer for the regional over-thrust
nappes. This ensemble is covered with Quaternary
deposits including siliciclastics and fluvial, gravita-
tional and marine clays, decalcification clay and
semi-endorheic lacustrine deposits.

From a geomorphological point of view, it is possible
to distinguish four large ensembles of materials related
to the structure. From north to south (Figure 2(A)):

(1) Siliciclastic Esperanza and Santa Teresa Fms
sandstones, and San Cayetano Fm shales, and
the aligned morphostructural trenches with
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Figure 2. (A) Site names, drainage, substratum, nappes, fractures and lineaments located on the DTM, (B) Slope map.
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rocks of the Esperanza, Santa Teresa and Manacas
Fms, partly covered by Quaternary deposits,
which form a NE-SW elongated convex front.

(2) Siliciclastic—carbonate Elevations of the Northern
Shales (ENS), including the carbonated Los Orga-
nos Range, a tectonic window, separated to the
north by Manacas Fm, the detachment level of
the nappes.

(3) The Core of the Guaniguanico Range (Guasasa,
Vinales, Sitio del Infierno, Derrumbada, Chi-
chones, Celadas, Del Medio and Tumbadero
ranges), a stacking of over-thrust nappes
(Cobiella-Reguera, 2008)

(4) Siliciclastic Elevations of the low metamorphic
South Shales (ESS, Cinturén Cangre) (Cruz et
al., 2003), separated from the Los Palacios
depression by the sinistral /vertical Pinar Fault
(Figure 2(A)).

There are just a few specific papers related to Qua-
ternary (e.g.: Cabrera & Pefalver, 2001; Dzulynski et
al., 1984; Iturralde-Vinent, 2003; Kartashov et al.,
1976, 1981; Penalver et al., 2022, etc., besides Condis
Fernandez, 2011 which dated the Late Pleistocene-
Holocene mastofauna at Geda cave).

3. Methods

The geomorphologic map of the VNP and surround-
ing areas was obtained from stereoscopic analysis of
air photographs E. 1:62,000 (American flight, 1957)
and field campaigns. Some areas with terrain limit-
ations (reduced mobility, dense vegetation, abrupt
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relief, restricted areas and scarce infrastructures)
could not be surveyed, which allows for possible
errors. To minimise this factor, the results in these
areas were compared with pre-existing maps.

The map was prepared using GIS (ArcGisPro v3.3)
with several independent layers: Geologic Formations,
Quaternary, Geomorphology, and Tectonics. Digital
terrain models (DTM) were used to get topographic
information, identify fractures, landforms, drainage
patterns and slopes. The 20 and 40 m contours of
the digital map were obtained from the DTM with
NAD_1927_North_Cuba. Besides the general maps,
three auxiliary maps were generated: (1) Place
names, drainage, substratum, over-thrust nappes and
lineaments; (2) Slopes and (3) Lithology (Figure 2(A,
B), Figure 3(A, B)), and two complementary schemes:
Vifnales-Dos Hermanas polje and Karst types (Figures
6-9).

Chronostratigraphic Map: Geologic formations and
Quaternary incorporate age and lithology of Mesozoic
and Cainozoic materials, and Quaternary Map, with
textures and colours for Pleistocene ages: Lower (pur-
ple), Middle (green), Upper (blue) and Holocene (red)
(Figure 4(A)).

Superimposing the morphology and lithology
layers on this map, the Geomorphologic map is
obtained. Superposing Tectonics, Neotectonics and
Morphostructure layers, the Morphotectonic map is
obtained. Superposition of these two maps generates
the Geomorphotectonic mapping (Diagram).

The Lithology Map assigns conventional geologic
patterns to the Geologic formations (Figure 3(A y
B)). The Geomorphologic Map represents the various
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Figure 3. (A) Lithology map (on Google Earth). (B) Lithology map (on Chronostratigraphic).
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Figure 4. (A) Geologic landforms + Quaternary (Chronostratigraphic). (B) Morphologic Map (on the previous). (C) Morphologic
Map on the DTM (Goy et al., 2014).

landforms upon the materials, and allows evaluating ~ and colours, separating erosional and depositional
the effects of every morphogenetic system over them.  forms: fluvial, karstic, gravitational, morph-struc-

The Morphologic Map represents the morpho-  tural, mixed, lacustrine and littoral. This allows
genetic systems by means of conventional symbols  visualising their relative importance, extension and
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relations (Figure 4(B, C)). Relative ages of deposits
and landforms are based upon stratigraphic, geo-
morphologic and edaphic (paedogenic)
correlations.

The geomorphological scheme of Polje de Viales-
Dos Hermanas (Figure 6) allowed us to assign relative
ages to Quaternary deposits and poljes according to
the relative magnitude of their main scarps, hanging
karstic levels (caves), and incision of channels and
edaphic evolution of fluvial sediments.

The tectonic map includes dips, folds, fractures,
over-thrust nappes and lineaments. The Neotectonic
and Morphostructural Mapping uses two red colours
to indicate the relative age of faults. Morphostructural
morphologies are indicated with purple symbols
(Figure 8(A, B)). The Morphotectonic Map dis-
tinguishes tectonic, morphostructural and neotectonic
features with symbols for observable displacements
(horizontal and vertical), changes of dip, over-thrusts
and tectonic windows (Figure 8(C)).

A geomorphotectonic mapping was formed super-
posing the layers geologic formations, quaternary
(basic), geomorphologic and morphotectonic (Figure
9). Intermediate morphogeologic and morphogeotec-
tonic maps were also prepared; the last was super-
posed to the DTM and contour lines to improve relief.

4, Results

Results include auxiliary and basic (main) maps
prepared for this report.

4.1. Auxiliary maps

Place names, drainage, materials, over-thrust nappes,
fractures and lineaments, which are necessary to
understand the study area, including the six aspects
of the title.

4.1.1. Place names
Figure 2(A) consigns the main geographic names of
relieves, ranges, materials, over-thrusts and faults
related to the VNP.

4.1.2. Drainage

Analysis of the drainage pattern of the San Cayetano
Fm evidences different responses to fluvial erosion.
In highland areas (ENS), there is a dense, incised net-
work. In contrast, in the lowlands (ESS), the pattern is
more ample, with angular and rectangular networks
owing to structural influence (Figure 2(A)). Vertical
incision of creeks indicates uplift (Magaz Garcia,
1984).

4.1.3. Materials (substratum)
When relating morphology, lithology and structure,
four elongated N50-70°E, morphotectonic groups,

are distinguished (Figure 2(A)). From north to
south: (a) rosary-like lineaments NE-SW of siliciclas-
tic materials limited by the Northern Fault; (b) silici-
clastic-carbonated materials; (c) the carbonate core
of the Guaniguanico range and (d) siliciclastic and
metamorphic with small tectonic basins (San Felipe
and El Calvario). The curvature of these groups
decreases to the north.

4.1.4. Over-thrust nappes, fractures and
lineaments.

Movement of nappes towards the NW, with associated
ductile and fragile deformation, results from plate
compression (Caceres, 1997, 1998). Siliciclastic sedi-
ments overthrust the carbonates and are allochtho-
nous with a detachment surface at the Manacas Fm.
The tectonic sequence on top of the Los Organos
range (carbonate sequence) includes San Cayetano
shales, surmounted by Rosario range succession,
with Esperanza and Santa Teresa Fms (Cobiella-Reg-
uera, 2008). These ranges are a tectonic window, con-
vex to the SW (Cobiella-Reguera, 2008), with internal
deformations observable in San Cayetano, Jagua and
Guasasa Fms (Figure 2(A)).

Several tectonic scales occur in the Celadas and
Medio ranges, and there is a change to SSW-NNE in
the direction of the calcareous Quemados range;
these are related to faults parallel to the direction of
movement (Pérez Gil, 2010).

4.2. Slope map

They help to interpret landscapes (Figure 2B). Con-
tours were selected according to geomorphologic cri-
teria: (a) less than 5° are essentially flat areas with
Quaternary deposits (polje surfaces, uvalas a large
dolines), not incised fluvial valleys (alluvial fans,
flood plains), and structural basins (bottom of tectonic
windows, morph-tectonic basins); (b) 5-10°, low slope
zones: alluvial cones, piedmonts and colluvium related
to karstic depressions and slopes of abrupt relieves; (c)
10-35°, gentle slopes in mogotes hills (rounded) areas,
conical, ruinous hills, watersheds in shale outcrops;
(d) 35-68°, abrupt slopes, typical in ‘mogotes ranges’,
associated to dissolution and fall of blocks and (e) over
65°, scarps and sub-scarps, associated to over-thrust
nappe fronts, fault planes and karstic canyons (abras).

4.3. Lithology map

A representation of the geographic location and extent
of the materials occurring in the study area by means
of conventional patterns. This allows us to investigate
the behaviour of lithology faced to fluvial and karstic
erosion, and the occurrence of morphologies accord-
ing to lithology and structure. It helps to understand
the distribution of karst types in the zone (Figure



3(A, B)). Lithology is one of the most influential par-
ameters in the incision of relieve which, together with
regional and neotectonic uplift, allows to deduce var-
ious sectorial and local behaviours.

4.4. General maps

4.4.1. Map of geological formations

According to lithologic variations, two types were dis-
tinguished in the San Cayetano Fm. These roughly
coincide with the Southern and Northern siliciclastic
elevations: the former are mainly coarse siliciclastics,
whereas the latter is made mainly finer grained silici-
clastic, carbonaceous and carbonate. Two ensembles
are also visible in Manacas Fm (see, for instance, Fer-
razola-Bermudez et al., 1964), although they were
omitted in this map. Serpentinite and basaltic bodies
are tectonic scales coming from the ophiolite belt or
the volcanic arcs (Figure 4(A)).

4.4.2. Quaternary map

This is a specific map, essential for understanding the
genesis and evolution of karstic, morph-structural and
fluvio-tectonic depressions.

They can be grouped into three bands parallel to the
over-thrusts (Figure 4(A)). (a) Littoral and pre-littoral
Northern Zone with marine (terrasses and mangrove
swamp), fluviatile (glacis, alluvial fans, alluvial plains
and terrasses) and gravity (associated with Galeras,
Ancén and San Vicente ranges) deposits. Benitez Fro-
meta et al. (2023) report up to 20 m in thickness. (b)
Central Zone, including the majority of the main
depressions (Pan de Azucar valley and Poljes of
Ancén-Las Casas, San Vicente, Valle del Silencio, La
Jutia, Sumidero Zacarias, Valle de Pons, Los Cana-
dones, Santo Tomas and Vinales-Dos Hermanas),
where decalcification clay and fluvial deposits predomi-
nate. (Figure 7). (c) Southern Zone. Includes fluvial and
tectonic valleys (Cuyaguateje river, Las Tumbas and
Isabel Maria), and the tectonic windows of San Felipe
and El Calvario, with fluvial and gravity deposits, over
30—40 m in thickness (Acevedo Gonzailez, 1971).

The most representative Quaternary deposits with a
variety of sediments, morphologies and soils occur at
the Vifales-Dos Hermanas and San Vicente poljes
(Figure 5), where a relative chronology based upon
geomorphology and paedogenic evolution of the dec-
alcification clays was deduced. From south to north,
the catena comprises red ferralitic soils, lixiviated red
fersialitic soils, and fersialitic leached reddish to yel-
lowish soils (Febles et al., 2016; Jaimez et al., 2006;
Ortega & Acevedo, 1987;), which we assigned respect-
ively to Lower, Middle and Upper Pleistocene and
Holocene.

Materials around the mogotes in central El Valle
and Dos Hermanas poljes are of karstic (decalcifica-
tion clay), fluvial (terrasses, alluvial plain, channel,
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alluvial fans and cones), paludal (semi-endorheic in
the northern sector, close to the two large Palmerito
and Novillo sinkholes) and gravity (colluvium, pied-
mont and alluvial cones) that form an apron at the
base of the main escarpment (Figure 5).

4.4.3. Geomorphologic maps

The carbonate ranges, separated by the detrital depos-
its of San Cayetano Fm, are most characteristic in the
Morphologic and Geomorphologic Maps. Isolated or
aligned conical hills (mogotes) with tower, cone and
cupule shapes dominate. The carbonated ranges are
separated by mostly karstic depressions of various
origins.

The main morphogenetic systems are (a) morphos-
tructural, where the main geomorphologic systems
control the relief and the landforms that depend on
the relations between lithology and structure; (b) kars-
tic, where the materials most prone to karstification
are the Guasasa Fm. and San Vicente Mb [Guasasa
1], followed upwards by El Americano, Tumbadero
and Tumbitas Mbs. [Guasasa 2], and less Jagua,
Pons and Ancon Fms and (c) fluvial, as rivers and
creeks, which control several depressions (Viiiales-
Dos Hermanas, Santo Tomas valley, Pan de Azucar
and Silencio valley) (Figure 6).

The main depressions represented are Vifales-Dos
Hermanas, San Vicente, La Jutia-Sumidero Zacarias,
Santo Tomas, Ancén-Las Casas, La Cuevita, and Pan
de Aztcar poljes, the tectonic El Silencio valley, the
North Fault morphostructural trench, the Boquerén
del Infierno tectonic front and San Felipe Tectonic
Window (Figure 5 and Figure 7). Most of these
depressions have been proposed as areas (GIA) or
points (GIP) of geologic interest (Corvea et al., 2006,
2014, 2020; Goy et al., 2023; Vazquez Torres, 2017;
Vazquez Torres et al., 2019, 2021). Other relevant fea-
tures are the paleo-surfaces in the south area, and gla-
cis to the north and south (Figure 6)

The relative chronology of poljes is based upon geo-
morphologic criteria: incision in the erosional mor-
phologies, superimposition and incision into
deposits: (a) encasement of the base of depressions
with respect to the main escarp, as deepening uses to
be caused by dissolution and/or erosion of the bottom;
(b) control of caves hanging along the carbonate
slopes of the ranges that limit depressions, measured
with respect to the bottom and (c) measurement of
the incision of creeks in the basin, occurrence of stair-
case terraces (Vifales polje), and partial elimination of
the basin infill.

Analysis of Vinales-Dos Hermanas polje (Figure 5)
reveals the encasement of the main escarp (above
150 m in the north sector), the incision of El Tejar
and Novillo creeks into the sediments of the basin bot-
tom which formed stair-cased terraces east and west of
the basin, the staircase of the bottom sediments
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Figure 5. Geomorphologic scheme of Vifiales-Dos Hermanas and San Vicente Poljes.

towards the north forming small escarps noticeable
both on the field and on the paedogenic evolution.
All in all, this suggests a general tilting to the north
responsible of the hanging karstic systems between
the elevation 235 m and the base level of the polje
(Acevedo Gonzalez, 1971; Diaz Guanche, 2017;
Magaz-Garcia, 2021; Molerio-Leén, 2021; Molerio-
Leén et al, 1999; Molerio-Leén & Flores, 1997;
Novo et al., 2005; Otero-Collazo et al., 2016). This is

related to general epeirogeny and neotectonism,
proximity to the coastline and successive glacial-
eustatic sea level oscillations, which caused changes
in the base level of the karstic system. Up to twelve
levels of caves have been cited at the Guasasa range
(Magaz-Garcia, 2021; Novo et al., 2005) which have
been increased in this paper to twenty levels and sub-
levels, and correlated to the isotopic curve by Shackle-
ton (1995) and Lisiecki and Raymo (2005).
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Figure 6. Geomorphologic Map with patterns of lithology.

In general, two types of karst have been distin-
guished, taking into account lithology and structure:
cupula and ruinous (Lépez Rodriguez, 2009). Later,
Goy et al. (2014) described several more types (Figure
7): polygonal, conical, fluvio-karstic (in the cupula
type), rectangular, tower-like (in the ruinous type),
and covered with Quaternary sediments (at the bot-
tom of depressions). The origin of these types is
thought to be related to climate, lithology and geologi-
cal structures, as the region was being uplifted. Recent

(Late Pleistocene and Holocene) movements have
rejuvenated the drainage pattern and creek incision,
as well as generated closed depressions and conical
hills. This produced subterranean channel patterns
(endokarst) with hanging caves at various elevations
owing to oscillations of the local base level and general
(sea level) changes.

An additional morphologic feature related to ero-
sion/dissolution processes is the verticality of mogote
slopes, as their bases were undercut by lateral erosion
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of rivers and lakes (Moleiro-Ledn, 2003, 2006), (Figure
2(B)).

4.4.4. Tectonic maps

The tectonic map shows the structures recognised in
the VNP: faults, over-thrusts, folds, dips and linea-
ment (Figure 8(A)). The Neotectonic and Morphos-
tructural Map superimposes to the former with a red
colour the recent fractures and associated symbols,

and other morphostructural symbols (Figure 8(B)),
distinguishing: (a) Real, which cause visible horizontal
and vertical displacements of materials and landforms,
evidenced by changes in dip, morphological steps,
mountain fronts with escarps connected to structures,
lineament of tectonic trenches along a front, etc. (b)
Supposed or deduced, drawn as dashed lines, which
are recognised by changes in the drainage pattern (rec-
tification of fluvial courses, creek inflexion following
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the structure, and Z morphologies), lineaments of
dolines, uvalas and poljes, and rectilinear walls of tec-
tonic trenches. The main tectonic lineaments in this
map correspond to large over-thrust nappes and
local faults (North, Celadas, San Felipe, and in the
southern part, Pinar)

These structures follow the directions of mountain
ranges (50-70° N) and must be coeval, or slightly
younger, than the nappe emplacement (Late Palaeo-
gene-Early Low Eocene), but they have been reacti-
vated later.

A second group of faults, with directions 150-170°
N (normal to the former) are probably connected to
differential movements of the nappes during, or
immediately after, over-thrusting (a time of maximum
compressional stress, Diaz-Guanche, 1999).

A third group of faults, directed 20-30° N, is obli-
que to the axis of the nappes and is considered pos-
terior, perhaps related to the movement of El Pinar
Fault (Diaz Guanche, 2017).

Investigation of the fractures with geomorphologic
indicators of recent movements suggests that a
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Sheet 1. (1) Nappe front at Guasasa range, with sediments of Manacas Fm in the foreground. (2) A detail of the former. Fault plane
with talus deposits, mogotes and underground hanging systems, tilted to the west. (3—4) Vifiales range over-thrust nappe front.
Isolated mogote (hum) in 3, and talus deposits in 4. (5) Over-thrust front of the western Viiales range, with vertical fracture planes.
Also, El Infierno ranges to the far end. (6) A detail of the previous. (7) Fractured western Dos Hermanas mogote and Del Infierno
range. (8) A vertical, trapezoidal fault plane in la Costanera (NE Ancén range). (9) Partial view of Ancén and San Vicente ranges
with mogotes morphology (seen from the south). (10) Structural La Cuevita Polje between the two ranges of the previous picture.
A block tilted to the west reflected in the dip of the mountain tops and the hanging underground systems. (11) Detail of the fault
plane in the Ancén range. (12) A faulted mogote (triangular fault plane) with slope deposits, SE San Vicente Polje. (13) Trapezoidal
fault plane related to a deep fracture buried under deposits of Vifales valley (SW Mogote del Valle). (14-15) Fractured conical
mogotes, Dos Hermanas polje. A displacement of over 30 m is visible in 15.

majority of these are directed 50—70° N. Detail tectonic
mapping of the fractures that generate morphologies
specific of recent tectonics, together with morph-
structure (trenches, uplifted and downthrown blocks,
displacement of hills, creeks, etc.) allowed interpreting
the dynamics of the various sectors (Figure 8(C)).

4.4.5. Morphotectonic map

This map reveals that the main tectonic structures are
related to the large Jurassic (San Cayetano Fm.) and
Eocene (Manacas Fm.) nappes (Figure 8). Several

aspects of these are shown in Sheet 1 (Photographs
1,2, 3,4, 5 & 6). Recent structures experience displa-
cements after this second phase, e.g. North Fault,
southern faults of Celadas, del Infierno, Vifales and
Guasasa ranges, and San Felipe and Pinar faults,
among others (Sheet 1, Photographs 7, 8, 9,11,12, 13,
14 & 15).

These large neotectonic faults and active nappe
fronts display geomorphologic indicators of recent
movements, such as fault escarps (Lam. 1, Photo-
graphs 4, 5 & 6), anomalous escarps, fault trenches,



faceted (trapezoidal and triangular) faces (Lam. 1,
Photographs 5, 6, 11, 12 & 13), displacement of sub-
stratum (Sheet 1, Photographs 7, 14 and 15), displaced
hills and crests with associated talus deposits, linea-
ment of geomorphologic elements (dolines, uvalas,
thalwegs and trenches), separation of hills (mogotes),
inflexions of the drainage pattern, and anomalous
incision of riverbeds, and tilting of blocks (Sheet 1,
Photographs 2 and 10), among many others.

The alternate bands of carbonate and siliciclastic
deposits generate different morphologic features: drai-
nage patterns in siliciclastics are well developed,
whereas the ones in carbonates are discontinuous
and sub-superficial owing to dissolution processes,
with a characteristic karstic modelling (poljes, dolines,
caves, underground galleries, karstic defiles ...).

Diverse areas of tectonic behaviour are observed in
the siliciclastic realms of San Cayetano Fm: recent
activity with numerous Quaternary faults at ENS, as
compared to the more scarce ones in the ESS. This
type of faulting is scarcer in the Manacas Fm.

Vertical movements started in Elocene-Oligocene
times (Cabrera et al., 2012; Diaz et al., 1989; Diaz
Guanche, 2017; Estévez-Cruz et al., 2021; Iturralde-
Vinent, 1998) when the compressional movements
ceased, and produced uplifted and downthrown
blocks. These movements caused fractures, horsts
and grabens during the Pliocene and Quaternary.
Neotectonic fractures represented in the map indicate
that the main recent movements are associated with
the 50—-70°N system, as shown by the increased num-
ber of fractures in this time. These fractures have
influenced the fossil and present karstic systems,
coupled with oscillations of local base level and
regional uplift. Vertical movements to the west of
the El Pinal Fault, detected by geophysical methods,
are less than 0.5 mm/y at the Guaniguanico range,
with uplift rates of 0.5 mm/yr for the Los Organos
range (Lilienberg, 1984).

4.5. Geomorphotectonic mapping

It is obtained by superimposing Chronostratigraphic,
Geomorphologic and Morphotectonic mapping. It
represents de geologic materials of the substratum,
and superficial formations with chronology and land-
forms, with special interest in karstic and morph-
structural, and main tectonic and neotectonic struc-
tures (Figure 9)

This map allows to deduce various types of
materials and landforms, their response to erosion,
and the processes responsible of changes during
their lapse of activity: palaeogeopraphic changes,
diverse behaviour of sectors owing to different neotec-
tonic activity such as block tilting (San Vicente, Chi-
chones and Tumbadero ranges), changes in the
direction of river courses (El Tejar and El Novillo
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rivers on Vinales-Dos Hermanas polje, Pan de Azucar
river on Silencio valley), anomalous uplifting (del
Infierno range, with a hanging karstic canyon, Gua-
sasa range with numerous hanging caves and gal-
leries), abandonment of landforms (fluvial courses,
karstic canyons at Puerta de Ancén and the entrance
to Dos Hermanas valley), etc.

Another way to obtain a Morph-geologic map is by
crossing the Morphologic and Tectonic Maps, with
cartographic schemes (dashed lines). A Morphogeo-
tectonic map (similar to the Geomorphotectonic) is
obtained by superimposing the Lithology, the Neotec-
tonic and the Morphostructural to the Morphogeolo-
gic map. Superimposing the Morphogeotectonic map
to the DTM and topography incorporates the relieve
(Figure 10).

From the various maps produced, based on photoin-
terpretation and field verifications, we have gained
knowledge of a series of geomorphological and neotec-
tonic processes affecting geological materials and Qua-
ternary deposits. This has allowed us to deduce a series
of palaeogeographic changes that occurred during this
period, based on geomorphological criteria and the
associated Quaternary materials and soils. This has
enabled us to develop a relative chronology of these
changes, the poljes and the materials that fill them.

Although partial maps of the studied area exist, as
mentioned in the introduction, they only cover limited
sectors of the study area, and most are at small scales
(1:100,000 or smaller). Those that exist at the scale
used (1:50,000) are either partial or focus almost
exclusively on geological formations, with little refer-
ence to the Quaternary, geomorphology, and recent
tectonics.

5. Discussion

The final map (Geomorphotectonic) integrates, in
addition to conventional geological (chronostrati-
graphic) formations, lithology and structure, other rel-
evant geomorphological aspects of Quaternary
deposits and neotectonics, such as (a) Erosion sur-
faces, mapped around the San Felipe Basin, south of
the PNV, which, given their position exclusively on
the San Cayetano Formation (Lower to Upper Juras-
sic), could be attributed a more recent age, and there-
fore could correspond to the second global scouring
surface (given by King) called ‘Kretakic or Post-Gond-
wanan’ (Lower to Middle Cretaceous). (b) Morphos-
tructural basins, associated with what we have called
the North Fault, whose origin we have attributed to
neotectonic effects (decompression) on an older thrust
front; Valleys bounded by fractures, such as the Valle
del Silencio (Valley of Silence), whose river course is
currently irrelevant due to its fossil nature, are also
included. This is because the valley was captured by
rivers during the Middle or Late Quaternary as a result
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Figure 9. Geomorphotectonic Map.

of neotectonic readjustments (tilting of the Sierra de
Chichones). The San Felipe tectonic window (San
Felipe Trench) is also shown, bounded by active faults
deduced from associated landforms indicative of
recent tectonic activity. Recent faults, highlighted in
orange, are also noted, allowing us to identify the
most active areas. One example is the Celadas Fault,
which has given rise not only to the uplift of the
Boquerdn del Infierno karst canyon but also to a
large landslide of the Guasasa Formation limestones

in the Sierra Sitio del Infierno towards the depressed
area known as Sitio del Infierno, almost 400 metres
lower. (c) Important reference to Quaternary deposits,
with an indication of their textural and edaphic
characteristics (catena), has allowed us to develop,
along with a series of geomorphological processes, a
relative chronology of these deposits and the
depressions in the studied area. (d) This cartography
helps us to visualise, through the symbology used,
the different uplifted, subsided and tilted zones,



JOURNALOF MAPS (&) 15

il .
i

U e ;=;‘~§

>

Tectonic Symbols
s

S nered ot

232

| s

2030

208

= 27

MORPHOGEOLOGIC MAP

35T B T

e 3

MORPHOGEOTECTONIC MAP

S0 san Cayetano 1 Formation

Figure 10. (A) Morphogeologic (morphologic + Tectonic) Map; Morphogeotectonic Map; (B1) On DTM, (B2) with contour lines.

allowing us to evaluate block movements, which in
many cases are responsible for palaeogeographic
changes and the characteristics of the current relief.

6. Conclusions

— A specific mapping methodology was used to con-
struct a Geomorph-tectonic Map crossing Geomor-
phologic and Morph-tectonic maps, by the crossing
of ten GIS layers.

— This map has been considered the cartographic con-
clusion, as it supplies abundant data:

(a) Information about uplifted and downthrown
areas (ranges and trenches) helps to under-
stand their neotectonic behaviour. They allow
us to know their genesis, evolution and chron-
ology in depressions, according to their mor-
phology and Quaternary deposits.

(b) Changes in the drainage network are observed
in this map. In the Vifales-Dos Hermanas
polje, an abandoned riverbed (old El Tejar
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creek) from south to north could have gener-
ated the Puerta de Ancon canyon (abra), pre-
sently without any active watercourse, and
Dos Hermanas canyon, probably abandoned
by Novillo creek, when they changed directions
from S-N to SE-NW after neotectonic move-
ments, probably during the Middle Pleisto-
cene. An additional example is the fossil
fluvial canyon Boquerdn del Infierno, with an
elevation of 150 m, which occurs hanging
250 m above the present valley, and a direction
to the SE when the present drainage flows
towards the NE. The change probably hap-
pened at the beginning of the Quaternary.

(c) Detailed mapping of Vinales-Dos Hermanas
and San Vicente poljes allowed to obtain a rela-
tive chronology of the depressions based upon
morphologies (magnitude of the main escarp-
ment, occurrence of hanging caves and gal-
leries in Vinales and Guasasa ranges), spatial
arrangement of Quaternary deposits (incision,
offlap, superposition), magnitude of incision
in these deposits, paedogenic evolution
(increasing development from ferralitic, older,
to ferruginous, younger, soils), and neotectonic
movements.

(d) Karst type mapping helps to visualise the lat-
eral distribution of karst, and the location of
the large depressions :uvalas, dolines, fluvio-
karstic valleys, canyons (abras) and sequences
of hanging underground systems (caves).

Software

ArcGisPro v3.3 was used, with vectorial (dots, lines
and polygons) and raster (ortophotos) formats. Work-
ing scale was 1:25,000 with Universal Transverse Mer-
cator UTM-Datum-ETRS 89 in spindle 30 as
coordinates system.
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