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ABSTRACT

Morphometric indices have been described as useful tools to understand the geodynamic evolution in differ-
ent spatial regions and contexts, although usually only current landform shapes are considered when applying
them. In this work, we combined detailed geomorphological mapping and the most representative morphometric
indices and variables (valley width to valley height ratio Vf, transverse topographic asymmetry factor T-index,
stream length—gradient SL, concavity index Cl, elevation & slope), to quantify the evolution of the Lozoya valley
landscape. These indices were not only applied to present landforms. In the case of Vf, this was measured also for
different periods using the paleotopographies defined by the fluvial rock terraces. These techniques were applied
to the Lozoya rock terrace staircase using a Geographic Information System (GIS) and statistical tools. This area
developed in an intramountain tectonic depression delimited by basement pop-up alignments (Central System,
Spain). The geomorphometric analysis revealed a complex Quaternary evolution controlled by Alpine structures,
subsaoil lithology, regional geomorphology, uplift and climatic factors. More incised valley shapes are located down-
stream, associated with lithostructural changes and fluvial captures, whereas upstream the valley displays a wide
geometry coinciding with the pop-down depression. The more marked incisions are related to knickpoints identified
in the Lozoya longitudinal profile, which persist through time from at least the Late Miocene and apparently did not
undergo Quaternary reactivation. Finally, our analysis reveals lithological and morphostuctural controls to Lozoya
bedrock terraces formation and preservation.
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RESUMEN

Los indices morfométricos son descritos como herramientas Utiles para comprender la evolucion geodinamica
de diferentes regiones geoldgicas, aunque suelen aplicarse considerando solo la geometria actual de las formas
del relieve. En este trabajo, hemos combinado una cartografia geomorfologica detallada & algunos de los indices
y variables morfométricas mas relevantes (Vf, Indice-T, SL, concavidad, elevacion y pendiente), para cuantificar la
evolucion del rio Lozoya. Estos indices fueron calculados usando no soélo las formas actuales del relieve, sino tam-
bién para diferentes periodos. Este es el caso del indice Vf, cuyos valores fueron calculados a lo largo del tiempo,
utilizando la paleotopografia definida por las terrazas fluviales rocosas del rio Lozoya. Estas técnicas fueron apli-
cadas a la sequencia de terrazas rocosas del rio Lozoya por medio de SIG y herrameintas estadisticas. El area de
trabajo se ubica en una depresién tectonica intramontafiosa delimitada por alineaciones pop-up (Sistema Central
Espariol). El analisis geomorfométrico ha revelado una evoluciéon Cuaternaria compleja controlada y condicio-
nada por factores como las principales, estructuras Alpinas, la litologia de subsuelo, la geomorfologia regional, el
levantamiento regional y el clima. En la cuenca de drenaje del Rio Lozoya, los valles mas incididos y estrechos se
localizan aguas abajo, asociados con cambios litoestructurales y capturas fluviales, mientras que los valles mas
amplios se localizan hacia la zona de cabecera, relacionados con depresiones tectonicas pop-down. Por otro lado,
el analisis del perfil longitudinal del Rio Lozoya ha mostrado que los knickpoints mayores han persistido durante
el tiempo, por lo menos desde el Mioceno Superior y sin aparentes signos de reactivacion durante el Cuaternario.
Finalmente, nuestro analisis revela que la formacién y preservacion de las terrazas erosivas estan controladas por

factores litolégicos y morfoestucturales.

Palabras Clave: Analisis morfométrico; incision fluvial; terrazas rocosas; Rio Lozoya; Sistema Central espafiol

Introduction

Geologists have always speculated about the close
relationship between terrain morphology and under-
standing the principal mechanisms of how the land-
scape evolved. As technology advances, more and
more geomorphologists are using GIS and statistical
tools to attempt to quantify and explain how tectonic
settings, lithological variety and climatic fluctuations
influence the formation and evolution of the terrain.
By analyzing drainage basin morphology, mapping
fluvial terrace sequences, identifying changes in
valley width and reconstructing longitudinal pro-
files, it is possible to recognize how bedrock uplift
from crustal movements or cyclic fluctuations from
climatic changes could influence fluvial landscape
(Bridgland, 2000, Bull, 2007).

Along these lines, many studies of the
Quaternary landscape evolution of the internal
basins of the Iberian Peninsula have been carried
out (Silva etal, 1988; Pérez-Gonzalez, 1994;
Garcia-Castellanos et al., 2003; Benito-Calvo &
Pérez-Gonzalez, 2008; Cunha et al., 2008; Benito-
Calvo & Pérez-Gonzalez, 2010; Antén et al., 2012;
Garcia-Castellanos & Larrasoafia, 2015; Silva
etal., 2017; Soria-Jauregui et al., 2018; Cunha
et al., 2019; Struth et al., 2019; Gouveia et al., 2020;
Rodriguez-Rodriguez et al., 2020). Likewise, this
paper analyzes the Quaternary landscape geometry
and evolution of the Lozoya intramountain basin

located in the eastern part of the Spanish Central
System (SCS), which presents a complex morpho-
structural evolution (Figure 1; Hernandez-Pacheco
1932; Schwenzner, 1937; Birot & Solé Sabaris,
1954; Gladfelter, 1971; Pedraza, 1978; Garzon
Heydt, 1980; Gracia et al., 1988; Pérez-Gonzalez,
1994; Gutiérrez-Elorza & Gracia, 1997; Silva &
Ortiz, 2002; Alonso-Zarza et al., 1993; Vicente
etal, 2007; Benito Calvo & Pérez-Gonzalez,
2010; Vicente et al, 2011; Karampaglidis, 2015;
Silva et al., 2017; Karampaglidis et al., 2020). The
Lozoya River is a tributary of the Tajo, which is
the longest river (1007 km) in the Iberian Peninsula
and one of the largest systems of western Europe.
In the Tajo basin, a spread Quaternary staircase sys-
tem has been identified, with up to twelve levels
in the western part of the Madrid Cenozoic Basin
(MCB) (Pérez-Gonzalez, 1994), up to twenty-
three terrace levels in the eastern part of the MCB
(Pérez-Gonzalez, 1994) and up to six levels in the
Lower Tajo Basin (Cunha ef al., 2008). These ter-
race records are attributed to the main fluvial sys-
tem which dissects the Tajo basin. These long-term
staircase terrace systems are appropriate for under-
standing the principal mechanisms of the landscape
evolution (Antoine et al, 2000; Bridgland, 2000;
Van den Berg & Van Hoof, 2001; Westaway et al.,
2002, 2006; Bridgland & Westaway, 2008) driven
by combinations of tectonics, climate and eustacy
(Bridgland & Westaway, 2008).
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Figure 1.—(a) Location of the study area situated in the Central Iberian Peninsula (Spain). (b) Simplified geological map of the Lozoya
River valley, modified from Arenas et al. (1991); Azor et al. (1991); Bellido et al. (1991a, 1991b); Aznar et al. (1995); Bellido et al.
(2004); Pérez-Gonzalez et al. (2010); Karampaglidis et al. (2014a). Legend: (1) Paleozoic (paragneiss, schist, psammite, black slate
and quartzite), (2) Ordovician (orthogneiss and leucogneiss), (3) Variscan (granite and adamellite), (4) Permian (hypabyssal rocks), (5)
Mesozoic (sandstone, sand, dolomite and lutite), (6) Paleogene (conglomerates and sands), (7) Neogene (boulders, cobbles, sands
and clays), (8) Quaternary (gravels, sands, silts and clays), (9) Thrust faults, (10) Faults, (11) Study area.

To contribute to these questions, we carried out
a detailed geomorphological study applying geo-
morphometric indices. Using these indices and geo-
morphological analysis to study uplift processes,
incision, lithostructural controls, climatic events or
fluvial captures is a technique that has been applied
successfully for years in landscape evolution stud-
ies (Horton, 1945; Strahler, 1964; Hack, 1973; Bull
& McFadden, 1977; Garzéon Heydt, 1980; Silva
et al., 1988; Ritter et al., 1995; Garrote et al., 2002;
McKnight & Hess, 2005; Garrote et al., 2008; Tiirkan
& Bekir, 2011; Antén et al., 2014; Soria-Jauregui

et al., 2018). Terrain evolution is thought to converge
towards a dynamic equilibrium between uplift and
incision (Burbank & Anderson, 2001). The effects
of this balance remain recorded in the terrain topog-
raphy, which is used to infer geodynamic processes
through geomorphometric index analysis (Patton,
1988; Vijith & Satheesh, 2006; Jena & Tiwari, 2006).

The indices are based on the morphometric param-
eters of landforms calculated from the current relief
topography, usually expressed on maps or in DEMs.
Using the current topography provides mean values
corresponding to the whole landform formation, or
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values reflecting the recent situation. Nevertheless,
geomorphometric analysis can also be applied to
residual landforms based on the reconstruction of
geomorphic levels, providing useful information
about how landforms have evolved over time. In this
study, we have applied this method to assess the mor-
phostructural influence on the Lozoya watershed.
This area is suitable for this kind of analysis because
the following are well defined: (i) the pre-Quater-
nary planation surfaces which mark the beginning of
the Quaternary exorheic fluvial system; (ii) a robust,
complex staircase fluvial system established by the
Lozoya, Jarama, Henares, Tajuiia and Tajo rivers is
preserved; (iii) fairly well-studied Late Cenozoic
sedimentary sequences; and (iv) the tectonic activity
is well-documented. Geomorphometric analysis was
performed using the Vf index and stream longitudi-
nal profile analysis, through the SL and CI indices.
Slope and curvature variability have also been used
along stream profiles.

Study area

The drainage basin of the Lozoya River constitutes
an intramountain tectonic depression (SCS; Figure la),
developed between two mountainous alignments uplifted
as a pop-up mountain range during the Alpine orogeny:
the ENE-WNW Guadarrama—Somosierra mountains to
the North, and the ENE-WNW Sierra de la Cabrera to
the South (Figure 1b; Vicente ef al., 2007). The Lozoya
watershed covers 925 km’, with the highest elevation at
the peak of Pefalara (2428 m, Sierra de Guadarrama), and
the lowest altitude in the area where the Lozoya meets
the Jarama River (Figure 2 (a); 700 m). The Lozoya is a
tributary of the Jarama, which flows in turn into the main
collector of the basin, the Tajo.

Geological setting

The main lithologies which outcrop in the Lozoya
watershed are the Paleozoic rocks of the Iberian Massif
(Figure 1b). The oldest rocks consist of metasediments,
paragneiss, quartzites and marbles of Precambrian age,
situated to the NE (Arenas et al., 1991; Bellido et al.,
1991a, 1991b). In the eastern segment, schists, quartz-
ites and shales of Ordovician and Silurian age outcrop
(Capote & Fernandez, 1975), whereas the south is charac-
terized by pre-Permian granites and adamellites. All these
lithologies were affected by penetrative schistosity and
folding during the Variscan orogeny (Arenas et al., 1991;
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Bellido et al., 1991a, 1991b). During the Permian, dikes
of porphyry, lamprophyre, quartz, microdiorite and aplite
were emplaced in the SE segment. Mesozoic deposits are
located in contact with the Madrid Cenozoic Basin and
in the Upper Lozoya Valley (pop-down depression) (NE
segment). The base of these Cretaceous deposits is com-
posed of fluvial sediments, the so-called Facies Utrillas
(clays, gravels, lutites, carbonates, sandstones and dolo-
mites), overlain by sands, lutites, carbonates, sandstones
and dolomites deposited during the Turonian-Santonian
marine transgression (Aznar et al, 1995). Above the
Cretaceous sequence, there are lake deposits and gypsum.
At the beginning of the Alpine movements (Paleocene),
conglomerates with Mesozoic calcareous boulders were
deposited. This episode corresponds to a period of thrust-
ing before the arkosic filling of the Cenozoic basins
(Capote et al., 1987). In the Pinilla del Valle area and to
the west, Miocene detritic alluvial sediments are pres-
ent. The Miocene is characterized by thrusting generat-
ing NE-SW structures and folding of the Mesozoic and
Cenozoic deposits in the Iberian Mountain range (Vicente
et al., 2007). Finally, several impulses of vertical uplift-
ing as a result of regional extensional stresses have been
defined in different parts of the SCS during the Pliocene
and up to the present day (De Bruijne & Andrienssen,
2002; Vicente et al., 2007). However, in this sector, there
is no evidence for neotectonic activity or historic seismic-
ity (Baena-Perez et al., 1998; http://www.ign.es/ign/lay-
outln/sismoTerremotosEspana.do). Quaternary landforms
in the Lozoya watershed are mainly erosive: deposits
located and associated with fluvial and glacial processes,
colluviums, peat formations, solifluction formations and
karstic environments have been described in several stud-
ies (Pedraza, 1994; Torres et al., 1995; Torres et al., 2005;
Arsuaga et al., 2006; Pedraza & Carrasco 2005; Pérez-
Gonzalez et al., 2010; Palacios et al., 2011).

Quaternary fluvial geomorphological features and
stratigraphic data

The main landforms identified in the Lozoya water-
shed can be grouped as erosive surfaces, polygenetic
residual features (inselbergs, glacis), fluvial morpholo-
gies (e.g. strath terraces, rock terraces or alluvial fans),
glacial landforms (e.g. cirques, moraines), karstic features
(e.g. caves, dolines, karren, karstic infillings), and gravity
forms (Karampaglidis et al., 2014a).

Our work is focused on the Quaternary fluvial land-
forms (Figures 2, 3 & 4), which form an erosive terrace
staircase arrangement (Karampaglidis et al, 2014a).
According to the characteristics and distribution of these
glacis and terraces, together with the morphostructural
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Figure 2.—(a, b) The Lozoya River and the main tributaries of the western part of the Tajo Basin. (c) Jarama, Henares and Lozoya River
longitudinal profiles. (d) Transverse geomorphological section for the Lozoya River (GS1) and Jarama River (GS2). Legend: 1. Gneiss
and metasediments (Paleozoic), 2. Dolomites, sandstones, sands and clays (Cretaceous), 3. Red siltstone (Paleocene), 4. Boulders
and cobbles of gneiss, psammite and quartzite (Neogene), 5. Fluvial terraces (Quaternary), 6. Colluvium (Holocene), 7. Floodplain
(Holocene), 8. Current river channel, 9. Fault, and 10. Terrace levels.
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Paredes de
Buitrago

Figure 3.—(a) Panoramic view of the northern part of the tectonic
depression in the Pinilla del Valle sector delineating the main
geomorphological features. (b) Panoramic view of the western
part of the tectonic depression in the Pinilla del Valle sector
delineating the main geomorphological features. (c) Panoramic
view delineating the erosive pediments in the Paredes de Buitrago
(Buitrago de Lozoya sector) area and the alluvial pediment
(G4) at the village of Berzosa de Lozoya: the level names and
numbers are after Benito-Calvo and Pérez-Gonzalez, 2010 and
Karampaglidis, 2015. (d) Panoramic view of the Viejas dam area
(Berzosa de Lozoya; Buitrago de Lozoya sector) delineating the
Lozoya River rock terrace staircase sequence.

and bedrock characteristics of the valley, we have divided
the Lozoya watershed into four sectors: the Pinilla del
Valle sector, the Buitrago de Lozoya sector, the Atazar
sector and the Cerro de la Oliva sector (Figure 3, 4 & 5;
Karampaglidis et al., 2011).

The first sector of the watershed (Pinilla del Valle) is
a NE-SW pop-down tectonic depression (Warburton &
Alvarez, 1989; Vicente et al., 2007), which determines the
slope distribution and the main direction of the Lozoya
River in this area (Figure 5). The geology here is char-
acterized by soft Mesozoic and Cenozoic sedimentary
rocks. In this sector, the fluvial style of the Lozoya River

Karampaglidis, T. et al.
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Figure 4.—(a) Panoramic view of the Berrueco village area
(Atazar sector) delineating the Lozoya River rock terrace
staircase sequence. (b) Panoramic view of the principal fluvial
geomorphological features of the Lozoya River on black slates
(Ponton de la Oliva sector). (c) Panoramic view of the principal
geomorphological features at the confluence of the Lozoya
River with the Jarama River. Abbreviation: TE — Rock terrace;
TD — Strath terrace; T-S — Turolian sediments; Cr — Cretaceous
dolomites and limestones; Pz: Paleozoic rocks.

changes from a shallow gravel braided facies model to
a meandering gravel-bed facies model. The river load is
characterized by clastic rocks and polygenic composition
(metamorphic and igneous rocks: Figure 1). In this area,
the earliest terraces and glacis are erosive, degraded and
with reduced dimensions, developing on the Paleozoic
metamorphic rocks between T2 (+190-195 m) and T15
(+62-64 m). Below them, rock terraces and glacis between
T16 (+50-55 m) and T20 (+17-20 m) are preserved on
Mesozoic and Cenozoic rocks. This sector is one of the
few areas where fluvial deposits are located, composed
of cobbles, coarse-medium gravel, sands and muds cor-
responding to strath terraces, alluvial fans and fluvial
deposits preserved in a karstic system (Pinilla del Valle
caves) (Figure 3). In this karstic system, we have observed
three episodes of fluvial aggradation situated at +23-25
m (T19), +11-14 m (T21), and +7 (T22) (Karampaglidis
et al., 2014a). The second episode (T21, +11-14 m) was
dated by thermoluminescence (TL) on quartz grains at
140.4 + 11.3 ka B.P., while the deposits at +7 m (T22)
have an age of 59.4 + 4.7 ka B.P. (Thermoluminescence
Laboratory, Universidad Auténoma de Madrid; Pérez-
Gonzalez et al., 2010). Furthermore, two other levels of
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Figure 5.—Slope map, T-index and its distribution in the four sectors differentiated according to their geomorphological, lithological and
structural characteristics in the Lozoya watershed. The gray line represents faults (Somosierra Fault) and the gray line with triangles

shows local thrusts.

strath terraces (123, +3-5 m & T24, +1-2 m) were iden-
tified in this sector. The deposits of T23 were dated at
17,950 + 1.1 ka B.P. using accelerator mass spectrom-
etry (AMS) in organic sediments (Karampaglidis et al.,
2014a). The stream load energy may increase as a result
of climate change and/or tectonic activity (Merrits ef al.,
1994; Pazzaglia et al., 1998). In this sector, local fluvial
deposit formation of the last two terrace levels (T22, +7 m
& T23 +3-5 m) and valley widening coincide with some
of the well-documented periods of local glaciation (19 ka)
or cold periods (~60 ka) (Carrasco et al., 2016).

In the second sector (Buitrago de Lozoya), the course
of the Lozoya River can be classified as an incised mean-
der bedrock river (sinuosity of 2.71; Karampaglidis et al.,
2011), entrenched from T18 (+30-35 m), showing a
NE-SW general direction following the NE-SW trends of

the SCS pop-up structure (Vicente et al., 2007). In this sec-
tor, most of the preserved terraces are erosive and the old-
est terraces and glacis are poorly preserved. The surface
of the terraces and glacis is characterized by rock-weath-
ering material, such as angular blocks and clasts, with a
fine soil covering of 3-4 cm thickness. Occasionally, low
terraces (T23, +3-4 m, & T24, +1-2 m) contain 40-50 cm
of rounded oligomictic boulders and cobbles, sands and
silts (Karampaglidis ef al., 2014a). Towards the north,
river captures were identified associated with the evo-
lution of the Madarquillo River (Figure 1). Part of this
river is the Hontanar stream which presents an unexpected
mature-stage meander higher than the local base level of
the Valle stream, a short local linear stream situated on
the structural contact between gneiss and metasediments
(Paleozoic) (Figure 6). The second capture is related
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Figure 6.—Early Pleistocene fluvial captures in the Lozoya watershed. (1) Modern course of the Jarama River, (2) Modern course of
the Lozoya River, (3) Paleoflow course of the Lozoya River, (4) Paleoflow course of the Retamar stream, (5) Fault, (6) Capture point
during Early Pleistocene and (7) Confluence of Lozoya and Jarama rivers.

to the parallel valley of the Retamar stream (Figure 6).
This is a hanging fluvial valley captured from the Valle
stream. These captures are related to greater incision, pro-
duced when the Valle stream incised the structural con-
tact and/or by fault reactivation, and probably occurred
after T13, +80-85 m (Early Pleistocene), since this is the
last common rock terrace (Karampaglidis et al., 2011;
Karampaglidis, 2015).

In the Atazar sector, the morphology of the Lozoya
River is controlled by E-W and N-S fractures (Figure 1
& 2a), and this explains its N-S direction of flow in the
southern part of this sector. The valley describes incised
meanders entrenched from T13 (+80-85 m), displaying a
sinuosity of 2.68 (Figure 5; Karampaglidis et al., 2011). In
this sector, rock terraces and glacis sequences are located
on the Paleozoic rocks and on Neogene deposits (Figure
1 & 3). The youngest Neogene deposits appear in this

sector, forming a surface perched about +220 m above
the present river channel (Figure 1, 3 & 4). Below this
level, fluvial rock terraces are preserved on the Pliocene
deposits (from T1, +200-205 m to T7, +142-144 m), and
on Paleozoic and Permian rocks, where the granites are
often affected by weathering processes (Karampaglidis
et al, 2014a). In the lower part of this sector, a fluvial
capture was recognized (Figure 6), changing the direc-
tion of the Lozoya River. During the formation of the first
terraces between T1 (+200-205 m) and T4 (+170 m), the
Lozoya River drained towards the south through the El
Berrueco Pass (Figure 2 & 6). In the subsequent phase, the
river and its tributaries were captured, changing the flow
direction to the east (Figure 6), where the lower sector
develops (Karampaglidis ef al., 2011). This capture was
recognized during the morphostatistical reconstruction of
the Lozoya River base levels and from geomorphological
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evidence. Large planation surfaces are suspended above
the current base level and the present local tributaries can-
not explain their formation (Karampaglidis ef al., 2011).
This capture probably occurred by local fault reactivation
from southern border activity, Early Pleistocene climatic
fluctuations and/or headward erosion, which is related
with higher incision rates and was produced during the
Lozoya River’s incision into the regional structural con-
tact between gneisses, granites and black slates (Figure 1).

The lowest sector, or Cerro de la Oliva sector, is char-
acterized by higher incision (Figure 5), forming canyons
developed from TS5 (+160-165 m), with the highest sinu-
osity (3.36; Karampaglidis et al., 2011), where fluvial
meandering and meander cutoffs have been mapped. In
this area, the rock terraces are located on Paleozoic black
shales and Neogene deposits. In addition, strath terraces
were identified at T16 (+50-55 m), T18 (+30-35 m), T19

(+25 m), T22 (+6-8 m) and T23 (+3-5 m) levels (Figure 4;
Karampaglidis et al., 2014a). Fluvial deposits are also
preserved in karstic systems (Reguerillo Cave), hanging
+140 m above the actual base level of the modern Lozoya
River (Figure 2). This deposit contains polymict (igneous
and metamorphic rocks) sands, silts and clays, deposited
by the Lozoya River (Torres et al., 2005). Those authors
have undertaken various measurements of residual mag-
netism in these deposits, characterized by a sequence of
five samples of normal polarity. This magnetostratigraphic
sequence and the position of this fluvial level in the
regional sequence (Figure 7) suggest an Olduvai subchron
age (1.77 ka to 1.95 ka) for these fluvial deposits. This
karstic system also contains fluvial deposits in a level at
+45 m, below a speleothem dated by ESR at 981 + 76 ka
B.P. (Torres et al., 2005). This age could suggest that this
terrace is older, although the date is inconsistent with the
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Figure 7.—Lozoya River terrace sequence and its correlation with the sequences of the Tajo River and tributaries, considering relative
terrace altitudes, paleomagnetic data, paleontological data and numerical ages. Legend: Numerical dating: "“C (D1), U/Th (D2), TL
(D3), Amino acid racemization dating (D4), ESR (D5) and Cosmogenic nuclides (D6). Paleontological data: Elephas sp. (F1), Equus
sp. (F2), Cervus elaphus (F3), Elephas antiquus (F4), Mammuthus meridionalis (F5), Mammuthus trogontherii, Equus caballus,
Hipopotamus amphibius, Dolichodoriceros savini, Eliomys quercinus, Allocricetus bursae, Microtus brecciensis and Apodemus cf.
sylvaticus (Sesé & Ruiz, 1992) (F6). (a) Paleomagnetism data: normal polarity (+); reversed polarity (). Terraces: (s) Strath terrace,
(r) Rock terrace and (k) Karstic fluvial deposits. Modified from Ordofiez et al. (1990), Pérez-Gonzalez (1994), Pinilla et al., (1995),
Santonja and Pérez-Gonzalez (1997), Benito et al., (1998), Santonja and Pérez-Gonzalez (2001), Ortiz et al. (2009), Pérez-Gonzalez
et al. (2012), Karampaglidis et al., (2014c), Silva et al., 2017, and Karampaglidis et al., 2020.
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rest of the chronological trend observed for the sequence
in the MCB (Santonja & Pérez-Gonzalez, 2001; Ordoiez
et al., 1990; Ortiz et al., 2009, Silva et al., 2017), which
placed terraces at +42-46 m in the Middle Pleistocene. In
addition, the paleontological remains found there do not
support this age (Figure 7; Ses¢ & Ruiz, 1992; Morales
et al., 1993).

The chronological datasets available for the terraces
of the Lozoya valley, and the correlation of this sequence
with the main watercourses of the basin (Henares,
Jarama and Tajo rivers, Figure 7) (Pérez-Gonzalez, 1994;
Santisteban & Schulte, 2007; Benito-Calvo & Pérez-
Gonzalez, 2010; Silva et al., 2017; Karampaglidis et al.,
2020) allow us to place the terraces perched up to +3-5
m in the Holocene, and between this and +13-15 m in
the Upper Pleistocene. In the Middle Pleistocene, the ter-
races would be those located from T21 (+11-14 m) up to
T16 (+50-55 m), since the level T15 (+60-65 m) has been
placed in the Matuyama chron (Pérez-Gonzalez et al.,
2012; Silva et al., 2017), showing reversal of magneto-
stratigraphic polarities in the Jarama valley. These chro-
nologies are consistent with ages obtained in other valleys

Karampaglidis, T. et al.

in Central Spain (Arlanzén River, Duero Basin), where
terraces at +70-78 m have been dated at about 1.14 Ma,
levels at +60-67 m at 0.85 Ma, and terraces at +50-54 m
at 0.67 Ma (Moreno ef al., 2012). The sequence of nega-
tive polarities in the Jarama valley could place the terraces
T9 (+120-124 m), T10 (+109-114 m) and T11 (+100-104
m) between 1.24-1.77 Ma (Figure 7), whereas the normal
polarities obtained in the Lozoya fluvial terrace located
in the Reguerillo Cave (Torres et al., 2005), could place
terrace T7 (+142-144 m) in the Olduvai subchron, pro-
viding older Early Pleistocene ages for the upper ter-
races. Finally, T1 (+200-205 m), T2 (+190-195 m) and T3
(+180-184 m) could be assigned to the beginning of the
Early Pleistocene where terraces close to the junction with
the Jarama River are dated between 2.58 Ma and 2.3 Ma
(Karampaglidis et al., 2020).

Materials and methods

This study was carried out by combining detailed geo-
morphological analysis and morphometric indices, which
were applied using a GIS (ArcGIS 10) and a 5 m resolution

Table 1.—Descriptive morphometric indexes applied to the Lozoya basin.

Morphometric

parameter Definition Formula Description Parameters Reference
Vf Valley Vi=2*Viw/ This index describes Vfw:width of valley floor Bull, 1978
floor-Valley height  (Eld-Esc)+ the form or shape of the Eld:elevation of the left Bull & Mc
ratio (Erd-Esc) valley cross-section and part of the valley Fadden, 1977
the degree of maturity of  Erd:elevation of the Wells et al., 1988
the valley right part valley
Esc:elevation
of the valley floor
SL Stream Length- SL=(H1-H2)/ SL index has been H1 and H2 are the Hack, 1973
Gradient index (InL2-InL1) widely used as a profile elevations of each end
xy to identify areas of of a given reach L1 and
anomalous uplift within L2 are the distances
landscape. from each end of the
reach to the source
Cl Concavity Index Cl= Z(Hi*-Hi)/N  The Concavity Index where Hi is the Phillips & Lutz, 2008
was used to analyze the  elevation at distance
general shape of the i, Hi* is the elevation
longitudinal profiles along a straight line
from the uppermost
to lowermost point
along the stream
line at horizontal
distance i, and N is
the total number of
measurement points
T Transverse T=Da/Dd This index permits to Da: Distance from Cox, 1994

topographic
asymmetry factor

identify rivers lateral
migrations related with
lithology changes, tectonic
activity and climatic
fluctuations

midline of drainage
basin of active channel
Dd: distance from basin
midline to basin divide
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DEM, created from 1:5000 topographic maps (Comunidad
Autéonoma de Madrid). Geomorphological mapping was
also performed (Karampaglidis et al., 2014a). This map
and the DEM have been useful in reconstructing the flu-
vial base levels, which were used to analyze the variation
in geomorphometric indices (Table 1), not only spatially,
but also temporally, during the Quaternary evolution of
the Lozoya valley. The following morphometric methods
were used to analyze the shape evolution of the valleys
and the longitudinal stream profile curvature.

Transverse topographic asymmetry factor
(T-index)

Asymmetry of drainage basins can be used in homo-
geneous areas to identify rivers’ lateral migrations driven
by lithology-structural changes, tectonic activity and cli-
matic changes (Cox, 1994; Garrote et al., 2008; Mink
etal.,2014).

T =Da/Dd

where Da is the distance from the drainage basin
midline to the active channel and Dd is the distance
from the basin midline to the basin divide.

T-index values vary from 0 to 1, where values close
to 0 indicate perfect symmetry whereas those nearer 1
mean maximum asymmetry. The T-index can detect basin
asymmetry by quantity (0 to 1) and the direction of lateral
stream migrations (Cox., 1994; Garrote et al., 2008; Vijith
et al.,2017). In this study, the T-index was applied only to
the total length of the Lozoya River (Figure 5).

In order to assess lithological control over all these
morphometric parameters, the discriminant analysis sta-
tistical technique was also applied.

Valley width to valley height ratio index (Vf)

This is a shape index for the valley cross-section and
describes the degree of maturity of a valley (Bull &
McFadden, 1977).

Vf = 2*Vfw/[(Eld-Esc) + (Erd-Esc)]

where Vfw: width of valley floor, Eld: elevation of the
left part of the valley, Erd: elevation of the right part of the
valley, and Esc: elevation of the valley floor. For Vfw, we
have applied the maximum distance between the preserved
fluvial terraces on each side in transverse profiles. For Esc,
we have utilized the height of the fluvial base level, and
for Eld and Erd, the difference in elevation between the
terraces considered in each period (Figure 8 & 9).

Typically, this index has been used to distinguish
V-shaped valleys (VT values close to 0), usually associ-
ated with linear and rapid fluvial incision related to rapid
uplift, from U-shaped and flat-floored valleys (high
Vf values), related to less incision, and favoring infilling
and sedimentation processes (Seong ef al., 2008; Pedrera
et al., 2009). In our study, Vf values were calculated in
nine sections along the Lozoya River (Figure 8). Our goal
was to apply this index along the entire longitudinal pro-
file in all the areas. Based on reconstruction of the Lozoya
fluvial base levels defined by the terrace sequence, we
were able to calculate the Vfindex for five different peri-
ods (P1, P2, P3, P4 & P5) of valley formation, developed
between five fluvial terraces (P1: T1, T2, T3, T4 & T5;
P2: T6, T7, T8, T9 & T10; P3: T11, T12, T13, Tl4 &
T15; P4: T16, T17, T18, T19, & T20; P5: T21, T22, T23,
T24 & T25; Figure 9). Next, we related this data to the
river incision rates extracted from the Lozoya River ter-
race sequence (P1=0.055 mm/a, P2~0.07 mm/a, P3=0.065
mm/a, P4~0.006 mm/a & P5=0.1 mm/a). In cases where
the terraces were not preserved along the cross-section,
we interpolated their values from the closest preserved
terraces (Benito-Calvo & Pérez-Gonzalez; 2008). This
method allows us to analyze the spatio-temporal incision
controlled mainly by bedrock characteristics, uplift pro-
cesses and climatic conditions (Figure 9; Table 2).

Stream length—gradient Index (SL)

The SL index has been widely used as an xy-profile to
identify anomalies in stream profiles (Hack, 1973; Silva
et al., 1988; Fernandez-Garcia & Garzon Heydt, 1994;
Garrote et al., 2002; Garzén Heydt et al., 2012). In this
study, we created an SL map using 5-m resolution DEM
and GIS, following the method proposed by Font et al.,
(2010). From the DEM, we extracted a slope percentage
map, which was later used to calculate the SL index along
the longitudinal profiles of the drainage network. These
data were used to interpolate a continuous stream length—
gradient surface by applying ordinary kriging (Figure 10).

Longitudinal slope and curvature profile

The longitudinal profiles of streams have always
been considered very important data for hydrological
and geomorphological studies. The profile convexities
are identified as slope changes or escarpments in the
streams, and are associated with disequilibrium and non-
steady states (Hack, 1973). They are usually correlated
with base level lowering, lithological variations, struc-
tural trending, sediment inputs, nonfluvial processes and
human modifications (Richards, 1982; Knighton, 1998;
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Figure 8.—Geomorphological cross-sections along the Lozoya River valley, used to calculate the Vf index for the five Quaternary

periods considered.

Burbank & Anderson, 2001; Schumm, 2005; Gasparini
et al., 2007; Phillips & Lutz, 2008; Benito-Calvo ef al.,
2015). On the other hand, concave-up shapes in longi-
tudinal stream profiles are usually associated with flat
and steady-state areas (Leopold, 1994; Sinha & Parker,
1996; Morris & Williams, 1997; Smith et al., 2000;
Larue, 2008; Phillips & Lutz, 2008). This assumption is
based on stream power theory in that upstream the ero-
sion and slope are increasing while downstream the gra-
dient and discharge energy are decreasing (Smith ef al.,
2000; Snyder et al., 2000; Roe et al., 2002; Duvall et al.,
2004; Goldrick & Bishop, 2007; Phillips & Lutz, 2008).
However, we have to be careful with this notion because
nonsteady conditions can also produce a smooth con-
cave longitudinal profile (Snow & Slingerland, 1987;
Ohmori, 1991; Sinha and Parker, 1996; Whipple, 2004).
The analysis of the profile allowed us to identify the
major irregularities in the stream longitudinal profile
(Figure 11).

The analysis of longitudinal profile irregularities was
extended to longitudinal profiles of the Lozoya terraces,
to check for the persistence of the anomalies through time

(Figures 10 & 11). To do so, the terrace longitudinal pro-
files were reconstructed using the n™ degree polynomial
functions (Benito-Calvo et al., 2008), which displayed
the best fit (R* > 0.99). Additionally, to examine whether
these knickpoints are pre—Quaternary, we reconstructed
the bedrock paleotopography of an extensive and well-
preserved Turolian coarse-grained alluvial fan system
(Profile G3; Figures 1 & 10; Bellido et al., 1991b; Portero
et al., 1990; Karampaglidis et al., 2020). These deposits
lie in the Atazar and Ponton de la Oliva sectors, parallel to
the Lozoya River and always in the NE part of the mod-
ern flow (Figure 1). To reconstruct the paleoprofile we
used the contact of the deposits with the Paleozoic base-
ment and Early Miocene sediments as a reference point
(Figures 1 & 10).

Concavity Index (Cl)

The Concavity Index was used to analyze the gen-
eral shape of the longitudinal profiles (Table 3). It was
computed on the basis of deviations from a straight line
(Phillips & Lutz, 2008):
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Figure 9.—Evolution of the Vf index through the Quaternary in the four sectors defined in the Lozoya watershed.

CI = S(Hi*-Hi)/N

where Hi is the elevation at distance i, Hi* is the
elevation along a straight line from the uppermost to
lowermost point along the stream line at horizontal dis-
tance i, and N is the total number of measurement points.
Negative CI values indicate convexity, whereas positive
CI values indicate concavity. Convexities in long pro-
files are typically associated with base level lowering,
litho-structural controls, sediment inputs, nonfluvial
erosion processes, bedload fluctuations and human mod-
ifications, while smooth concave-up long profiles have

long been considered as steady-state equilibrium forms
(Phillips & Lutz, 2008).

Results and discussion

The Lozoya watershed has a complex morphol-
ogy characterized by several incision geometries,
which change through time and space. In the Upper
and Middle Lozoya watershed (Pinilla del Valle,
Buitrago de Lozoya and Atazar sectors), steep slopes
are concentrated in the range alignments (Figure 5),
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Table 2.—Values of the Vf index estimated for the Lozoya River. See location in Figure 2.

Section  Sector Period Terraces Vfw (m) Eld (m) Erd (m) Vf
A-A’ Lozoya P1 T1 (+200-205m) - T5 (+160-165m) 3300 40 40 82.5
P2 T5 (+160-165m) - T11 (+100-104m) 2900 60 60 48.3
P3 T11 (+100-104m) - T16 (50-55m) 2500 50 50 50.0
P4 T16 (50-55m) - T20 (+17-20m) 1500 30 30 50.0
P5 T20 (+17-20m) - Lozoya River 345 20 20 17.3
B-B’ Lozoya P1 T1 (+200-205m) - T5 (+160-165m) 3200 40 40 80.0
P2 T5 (+160-165m) - T11 (+100-104m) 2700 60 60 45.0
P3 T11 (+100-104m) - T16 (50-55m) 2300 50 50 46.0
P4 T16 (50-55m) - T20 (+17-20m) 1100 30 30 36.7
P5 T20 (+17-20m) - Lozoya River 275 20 20 13.8
c-c’ Buitrago de Lozoya P1 T1 (+200-205m) - T5 (+160-165m) 3250 40 40 81.3
P2 T5 (+160-165m) - T11 (+100-104m) 2250 60 60 375
P3 T11 (+100-104m) - T16 (50-55m) 1350 50 50 27.0
P4 T16 (50-55m) - T20 (+17-20m) 600 30 30 20.0
P5 T20 (+17-20m) - Lozoya River 200 20 20 10.0
D-D’ Buitrago de Lozoya P1 T1 (+200-205m) - T5 (+160-165m) 7000 40 40 175.0
P2 T5 (+160-165m) - T11 (+100-104m) 4500 60 60 75.0
P3 T11 (+100-104m) - T16 (50-55m) 1750 50 50 35.0
P4 T16 (50-55m) - T20 (+17-20m) 800 30 30 26.7
P5 T20 (+17-20m) - Lozoya River 250 20 20 12,5
E-E’ Buitrago de Lozoya P1 T1 (+200-205m) - T5 (+160-165m) 6500 40 40 162.5
P2 T5 (+160-165m) - T11 (+100-104m) 2650 60 60 44.2
P3 T11 (+100-104m) - T16 (50-55m) 500 50 50 10.0
P4 T16 (50-55m) - T20 (+17-20m) 125 30 30 4.2
P5 T20 (+17-20m) - Lozoya River 80 20 20 4.0
F-F* Atazar P1 T1 (+200-205m) - T5 (+160-165m) 3750 40 40 93.8
P2 T5 (+160-165m) - T11 (+100-104m) 2000 60 60 33.3
P3 T11 (+100-104m) - T16 (50-55m) 470 50 50 9.4
P4 T16 (50-55m) - T20 (+17-20m) 140 30 30 4.7
P5 T20 (+17-20m) - Lozoya River 100 20 20 5.0
G-G’ Atazar P1 T1 (+200-205m) - T5 (+160-165m) 3500 40 40 87.5
P2 T5 (+160-165m) - T11 (+100-104m) 1350 60 60 22.5
P3 T11 (+100-104m) - T16 (50-55m) 450 50 50 9.0
P4 T16 (50-55m) - T20 (+17-20m) 200 30 30 6.7
P5 T20 (+17-20m) - Lozoya River 100 20 20 5.0
H-H" Cerro de Oliva P1 T1 (+200-205m) - T5 (+160-165m) 550 40 40 13.8
P2 T5 (+160-165m) - T11 (+100-104m) 350 60 60 5.8
P3 T11 (+100-104m) - T16 (50-55m) 200 50 50 4.0
Continued
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Tabla 2.—Continued

Section Sector Period Terraces Vfw (m) Eld(m) Erd(m) Vf
P4 T16 (50-55m) - T20 (+17-20m) 125 30 30 4.2
P5 T20 (+17-20m) - Lozoya River 30 20 20 1.5
I-1° Cerro de Oliva P1 T1 (+200-205m) - T5 (+160-165m) 1800 40 40 45.0
P2 T5 (+160-165m) - T11 (+100-104m) 1600 60 60 26.7
P3 T11 (+100-104m) - T16 (50-55m) 700 50 50 14.0
P4 T16 (50-55m) - T20 (+17-20m) 400 30 30 13.3
P5 T20 (+17-20m) - Lozoya River 60 20 20 3.0
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Figure 10.—Stream length—gradient index (SL) map, calculated for the Lozoya River study area. The black lines correspond to the main
faults in the study area. The SL values were classified using the quantile method.

while at lower altitudes, smooth landforms formed de la Oliva sector), narrow and incised valleys
on orthogneiss and leucogneiss predominate. On the develop on the paragneiss, schist, black slate and
other hand, in the Lower Lozoya watershed (Cerro quartzite series, prompting a significant increase in
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Figure 11.—Lozoya longitudinal profile and identification of the main knickpoints, with the assistance of slope and curvature profiles.

Table 3.—Concavity indices for the entire Loyoza River and within the four sectors identified according to their morphostructural
and lithological characteristics.

Lozoya River Lozoya Valley Area Buitrago de Lozoya Area Atazar Area Cerro de Oliva Area
Cl 153.85 236.9 174 103.5 42.2
Clrel 0.36 0.55 0.4 0.24 0.098

steep slopes (Figure 5; Karampaglidis et al., 2011).  sector, and consequently on the incision of the valleys
The diverse lithology has an important impact on the (Karampaglidis et al., 2014b). Regarding the shape
formation of the local morphological features in each  of the Lozoya Valley, the upper part (Pinilla del Valle
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sector) is generally U-shaped (profiles A-A’, B-B" &
C-C’; Figure 8), whereas in the downstream sectors
(Buitrago de Lozoya, Atazar and Cerro de la Oliva),
open valley morphologies are restricted to the ear-
lier development stages (profiles D-D’, E-E’, F-F’,
G-G', H-H" & I-1"; Figure 8). Subsequent stages in
these sectors generate narrow valleys, with different
sinuosities, where vertical incision and entrench-
ment predominate.

Transverse topographic asymmetry factor
(T-index) analysis

The origin of asymmetric basins could be asso-
ciated with lithological-structural variation and/or
tectonic activity. The T-index is effective for high-
lighting tilted areas (Garrote et al., 2008). In our
case, the transverse topographic asymmetry values
display a clear spatial distribution (Figure 5). Small
to medium magnitudes are identified in the Pinilla
del Valle and Buitrago de Lozoya areas with three
prominent directions of river migration: SW, NW
and SE. On the other hand, in the Atazar arca the
T-index values are higher, between 0.3 and 0.5, with
only one prominent migration direction (E). Finally,
the highest values (>0.5) are identified in the Ponton
de la Oliva area, with north and east lateral migra-
tions of the river direction (Figure 5).

In the case of the high asymmetry values in the
Atazar area, no geological evidence of neotectonic
activity on the preserved Turolian sediments or
on the Quaternary landforms has been identified
(Portero et al., 1990; Bellido et al., 1991a; Andeweg
et al., 1999; Karampaglidis, 2015). Probably, the
high values are related to lithological changes delim-
ited by the Lozoya River, located between gentle
western slopes on Permian granites and rugged ter-
rain developed on Paleozoic metasediments on the
eastern side (Figure 1 & 4). This is a very common
feature in the MCB (Garrote et al, 2008), where
Miocene detrital sedimentary rocks with extended
terraces are located on the western margin, whereas
gypsum escarpments characterize the eastern margin
(Silva et al., 1988). Pontén de la Oliva is the other
sector with high values. In this case the lithology
is homogeneous (Figure 1) and high T values can-
not be explained by bedrock lithological changes.
Just as in the previous sector, the left margins of the

Lozoya River are characterized by Turolian detrital
sediments with no tectonic evidence of large block
tilting (Portero et al., 1990; Bellido et al., 1991a;
Andeweg et al., 1999; Karampaglidis, 2015). In the
MCB, Garrote et al., 2008 have related the basin
asymmetry of the Jarama, Henares, Tajufia and Tajo
rivers to the principal morpho-structural patterns
of the basin, influenced by the crustal undulations
previously defined for the basin. At this point, it is
worth mentioning that this area stands out for the
Atazar and Tortuero backthrust structures with N-S
trend and left-lateral strike-slip movement up to
the Somosierra Pass Fault (Figures 1 & 4; Vicente
etal., 2007). The Lozoya River general trend in
this area is ENE, downcutting parallel to the Atazar
backthrust structure, which is a relatively depressed
area and almost perpendicular to the NNE direction
of the center of the Madrid basin (Figures 1 & 4).
Similarly, to Garrote et al., 2008, we can attribute
the high T values to previous morpho-structural
trends in response to Alpine tectonics and to the old
Lozoya River capture (Karampaglidis et al., 2011).
The latter would have produced a reorganization of
the local drainage in this sector. The stream capture
of an asymmetric basin could lead to an accelera-
tion of the river’s incision without external forcings
(Prince et al., 2011) and when entrenchment con-
tinued, the Lozoya River would have incised and
captured the local streams running SW, the same
direction as the center of the MCB (Figures 2(b) &
4) (Karampaglidis et al., 2011).

Incision rates and valley width to valley height
ratio index analysis

The incision rates and Vf index are very useful
tools for detecting areas with base level lowering.
In order to analyze the temporal and spatial varia-
tions, both vertically and horizontally, of the Lozoya
valley, first of all, we calculated incision rates for the
whole basin during the five different periods (P1, P2,
P3, P4 & P5) and secondly, we applied the Vfindex
in the different sectors and to different stages (P1, P2,
P3, P4 & P5) of the valley development (Figure 8;
Table 2). The incision rates vary from 0.06 to 0.1
mm/a and two periods of high acceleration are the
first thing we notice (Figure 9; Table 4). For the Vf
index the lowest values (close to 0) are located from
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Table 4.—Incision rate values, estimated for the Lozoya, Lower Tajo, Upper Tajo, Duero and Allier rivers.

Author River Name in this work Age (Ma) Incision rates mm/a

Cunha et al., 2008 Lower Tajo River P5 0,1- 0.600
P4 0,78-0,1 0.060
P3 1,5-0,78 0.058
P2 1,95-1,5 0.063
P1 2,58-1,95 0.060

Pastre 2005 Allier River P5 0,1- 0.115
P4 0,78-0,1 0.100
P3 1,5-0,78 0.075
P2 1,95-1,5 0.009
P1 2,58-1,95 0.075

Silva et al., 2017 Duero River P5 0,1- 0.093
P4 0,78-0,1 0.057
P3 1,5-0,78 0.067
P2 1,95-1,5 0.073
P1 2,58-1,95

This work Lozoya River P5 0,1- 0.175
P4 0,78-0,1 0.080
P3 1,5-0,78 0.060
P2 1,95-1,5 0.090
P1 2,58-1,95 0.154

the D-D’ to I-I” cross-sections. In these areas the val-
ley shape is asymmetrical and steep (Figures 2(a)
& 7). Overall, the Lozoya valley shows a general
tendency to develop a more pronounced V-shaped
geometry with time. This is an obvious behavior in a
downcutting staircase valley, where uplift processes
are accepted as triggering incision and as generat-
ing the differences in height between fluvial levels
(Westaway et al., 2009).

This estimation of the incision rates dynamic dur-
ing the Quaternary permitted us to compare the long-
term incision rates of the Lozoya River with other
studies of staircase fluvial sequences such as: Duero
(Central-North Spain; Silva et al., 2017; Rodriguez-
Rodriguez et al., 2020), Upper-Lower Tajo (Central-
South Spain; Cunha et al., 2008; Pérez-Gonzalez
1994; Silva et al., 2017; Karampaglidis et al., 2020)
and Allier (Central-North France; Pastre 2005). For
P1 up to P2, the Lozoya River shows high incision
rates (0.15 mm/a) and a large Vf index, between
180 and 80. The highest values of Vf are located in

the Buitrago de Lozoya and Atazar areas. Similar
incision rates for this period have identified for the
Jarama River extended alluvial plains (~0.15 mm/a)
and related with climatic changes and the capture
of the MCB from the Atlantic drainage system
(Karampaglidis ef al., 2020). This anomaly is not
detected for the Lower Tajo basin (Figure 9). For
this period, extended erosive plains have been iden-
tified in the Buitrago de Lozoya and Atazar areas
(Karampaglidis et al., 2014a). This probably explain
the high values of Vf at the start of the P1 period.
For the periods P2 and P3, the higher Vf values are
identified in the Buitrago de Lozoya area, between
80 and 20, while the lower ones are in the Ponton
de la Oliva area, between 20 and 5 (Figure 9). In
this period, the Buitrago de Lozoya and Atazar areas
are still asymmetric, while the Ponton de la Oliva
sector is characterized by steep valleys (Figure 8).
Asymmetries and steep valleys, applying the Vf
index, are also observed in the Duero basin on the
metamorphic rocks and granites and attributed to
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lithological variability and drainage capture (Anton
et al., 2014). During these periods, valleys are still
steepening, while the incision rates are falling from
0.09 mm/a to 0.06 mm/a (Figure 9). This indicates
no abrupt changes in incision rate. For these periods,
this trend has been identified in other large tectoni-
cally quiescent Atlantic drainage basins such as the
Duero (Central-North Spain), Upper-Lower Tajo
(Central-South Spain) and Allier (Central-North
France) with values ranging between 0.05 and 0.075
mm/a (Figure 9; Table 4). Finally, for P4 and P5 an
acceleration of the incision rates up to 0.175 mm/a
has been detected and coincides with the falling trend
in Vf (Figure 9). During these periods, the Buitrago
de Lozoya, Atazar and Ponton de la Oliva areas are
attaining maximum valley steepness (Figure 8).
We can easily observe the same trend in the other
basins, with the Duero and Allier basins at 0.1 mm/a
and 0.115 mm/arespectively. Silva et al., 2017 related
this phenomenon with Middle Pleistocene transi-
tion driven by climatic fluctuations. For the Lower
Tajo basin, the same pattern is repeated but with a
much more dynamic rise in values (up to 0.6 mm/a).
Cunha et al.,, 2008 suggested that these high values
are driven by an episode of crustal uplift while Silva
et al., 2017 proposes eustatically forced controls.
However, not all the sectors show exactly the same
dynamic: the Vf curve in the Upper Lozoya Valley
(Pinilla del Valle sector, Figure 9) shows a different
pattern for the periods P2 and P4. Vfvalues are stable
and stand between 50 and 40. Most likely, the pop-
down NE-SW morphology of the SCS crystalline
basement, delimited by lithological contrast between
Paleozoic gneisses and Cretaceous dolomites to the
south and Paleozoic gneisses with Tertiary detrital
sediments to the north (Figure 1) maintained stable
shape ratios from the Early Pleistocene (P2) to the
Middle Pleistocene (P4). The lithological contrast
between high rock strength gneisses with highly
soluble and fractured limestones and low strength
sediments probably favors valley opening, lateral
planation and smoothing from weathering and ero-
sion. Schanz & Montgomery, 2016 observed that
slaking weathering and crystalline transported mate-
rial as bedload over weaker sedimentary units acts as
an abrasion tool and foments rapid valley widening.
Seen in this light, the widening of the valley could
generate large values for Vfw, and this keeps Vf

stable and yields a U-shape effect. During the Middle
Pleistocene an extended karstic system developed
on the local Cretaceous dolomites which could fos-
ter this (Pérez-Gonzalez et al., 2010). Subsequently,
in the Upper Pleistocene (P5), the valley shape
changed sharply, coinciding with the development
of the youngest strath terrace and small alluvial fans.
In this case, Vf presents the same dynamic as in the
other sectors.

Longitudinal profile analysis

The interpretation of the Vf and T-index values
was combined with the information provided by
the stream longitudinal profile analysis. The SL
index represents the slope variation along the
stream profiles (Hack, 1973; Font et al., 2010).
Whereas high values are normally located in
upstream areas and could perfectly well be related
to drastic changes in relief due to erosion, further
downstream, they are very commonly associated
with knickpoint areas (Hack, 1973; Garrote et al.,
2002; Pérez-Pefia et al., 2009; Font et al., 2010;
Garzon Heydt et al., 2012; Antén et al., 2014;
Soria-Jauregui et al., 2018). In the MCB, Silva
et al., 1988 related high SL values for the Jarama
and Manzanares rivers with bedrock variability
and neotectonic activity associated to halokinetic
and subkarst dissolution processes of the bedrock,
together with the reactivation of large basement
faults. Other authors such as Pérez-Pefa et al.,
2009 demonstrate that in the Granada Basin, high
SL values could be related to the large drain-
age areas, while in the Duero Basin, Anton et al.
(2014) attribute them to drainage reorganization
prompted by the capture of the endorheic basin
from the exorheic Atlantic drainage system. In the
present study, the stream length—gradient index
(SL) was calculated including the main stream
profiles of the Lozoya watershed, interpolating to
create a map for the entire study area (Figure 10).
This map shows certain zones in the lower part of
the Lozoya valley with high SL values (Figure 10).
The first anomalous zone (B1; Figure 10), defined
by intermediate SL values, was where the Lozoya
River abandoned the upper valley pop-down
depression, cutting a NE-SW structural alignment
(profile C-C’; Figure 8). In this case it seems to

Estudios Geologicos, 76(2), julio-diciembre 2020, e134, ISSN-L: 0367-0449. https://doi.org/10.3989/egeol.43508.527


https://doi.org/10.3989/egeol.43508.527

20

be influenced by the Alpine structure trends and
bedrock lithological contrast between Cretaceous
limestones and Paleozoic gneisses (Figure 1& 10).
Towards the north, Lozoya tributaries have high
SL values (zones B2 and B3) coinciding with can-
yons incised following a N-S band of schist and
slates in structural contact with gneisses (Figure
1). Bedrock lithology contrast and structural con-
tact between metasediments and metaplutonic
rocks can generate weakened bedrock areas with
differing response to erosion by local streams
(Anton et al., 2014). In the Atazar sector, the SL
index allowed us to distinguish a large zone with
steep gradients along the Lozoya canyon carved
into the lithological-structural contact between
the orthogneisses and leucogneisses, and fractured
metasediments and granites (zone Al, Figures 1 &
9). Below the Atazar Dam (Cerro de la Oliva sec-
tor), the Lozoya River again shows high SL values
(zone C1). This coincides with the elbow capture
where the old Lozoya tributaries and the Lozoya
River were captured (Karampaglidis et al., 2011),
causing an increase in gradient here and adjust-
ment of the tributaries to the new base level (zone
C2; Figure 10). As we can observe, the SL index
is a powerful tool for identifying topographical
breaks along a stream (knickpoints), but further
considerations are needed to interpret it.
Recognition of the most representative anomalies
was facilitated by analysis of the slope and curvature
variability along the Lozoya longitudinal profile
(Figure 11). The current Lozoya longitudinal profile
shows the normal tendency to decrease in concavity
downstream (Table 3), although with several anom-
alies. The headwater of the Lozoya River has sev-
eral minor irregularities, shown by a high variability
in the slope and curvature profiles. This variability
profile decreases sharply in the pop-down Pinilla del
Valle depression, and rises again in the Middle and
Lower Lozoya Valley (Buitrago de Lozoya, Atazar
and Cerro de la Oliva sectors). Within these sectors,
slope and curvature profiles show several major
knickpoints, which coincide with the high SL zones
detected for the Lozoya River and its entrenchments
(zones B1, B2, Al & CI; Figure 10 & 11). Some
of these knickpoints appear related to faults (B1,
B2 & Al), and differential uplift associated with
Quaternary fault reactivation could be suggested.

Karampaglidis, T. et al.

To assess this point, we analyzed the persistence of
these knickpoints over time, by reconstructing the
longitudinal profiles of the Lozoya terraces and the
paleotopography where the Turolian detrital sedi-
ments have been deposited (Figures 10 & 11). Data
from terraces have coarser resolution than the mod-
ern Lozoya longitudinal profile, but the trend of
the terrace profiles and the terrace height data were
useful in providing insights into the persistence of
the major knickpoints during the downcutting pro-
cess. The convex morphology of the B1 knickpoint
can be recognized in the terrace profiles developed
from the Lower-Middle Pleistocene to the present
day (T13-T24), whereas earlier terrace profiles do
not provide clear evidence to support the existence
of this knickpoint. Nevertheless, the straight or
concave morphologies shown by the oldest terrace
profiles in the B1 zone might be artifacts of the lim-
ited data available to interpolate the oldest terraces.
This situation is similar for the knickpoint A1, eas-
ily identifiable in terrace profiles T13-T24, but with
a very weak signal in older terraces. For example,
in terrace profiles T2-TS5, the general trend of the
interpolated curve does not reflect knickpoint Al,
yet it can be recognized in the local data shown by
the terrace heights (Figure 12). Further, the recon-
structed GS3 profile suggests that the presence of
the A1 main trend is clearly pre-Quaternary, since at
least the Turolian, and the Lozoya River is smooth-
ing it out (Figure 11). In addition, it should be noted
that there is no evidence of postfaulting or dipping
for these deposits (Portero et al, 1990; Bellido
et al., 1991a; Andeweg et al. 1999; Karampaglidis,
2015). This could suggest that the A1 knickpoint
origin is related to a response to Alpine tectonics
and/or neotectonic reactivation from Late Miocene
active thrusting, whereas the southern border of the
SCS was covered by Turolian sediments (Andeweg
et al. 1999; Vicente et al, 2007; Karampaglidis
et al., 2020).

Analysis of the stream longitudinal profiles
indicates that the main knickpoints detected
have an Alpine origin associated with the trends
of the SCS principal structures in this area and
controlled by lithological contrast and stream
capture. Additionally, reconstructions of terrace
profiles show no significant differential move-
ments associated with fault reactivation from at
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Figure 12.—Evolution of the Lozoya longitudinal profile during the Quaternary, using the reconstruction of the longitudinal profiles for

the terrace sequence.

least the Early-Middle Pleistocene boundary to
the present day.

Lithological-morphostuctural controls for Lozoya
bedrock terrace formation and preservation?

Combining the Lozoya terrace records and geo-
morphometric indices we observe that the Lozoya
drainage basin evolution seems to be conditioned by
Alpine morphostructural trends, lithological contrast,
river captures assessed both at the local and basin
level, climatic fluctuations and denudational uplift.
Thus, at this point the mix of these patterns could
explain the Lozoya basin’s erosive staircase style and
the poor preservation of the terrace alluvial cover
in some sectors. The shape, size and preservation
of bedrock terraces depend on: climatic variations
which configure sediment supply and river discharge
(Hancock & Anderson, 2002; Turowski et al., 2007,
2008; Yanites & Tucker, 2010); base level lowering

caused by sea level changes or tectonics (Merritts
et al., 1994) or river capture (Stokes et al., 2017);
lithological contrasts (Schanz & Montgomery, 2016;
Stokes et al., 2017) and internal forcings such as
meander cutoffs (Finnegan & Dietrich, 2011).

In the Lozoya drainage basin, a long staircase
sequence was identified (24 levels), with 15 Early
Pleistocene, 5 Middle Pleistocene and 4 Late
Pleistocene levels (Karampaglidis et al, 2014a).
The vertical separation between the terraces is ~10-
15 m for the Early Pleistocene ones, while for the
Middle-Late ones it is lower: ~3-7 m. The sequence
is mainly composed of strath and bedrock terraces.
Bedrock, or strath, river terraces are formed when
there is a change in ratio from vertical incision to
lateral erosion (Hancock & Anderson, 2002). When
rivers with an alluvial cover migrate across valley
bottoms, the underlying bedrock is eroded into a pla-
nar surface called a strath (Personius et al., 1993;
Wegmann & Pazzaglia, 2002; Fuller et al., 2009;
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Finnegan & Balco, 2013; Pazzaglia, 2013; Schanz &
Montgomery; 2016). In the Buitrago de Lozoya and
Atazar areas, the river cut through Paleozoic gneisses
and granites, and the identified terraces are mainly
erosive, with poor preservation of the alluvial cover.
Meanwhile, in the Upper Lozoya and Ponton de la
Oliva sectors strath terraces 2-4 m thick are recog-
nized, with massive structure and oligomictic mate-
rial. In these sectors, the Lozoya River cuts through
Cretaceous dolomites or Miocene detritals sedi-
ments and black slates respectively. So, it is obvious
that the bedrock geology influenced the preservation
of the alluvial cover. Indeed, this is very common:
Montgomery (2004) observed that alluvial cover for-
mation and/or preservation is easier on less resistant
lithologies like sandstone and siltstone than more
resistant ones such as quartzite and basalt. Along the
same lines, Stokes ef al. (2017) contend that underly-
ing bedrock geology and its stratigraphic and struc-
tural configuration play a role just as important as
other mechanisms (lowering and climate) in terrace
formation and/or preservation. Furthermore, Schanz
& Montgomery (2016) showed that bedrock lithol-
ogy is a very important factor in the rates of lateral
erosion influencing floodplain width and the poten-
tial for bedrock planation and bedrock cover preser-
vation. In the same study, they notice the importance
of physical weathering from wetting and drying in
alluvial cover preservation. In our case, in the Atazar
and Buitrago de Lozoya sectors, the Paleozoic gran-
ites and gneisses bedrock has a high mica content
and is prone to physical weathering (Bellido et al.,
1991b; Karampaglidis et al., 2014a). In addition, as
we have seen, in these areas we identified three pre-
Quaternary knickpoints (Al, B1 & B2; Figure 10)
which break the Lozoya River’s longitudinal profile
abruptly and thus produce acceleration and higher
stream power, so that stronger vertical incision could
take place locally. In addition, Schanz & Montgomery
(2016) observed that strong vertical incision creates
erosive point banks perched above the water table
and exposed to mechanical and chemical weathering
processes. That means that on rocks prone to weath-
ering during high flows with crystalline bedload,
the weathered material is rapidly washed away, per-
haps resulting in centimeters of lateral erosion in a
single event (Montgomery, 2004; Stock et al., 2005;
Collins et al., 2016). Thus, fast-weathering lithology
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with existing morphostructural longitudinal profile
anomalies could explain the poor preservation of the
alluvial bedrock cover in these areas. At this point it
should be mentioned that more research along these
lines is needed, and a detailed study of erosion rates
and surface dating will probably help us improve our
understanding.

Conclusions

Combining morphometric indices in the Lozoya
watershed and using the topography of identified
past geomorphic base levels proves to be a useful
method for characterizing the incision shapes and
understanding the lithological, geomorphic and cli-
matic controls during the evolution of the Quaternary
valley. In summary, the study shows:

1. The main Lozoya River trends seem to be con-
ditioned by the previous morphostructure of
the principal Alpine structures in this area: the
NE-SW pop-down in the Upper Lozoya sector,
ENE-WSW Guadarrama pop-up in the Buitrago
de Lozoya sector, the lithostructural contact with
N-S trend in the Atazar sector and the Atazar
backthrust with N-S trends in the Ponton de la
Oliva sector.

2. The principal breakdown areas in the Lozoya
longitudinal profile in the Buitrago de Lozoya
and Atazar sectors are related with Alpine struc-
tures and lithological contrast. These knickpoints
are identified in the reconstructed profiles of the
Lozoya River fluvial terraces and in the bed-
rock paleotopography of an extended and well-
preserved Turolian coarse-grained alluvial fan
system. The reconstructed profiles do not show
Quaternary fault reactivation.

3. Spatial and temporal analysis of the Vf index
and incision rates permitted us to model the
Lozoya River’s dynamic over time. Vf val-
ues and incision rate acceleration in the Early
Pleistocene are related to the MCB capture from
the Atlantic drainage system, while the Middle-
Late Pleistocene acceleration is associated with
climatic changes.

4. The low rock strength of Cretaceous dolomites
eroded by crystalline bedload transported by local
drainage can produce rapid valley widening.
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5. Bedrock lithology and previous morphostructure
can explain the poor preservation of the bedrock
cover of the Lozoya River terraces.

6. Morphometric indices are a very useful tool
for understanding the principal formation
mechanisms of the landscape but it is highly
recommended to follow this up by detailed geo-
morphological analysis.
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