—
=
T

UNIVERSITA DEGLI STUDI

Universita degli Studi Roma Tre

Dipartimento di Scienze

SCUOLA DOTTORALE IN

GEOLOGIA DELL’AMBIEN TE E DELLE RISORSE

(SDIGAR)

SEZIONE GEOLOGIA DEIL’AMBIENTE E GEODINAMICA

XXV CICLO

PhD Thesis

The origin of mesetas in the
Iberian Chain (Spain)

Candidata

Valentina Nicole Scott

Tutor

Prof. Claudio Faccenna
Dott.ssa Paola Molir



ABSTRACT

Topography results from the interaction of tectenibat moves rock masses and
surface processes that shape and lower them. drsthdy we investigated the recent
evolution of the Iberian Chain landscape, an inat@porogen located in the central-
eastern Spain. It originated during the alpine erggin Upper Cretaceous-Middle
Miocene. In the whole Iberia, the Iberian Chainresents a unique case of dome-
shaped topography. Its central sector is dominhte@n extensive planation surface
which lies at an altitude of 1300 m. This surfageards a period of tectonic quiescence
(Upper Neogene?) during which most of previous a@sgve structures were almost
completely eroded creating a wide peneplain. InelLR&tiocene (?)-Quaternary, this
denudation episode was interrupted by the onsearofuplift that controlled the
organization of the present fluvial network. Thegoriand evolution of the high-
standing plateau in a relatively tectonically stéat@gion is still a controversial issue.

To quantitatively characterize the influence offasce and tectonic processes, we
studied the morphometry of the Iberian Chain. Itadiewe analyzed the topography
(map of local relief, swath profiles) and the hyghaphy (basin hypsometric curve and
integral, basin asymmetry factor, river longitudipaofiles and relative geomorphic
indices) of the Iberian Chain using the SRTM DEMaasain data source. Our results
have been coupled with the incision rates of thghHiagus R. and Martin R. areas,
calculated using fill terraces dated by the Uranisries £3°Th/U) method carried out
on calcareous tufa deposits.

Our morphometric results indicate that rock-typaddsility is the main factors ruling

landscape (topography and drainage pattern) ewvolutf the study area as well as



tectonic uplift. Its dominance is confirmed by t&@ues of incision rate that are very
similar throughout the central sector of the rangevertheless, the accentuated low
values of local relief and intrinsic concavity bfetstream longitudinal profiles as well
as hypsometric convex curves and relatively higegrals indicate the Iberian Chain
landscape is in a transient state in response tecent uplift. Indeed, the fluvial
processes that so weakly incised this landscapstiéiréar from counterbalancing the
tectonics input. These results depict the Iberibaias a well distinct topographic unit
with respect to the rest of Iberia.

To simulate the evolution of a landscape charamdriby the same tectonic and
erosion inputs of the Iberian Chain area, we peréa 3-D numerical experiments. We
tested the models combining process laws (hillsl@dusion, fluvial incision,
sedimentation) and physical parameters calibratedthe field, radiometric, and
morphometric data. For our purposes, we used SIGN(B/mple Integrated
Geomorphological Numerical Model), a Matlab TIN-bddandscape evolution model
able to simulate tectonic uplift, hillslope diffosi and river incision.

A validation of the parameters obtained from 3-Dmeucal simulations was
performed by the inversion of synthetic 2-D londinhal profiles.

The comparison between real and simulated 3-D tapis provide us a quantitative
view on the origin of present topographic featuséshe Iberian Chain. In detail, 3-D
models show that the onset of the tectonic uptftuss at ~3.2 Myr with non-uniform
rates that range between 0.5 mm/yr in the intesgmtor to 0.25 mm/yr. The inversion
of the drainage network, starting at around 2 Ma&ucs after the onset of the uplift,
through the topographic barriers that preservddahdscape in the inner Iberian Chain

at high elevation
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L IST OF FIGURES

Fig. 1.1. Topography of the Iberian Peninsula (SRTM DEM Hate). Black box

localizes the studied area. Mountain ranges: Galidvlassif (GM), Cantabrian Mts
(CM), Basque-Cantabrian Mts (BCM), Pyrenees (Peor Mts (LM), Cameros Massif
(CaM), Central System (CS), Iberian Chain (IC), ebn Mts (TM), Sierra Morena
(SM), External Betics (EB), Internal Betics (IB)adins: Aquitaine B. (AB), Duero B.
(DB), Almazan B. (AmB), Ebro B: (EB), Madrid (Highajo) B. (MB), Low Tajo B.

(LTB), Guadiana B. (GB), Guadalquivir B. (GgB). Eags and northings are according

to the WGS 1984 grid.

Fig. 1.2. A) Geological map of the study area compiled frbrh,000,000 scale map of
Iberian Peninsula (IGME, 1995), draped over 1000BM. Major streams of Iberian
Chain are displayed for reference. The trace ofilpra-b is also shown; B) simplified
geological cross-section of Iberian Chain (modifadter De Vicente and Vegas, 2009;
C) geological cross-section along the trace a-bthaf Paramo fm., showing its
outcropping and interpolated base, the top suréanelope, and the planation surface
developed on the Mesozoic basement. The restored bh Paramo fm before its

upwarping is also shown. Note that the maximumfupfithe Paramo fm. is ~500 m.
Fig. 1.3. A) Local relief map of the Iberian Peninsula, cartga by subtracting a

minimum from a maximum topography enveloping swfalsee text for explanation);

B) relief anomaly (Local relief/Elevation) map @it Iberian Peninsula.
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Fig. 1.5. Histogram of modal distribution of slope (A) andc#l relief (B), and

comparison of elevation with slope (C) and locdiefe(D). (E): Correlation between
local relief and slope. The analysis concern ordiadvithin the Iberian Chain. SRTM
DEM elevation data have been divided into heiglerials of 50 m. For each height

interval, the corresponding slope and local refiede value has been calculated.

Fig. 1.4. A) DEM of the study area and location of traceshaf four swath profiles; B)
swath profiles showing the trend of maximum, minimwand mean topography of the
Iberian Chain. In each profile Local relief has h@®mputed by subtracting minimum
and maximum elevation. IC: Iberian Chain; TB: TérBasin, MB: Madrid Basin; JB:

Jiloca Basin; GB: Guadiana Basin; EB: Ebro Basikt: Cameros Massif.

Fig. 1.6. Map of the analyzed drainage basins of Easterrir@leBystem and Iberian
Chain with their asymmetry factor. The plotted arsoindicate the direction of the
asymmetry and their colors indicate the intensitythe asymmetry. Alberche (Al),
Guadarrama(Gr), Jarama (Jr); Madrid Basin side:arEn(He), Tajufia (Ta), Tajo (Tj);
Jucar (Ju), Cabriel (C), Magro (Mg), Turia (Tu), Mijares (Mj); Guadalope (Gp),

Martin (Mt), Aguasvivas (Ag), Huerva (Hu), Jilocd)(and Jalon (Ja).

Fig. 1.7. A-C) Hypsometric curves of the studied drainageirs H: maximum
elevation within the basir: elevation;A: total surface area of the basa;area within
the basin above a given elevatimnD) values of hypsometric integral for the anatyze
drainage basins displayed from the SE to the NHowahg a counterclockwise
direction; E-G) Variation of normalized drainageearvalues of analyzed basins as

function of elevation; H) values of concavity anepness indices of longitudinal
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profiles of the studied rivers, displayed from ti&E to the NE following a

counterclockwise direction.

Fig. 1.8. Map of channel steepness indices extracted thomighe Iberian Chain and
its surroundings from SRTM DEM using the Stream filno tool, available at
www.geomorphtools.org, with procedures describedViobus et al.(2006). Steepness

indices are normalizedd) to a reference concavity{;) of 0.45 (Wobus et al., 2006).

Fig. 1.9. River longitudinal profiles (A-F: Madrid Basin €drivers; G-M:

Mediterranean side rivers; N-S: Ebro Basin sideergy. each plot consists of two
diagrams: elevation vs. distance (longitudinal pedfand log slope vs. log area.
Longitudinal profile plots: grey arrows show theation of main knickpoints related to
rock-types changes and tectonic structures, wiekbarrows show the location of the
knickpoints dividing the profiles in two differesegmentsD indicates dams. Log slope
vs. log area plots: blue and cyan lines represeguitession lines fitting data with the
concavity as a free parameter and the referenceaety ¢,.=0.45, respectively. Red

squares are log-bin averages of the slope-area data

Fig. 1.10. A) radiometric ages of strath terraces in Altodland Martin R. valleys
compared with the standard marine oxygen-isotopeedoy Martinson et al. (1987); B)
local relief map of Iberian Chain showing the logcatof the analyzed fresh tufa

samples (white circles) and the estimated incisades for each site.

Fig. 1.11. 2-dimensional isochron plots, withs lerror crosses, of four coeval sub-
samples from (A) terrace lll (sample 7-2) and (&yace IV (sample 12-1), Puente de

San Pedro site. The slopes in tR&{/***Th) vs €3*U/??Th) and €°Th/%*Th) vs
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(>*U/*?Th) diagrams represent, respectively, tFeUf?*%U) and E°Th/2U) activity
ratios of the pure carbonate fraction. MSWD: meguase weighted deviation.

Fig. 2.1. Geological map of the study area, analyzed rividrs Henares; = Tajuiia; 3=
Tajo; 4= Jucar; 5= Cabriel; 6= Magro; 7= Turia; 8fjares; 9= Guadalope; 10=
Martin; 11= Aguasvivas; 12= Huerva; 13= Jiloca; 14#0n) and location of collected
fresh tufa samples (RG: Ruguilla, PSP: Puente aeP&alro, MON: Montalban, RP:

Las Parras de Martin.).

Fig. 2.2. A) DEM of the study area and location of traceshaf four swath profiles; B)
swath profiles showing the trend of maximum, minimuand mean topography and
local relief of the Iberian Chain. IC: Iberian ChaiTB: Teruel Basin; MB: Madrid

Basin; JB: Jiloca Basin; GB: Guadiana Basin; EBroERasin; CM: Cameros Massif.

Fig. 2.3. Local relief map of the Iberian Peninsula.

Fig. 2.4. River longitudinal profiles. A-C: Madrid Basin «d rivers; D-H:

Mediterranean side rivers; |I-P: Ebro Basin sidensv

Fig. 2.5. A) areas characterized by homogeneous uplift patia which the Iberian

Chain has been sub-divided; B) uplift rate patterplemented in the numerical model.

Fig. 2.6. A-C: initial conditions; D-F: topographies shapbky fluvial and hillslope
erosion, obtained from setup A-C, under upliftimgdition, after running the model for
3.2 Myr; G-I: topographies obtained with the impkmtation of sedimentation

processes.



Fig. 2.7. Example of the results for iterative variationglod value ok to minimize the
error between a simulated stream profiles (dotbees) and a natural stream profile

(solid blue curve) under homogenous uplift condisio

Fig. 2.8. k andf(k) plot relative to the example of fig. 2.7, showirgitt the best fit
conditions between simulated and natural streanfilggoare achieved whef(k)

decreases to a valges.

Fig. 2.9. Synthetic stream profile obtained starting from lat fsurface under
homogeneous uplift conditions (uplift raté = 0.3 mm/y), implementing a bedrock
characterized by two lithologies with different eétaility (ko<k;). The river evolves
starting from the mouth by upstream erosion. Whmaision reaches the depth of the
uplifted contact between the two different layerslithological" knickpoint propagates

upstream on the profile.

Fig. 2.10 Example of iterations implemented to achieve athstic stream profile
(dotted lines) that provides the best approximatbra natural irregular curve (solid
blue line). The real stream profile is discretizhie 3 reaches. The simulation is
performed finding the best fitting value &fbetween natural and synthetic stream
profiles firstly for the upstream reach (A), them the next reach (B) and one-by-one to

the mouth of the river (C).

Fig. 2.11. Comparison between the natural stream profilelsd(sed lines) of Tajo (A),
Tajuiia (B) and Mijares (C) R and the synthetic jesf(dotted blue lines) obtained

from 2-D inversion and taking into account the @oditly of outcropping litologies.
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INTRODUCTION

The Iberian Chain is an intraplate range locatetthéncentral-eastern Iberian Peninsula,
that results from the tectonic inversion of a PamrMesozoic basin occurred in Late
Cretaceous to Middle Miocene times.

In the whole Iberia Peninsula, the Iberian Chaipresents a unique case of dome-
shaped topography. Its central sector is dominyedide erosional high-standing low

relief surfaces: during the Upper Neogene, the cesgive structures experienced
planation processes presently recorded by widestlgaces liying at an average altitude
of 1300 m a.s.l.

In Late Pliocene (?)-Quaternary, the onset of aiorey uplift controlled the

organization of the present fluvial network anddissection of the landscape.

While the origin of the belt is rather well-undexst, the formation of the present-day

relief of Iberian Chain is under debate.

A multidisciplinary approach has been applied iis ffhesis, in order to understand the

development and the causes of the recent landseabgtion in Iberian Chain

To quantitatively characterize the influence offace and tectonic processes, | studied
the morphometry of the Iberian Chain.

In detail, in chapter 1, | analyzed the topograpmap of local relief, swath profiles)
and the hydrography (basin hypsometric curve amegral, basin asymmetry factor,
river longitudinal profiles and relative geomorphnclices) of the Iberian Chain using
the SRTM DEM as a main data source.

| combined the morphometric analysis with radiomsetdranium-series dating of

Xii



calcareous tufas lying on fluvial strath terracebe Tobtained ages allowed me to

estimate the incision rates that affected the #me€@hain since Late Pleistocene.

In chapter 2, 3D numerical experiments of geomoiqajical processes and tectonic
uplift have been performed in order to simulate Bi®-Quaternary landscape and
drainage network evolution of the Iberian Chairestéd the models using physical
parameters calibrated on the field, radiometricy amrphometric data discussed in
chapter 1.

For this purpose, | used SIGNUM (Simple Integra@eomorphological Numerical

Model), a Matlab TIN-based landscape evolution nhatie to simulate tectonic uplift,

hillslope diffusion and river incision. MoreoverD2modeling of some rivers profiles
has been performed to verify the parameters imphedein 3D experiments. The
comparison between natural and synthetic landsqapegdle me a quantitative view on

the origin of present topographic features of tiexian Chain.

| discuss the implications of the whole study arespnt my conclusions in chapter 3.

This manuscript provides new geomorphic and timestrains to the reconstruction of

the topographic growth of the Iberian Chain, adagdill highly debated in the scientific

community.

Xiii



Chapter 1

THE INFLUENCE OF SURFACE AND TECTONIC
PROCESSES IN LANDSCAPE EVOLUTION OF
THE IBERIAN CHAIN : QUANTITATIVE
GEOMORPHOLOGICAL ANALYSIS AND
GEOCHRONOLOGY

Abstract

First-order topographic features, drainage systattem and spatial variation in surface
processes rates in tectonically active areas repteproxies to quantitatively
characterize the landscape’s response to tectoramg.

We investigated the recent landscape evolutiorheflberian Chain (NE Spain), an
intraplate thrust-belt formed in Late Cretaceoudiddle Miocene times. In the whole
Iberia, the Iberian Chain represents a unique cdsdome-shaped topography. Its
central sector is dominated by a wide high-stantbmgrelief surface, developed during
Upper Neogene (?), presently lying at an averatigi@dd of 1300 m. In Late Pliocene
(?)-Quaternary, the onset of a regional uplift colled the organization of the present
fluvial network and the dissection of the landscape.

Geomorphic responses to tectonic forcing have lmelyzed by the calculation of
morphometric parameters, focusing on topographyp(ofdocal relief, swath profiles)
and hydrography (basin hypsometric curve and iatedpasin asymmetry factor, river
longitudinal profiles and relative indices), usitigg SRTM DEM as main data source.

Morphometric analysis has been also combined vaittometric Uranium-series dating

1



of calcareous tufas lying on fluvial terraces. Tésuits allow the estimation of incision
rate along the High Tajo and Martin rivers.

Our results indicate that uplift and rock-type ebddy are the main factors ruling
landscape evolution of the study area. The valdemaision rate are very similar
throughout the central sector of the range, intigathat, despite local small variation,
the rivers respond mainly to a homogeneous regigpiét.

In conclusion, the Iberian Chain landscape is fraasient state in response to a recent
dome-like uplift. Indeed, the fluvial processestthaakly incised this landscape at a
rate of ~0.6 mm/yr, are getting close to a radatgyn. On the basis of geological and

geomorphic constrains, we hypothesize the uphittstl around or after 3 Ma.

Keywords

Landscape evolution; Iberian Chain; uplift; topq@rg; hydrography; incision rate

1.1 Introduction

First-order topographic features, drainage systatte and spatial variation in surface
processes rates in tectonically active areas repteproxies to quantitatively
characterize the landscape response to crustadutustal processes. The competing
forces of most of these processes that build-upg@phy and of erosion that shapes it,
tend to balance over time. So if a low relief lasag®e is uplifted, the steepening of river
channels and adjacent hillslopes induces a prageesscrease in erosion rates that
eventually could counterbalance rock uplift rateh{iggle, 2001). In this case, the
landscape changes from a transient state of difsguin to a steady state. The
response times of landscape to tectonic or clinpiturbation range from 1@ 10 yr

(Whipple, 2001; Wegmann et al., 2007). Generallga&ing, the timescale of tectonic



input is long with respect to landscape response,twhereas the timescale of recent
climate changes is shorter (Whipple, 2001). Soté&wotonic perturbation influence is
more persistent in landscape than climatic fluetuegt one. Among the geomorphic
systems response to external perturbation, flsyiatems are particular important since
they propagate headward the variations in basé-kve rule the adjacent hillslope
dynamics (Whipple and Tucker, 1999). This makes shaly of hydrography and
topography fundamental to investigate the role adtdnics and climate in recent
landscape evolution. A good example of a transi@mtiscape where topography and
hydrography could be an important source of data&tonstruct the recent evolution is
the Iberian Chain (north-eastern Spain), a domgaaaracterized by a high-standing
low relief landscape. It is an intraplate mountbgit located within the lberia Plate,
between the Pyrenees to the north, the Centrake®ysbd the west, and the Valencia
Through to the east (Fig. 1.1). The formation af thelt has been related to the Middle
Eocene-Middle Miocene compressive inversion of sd4eic extensional basin (e.g.:
Alvaro et al., 1979). Mounting geomorphologicaldaices have shown that while the
compressive episode vanished in the Neogene, wpldt incision occurred in recent
time (Martin-Serrano, 1991; Mather, 1993; Gutiéreeal., 1996). Therefore, while the
origin of the belt is rather well-understood, tlwenfiation of the present-day relief is
under debate. Some models proposed that the igotignerated by large scale folding
(Cloetingh et al., 2002; De Vicente et al., 20®%)Jate stage compressive episode or by
erosional unloading (Casas-Sainz and De Vicent@9R®r by the possible action of a
mantle upwelling (Boschi et al., 2010; FaccennaBacker, 2010).

Here, we investigate the geomorphology and thentetandscape evolution of the
Iberian Chain. Geomorphic responses to tectonicirigrhave been analyzed by the
calculation of morphometric parameters, focusingtoa first order features of the

present topography (map of local relief, swath ipgsf frequency plots of slope and



local relief values and their relationships wittewgtion) and hydrography (basin
hypsometric curve and integral, basin asymmetriofaciver longitudinal profiles and

relative indices), using the SRTM DEM as main dattarce. Morphometric analysis has
been also combined with radiometric Uranium-sedligting of calcareous tufas lying on

fluvial terraces in order to estimate incision rates

43°N 1

42°N 4

41°N -

40°N - Mediterranean

Sea

L]

39°N -

38°N 1

37°N -

36°N -

9°W 8°W 7°W 6°W 5°W 4°W 3°W 2°W 1°W 0° 1°E 2°E 3°E

Fig. 1.1. Topography of the Iberian Peninsula (SRTM DEM Hdat). Black box localizes the
studied area. Mountain ranges: Galician Massif (GMpantabrian Mts (CM), Basque-
Cantabrian Mts (BCM), Pyrenees (Pi), Leon Mts (LKaameros Massif (CaM), Central System
(CS), Iberian Chain (IC), Toledo Mts (TM), SierraoMna (SM), External Betics (EB), Internal
Betics (IB); basins: Aquitaine B. (AB), Duero B. B} Almazan B. (AmB), Ebro B: (EB),
Madrid (High Tajo) B. (MB), Low Tajo B. (LTB), Guaaha B. (GB), Guadalquivir B. (GgB).
Eastings and northings are according to the WGE g8d.

Our goal is to investigate the landscape evolutiban intraplate orogen where crustal
or subcrustal processes have driven a regional digmeplift. The dominance of this

upheaval in geomorphic evolution is just partiallgturbed by local rock-type changes



or tectonic features. The results are consistettt wipoorly incised landscape where
erosion rates are far from counterbalance uplit.rd/e used these results to develop a

conceptual model for the long-term evolution of herian Chain landscape.

1.2 Geological setting

Thelberian Chainis an intraplate double vergent thrust belt, fatraes consequence of
the convergence between Africa and Iberia (LatetaCemus-Middle Miocene). The
range itself results from the positive inversionfailts originated during the Mesozoic
extension of the Iberian Basin (Alvaro et al., 197Guimera et al., 2004),
accommodating Cenozoic intraplate shortening (G8s&sz and Faccenna, 2001).
Estimates of shortening ranges up to 22% (30 kiongakthe Demanda-Cameros Unit
(northwestern sector of the chain) (Casas-Sair@3;1Guimera etal., 1995; Casas-Sainz
et al., 2000) decreasing to ~17% in the Montalbarias Thrust (Casas-Sainz et al.,
2000, Simon and Liesa, 2011), and to ~10% in thes#tazgo Unit, (De Vicente, 2004;
De Vicente and Vegas, 2009ig. 1.2A). The Castilian (Rodriguez-Pascua and De
Vicente, 1998) and Aragonese (Ferreiro et al., 19€4lvo Hernandez, 1993; Cortés-
Gracia and Casas-Sainz, 1996; Casas-Sainz et98i8) Branches, conversely, show
strike-slip component along NW-SE structures wiglsdment-involved positive flower
structures Fig. 1.2B). Finally, the Altomira Unit, located in the westarast sector
(Fig. 1.2A), is a north-south trending fold-and-thrust balffecting a thin Cretaceous
cover, with westward direction of tectonic trangp@viufioz-Martin and De Vicente,
1998; De Vicente, 2004).

The Iberian Chain ends abruptly westward agairestGéantral SysterfFig. 1.2A). The

linkage between these ranges is characterizedugyadeNW— SE dextral strike-slip
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Fig. 1.2. A) Geological map of the study area compiled frah 00,000 scale map of Iberian
Peninsula (IGME, 1995), draped over 1000 m DEM. dMagtreams of Iberian Chain are
displayed for reference. The trace of profile a&laliso shown; B) simplified geological cross-
section of Iberian Chain (modified after De Vicemted Vegas, 2009; C) geological cross-
section along the trace a-b of the Paramo fm., 8iwits outcropping and interpolated base, the
top surface envelope, and the planation surfaceldegd on the Mesozoic basement. The
restored base of Paramo fm before its upwarpiadsis shown. Note that the maximum uplift of

the Paramo fm. is ~500 m.

faults. The Central— System is also a NE-SW, dswubrgence intraplate belt in
central Iberia, resulting from thick-skinned Teryia compression involving
metamorphic-granitic Hercynian basement (De Vicental., 2007).

Tertiary endorheic compressional basins bordethhest belts (e.g.: Calvo et al., 1993;
Villena et al., 1996; Alonso-Zarza A. , 2008): theiero Basin to the NW, the Ebro
Basin to the N, the La Mancha Plain Basin to thth& Alto Tajo Basin to the SW. The
latter is divided into two parts separated by théorira Unit: the Madrid Basin
towards the W and the Loranca piggy-back basiméoR) Fig. 1.2A). Conversely, the
Teruel and Calatayud-Montalban basins interruptgeieeral dome-shaped topography
of the Iberian Chain and are filled up by Upper gdotene-Pliocene (4.5-3 Ma)
continental sequences deposited in internally édaibasins (LOpez-Martinez et al.,
1987; Anadon et al., 1990; Anaddn and Moissendf18icala et al., 2000; van Dam
and Sanz Rubio, 2003). These basins remained esofedm each other and from the
surrounding basins until the Late Miocene, whenidespread deposition of coarse to
fine fluvial sediments along the basins margin Ewdistrine carbonates located along
the depoaxis of each basin (Paramo Fm.) overlafipe@ntire system (Armenteros et
al., 1989; Alonso-Zarza and Calvo, 2000). The arigi these basins is controversial,
being related either to compressional episode @xtensional structures that may be

correlated with NE-SW extensional structures eviddong the Mediterranean coast



and related to the Neogene opening of the Valehwagh (Guimera and Alvaro, 1990;
Roca and Guimera, 1992; Vegas, 1992; Cortés-GamtlaCasas-Sainz, 2000).

The topography of the belt is characterized byggoreal-scale flat erosion surface, the
so-called Main Planation Surface of the Iberiani@IBirot, 1959; Solé Sabaris, 1979;
Simon, 1984; Pefa et al., 1984), or by two distiregted surfaces (Gracia-Prieto et al.,
1988; Gutiérrez Elorza and Gracia, 1997). The planaurfaces have been correlated
with the top of the Pliocene limestone units, sstigg a coeval development of these
planation/sedimentation features (Pefa et al., ;1G84cia-Prieto et al., 1988; Gutiérrez,
1996). Consequently, the Main Planation Surfacéheflberian Chain has been often
used as a regional morphological feature markefigPet al., 1984; Simén, 1984;
Simon, 1989; Gracia-Prieto et al., 1988; Gutiefséarza and Gracia, 1997; Rubio and
Simon, 2007). Alternatively, the planation surfaees considered as originally stepped
erosional surfaces (Casas-Sainz and Cortés-Gr2@¥®; Gracia et al., 2003; Benito-
Calvo and Pérez-Gonzalez, 2010) developed eithemgla compressional uplift of the
chain (Gonzalez et al., 1998; Guimera and Gonzd4l8238; Casas-Sainz and Cortés-
Gracia, 2002) or the Neogene stage (Gracia-Prietd, €988, 2003; Benito-Calvo and
Pérez-Gonzélez, 2010).

A regional tectonic uplift occurred producing a geal upwarping of the range,
smoothly tilting the Paramo carbonates. The presanyt river network dissects the
planation surface. The regressive erosion of Eba)o and Turia Rivers drove the
progressive capture of the intermontane basinstlagid transformation into exorheic
basins from the Pliocene onward (Gutiérrez et 2008). At present, Quaternary
deposits are confined mostly in still internallaohed small intermontane basins.

The timing and extent of uplift of the Iberian amas poorly constrained. Figure 2C,
shows a cross section of the belt illustrating ekgent and attitude of the Paramo fm.

carbonates and of the Upper planation surface.Pdramo fm. is gently tilted towards



SW, linking the top Madrid Basin infill with thedat Main Planation Surface on top of
the belt. Currently, the elevation difference beswé¢hem is more than 500 m (Fig 2C.).
These structural relationships simply indicate thaltft occurred after the deposition of
the Paramo, and therefore post-date main compredsphases. Casas-Sainz and De
Vicente (2009) interpreted the uplift of the Iberi@hain as the recent stage of a more
general uplift that involved the Central Iberiarfong by highly elevated flat surfaces
(the Iberian Meseta), presently located at 600+808.s.l. These high plains are rimmed
by mountain chains reaching heights of up to 150@antabrian Mountains, Central
System, Iberian Chain, Sierra Morena (Fig. 1.1).

Several hypotheses attempt to explain ages anohieabrigin for the uplift of Central
Iberia. Because of the location of granite outcraps absolute thermochronological
data have been obtained in the Iberian Chain.drissacks analyses performed in the
Central System (De Bruijne and Andriessen, 2002;Vaorde et al., 2004) suggest a
pronounced cooling acceleration starting in thdyHaliocene (5 My), as well as in the
Catalan Coastal Range (Juez-Larré and Andries§66)2

The mechanisms for uplift of Central Iberia (Clogt et al., 2002); De Vicente et al.,
2007) invocate the Alpine compression and a lithesig folding that accommodated
shortening. Conversely, an isostatic rebound reldte both crustal thickening and
erosion due to the endorheic-exorheic drainagesitran, is thought to be the source for
the late uplift affecting the Iberian Chain (Cas&snz and De Vicente, 2009). Other
authors (Simén, 1984; 1989; Mufioz-Martin and Deevite, 1998) invocate extensional
doming and uplifting in the eastern Iberian Chdinked to the evolution of the

Valencia Trough and the Mediterranean margin.



1.3. Geomorphology: quantitative morphometric analysis of the
Iberian Chain

1.3.1. Topography

At regional scale, we investigated the generalufeat of topography focusing on the
spatial variation in minimum, mean, maximum elemasi and in local relief values. The
maximum topography is represented by a surfaces(epg) connecting peaks elevation
and displaying topography without river incisionhel minimum topography is

described by a surface (sub-envelope) correspondirthe general pattern of valley
bottoms elevation. The mean topography trend reptesthe general pattern of
landscape at regional scale. Local relief is tisgdueal between maximum and minimum
topography and quantifies fluvial incision in a gvarea (Molin et al., 2004). Since
river erosion is driven by the constant competitioetween tectonics and climate
(Burbank, 1992), the local relief variation in area where climate is almost constant

indicates the rivers response to different tectampaits.

1.3.1.1. Local relief distribution in the Iberian Peninsula

We extracted a local relief map of the Iberian Reula to produce a general overview
of the regional spatial variation in fluvial distea and to compare the Iberian Chain
with the other mountain chains of the peninsula. d&@puted this map as the residual
relief between the envelope and the sub-enveloe 1BA). These surfaces have been
extracted from the raw topography by smoothing theximum and minimum
elevations by a circular moving window 30 km wid&e chose the value of 30 km
since it is the average main valley spacing. Thaned us to remove small valleys that
would generate a noisy map that misses the regsmadd meaning of our analysis.

The values of local relief in the Iberian Chain aremalously low compared with the

other mountain areas (Cantabrian Mts, Pyreneegr& &ystem, Betics) in Iberia (Fig.
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Fig. 1.3. A) Local relief map of the Iberian Peninsula, guted by subtracting a minimum
from a maximum topography enveloping surfaces {geefor explanation); B) relief anomaly

(Local relief/Elevation) map of the Iberian Penilasu

1.3A). More in detail, the highest values are ledain the eastern sector of the Iberian
Chain, all along the Mediterranean coast, whervedr recent extensional faults are
located (Perea et al., 2012; Simon et al., 201128. rést of chain is characterized by low
and very low values.

Observing the whole Iberian Peninsula, all the nt@unnranges are characterized by
very high values of local relief with the only epti®n of the Iberian Chain (Fig. 1.3A).
To evidence the anomaly of the Iberian Chain togpky, we calculated a new
parameter Ag, relief anomaly) normalizing the raw elevation al& of the entire

peninsula with respect to the local reletFig. 1.3B).

E
AR R (1)

The spatial distribution of this parameter shoved the highest values of relief anomaly
are located in the Duero, Madrid, and Guadianansa$in the contrary very low values
correspond with all the mountain chains but thei#imeChain whose Avalues are very

similar to the Spanish Central Meseta.

1.3.1.2. Swath profiles

To study and quantify the general pattern of thexifim chain we extracted four swath
profiles from the SRTM DEM. Its ~90-m pixel-size am acceptable resolution for a
regional scale analysis. The topographic sectiohacross the Iberian Chain (Fig. 1.4):

profile a-a’, oriented NW-SE, is perpendicular b tcoastal normal fault system and

12



the Teruel Depression; profile b-b’ is oriented E-Wansversally to the tectonic
structures and crossing the range to pick the mpaaks; profile c-c’ is oriented SW-
NE, perpendicularly to the major thrusts and stekp structures; profile d-d’ with a N-
S orientation is transversal to the major tectatignments.

The observation window of the swath profiles isk#® wide and about 300 km long to
include the entire mountain chain and part of tdg@ent basins. In this observation
window, we sampled topography at an interval ofrl &ong five lines spaced 10 km.
These elevation data have been used to generateetfteof maximum, minimum and
mean elevation topography and calculate the loeléfr subtracting arithmetically
maximum and minimum elevation (Masek et al., 1994).

The four swath profiles show that the Iberian Chla#s a dome-shaped topography
(Fig. 1.4). It consists mainly of high-standingipklocated at ~1200-1400 m a.s.l. (the
Main Planation Surface of Pefia et al., 1984), gedipping towards Madrid and
Guadiana basins To the east (profiles a-a’ and Bif: 1.4) and to the north (profiles c-
¢ and d-d’, Fig. 1.4), the relatively steeper Kanof the range make a general
asymmetric dome-shape. The general dome-shapsasraerrupted by the Teruel and
Jiloca intermontane basins (profiles a-a’ and bFig. 1.4), as well as by relics of
ancient ridges, consisting of Paleozoic sandstanedsshales, usually elevated between
100 and 200 m above the high-standing plain.

Remnants of higher flat surfaces can be also rezednn the interior, standing at
~1650 m and ~1800 m a.s.l. west and east of theel &asin respectively (Fig. 1.4).
Presently, these surfaces are not topographicafipected with the lower ones.
Generally speaking, throughout the chain, the loehéf values are mostly constant,
around 200 m, even where the intermontane base®eated (profile a-a’, b-b’, c-c’,
Fig. 1.4). This flat pattern indicates a very Igpagal variation in fluvial incision in the

whole study area. The highest local relief valuesadong the eastern “Mediterranean”
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Fig. 1.4. A) DEM of the study area and location of traceshaf four swath profiles; B) swath
profiles showing the trend of maximum, minimum, andan topography of the Iberian Chain.
In each profile Local relief has been computed bptimcting minimum and maximum
elevation. IC: Iberian Chain; TB: Teruel Basin; MBtadrid Basin; JB: Jiloca Basin; GB:

Guadiana Basin; EB: Ebro Basin; CM: Cameros Massif.

flank, east of Teruel Basin (swath profile a-a’g.FiL.4), where active or recent
extensional faults are located (e.g.: Perea e2@l.2). To the north, a small increase in
local relief is where the Ebro R. tributaries aoedted. On the contrary, the lowest
values (~0 m) are along the southern flank where Itherian Chain topography

decreases gently down to the Guadiana Basin (suvafte c-c’ and d-d’, Fig. 1.4).

1.3.1.3. Slope and local relief distribution in the Iberian Chain

We calculated the frequency of slope and locaefdfig. 1.5) and we investigated the
relationships between elevation, slope and lodafr® quantify the first order features
of the Iberian Chain. A slope map and a local fetiap were used as data sources. We
divided the raw elevation data into altitude intdsvof 50 m and we extracted the slope
and local relief modal value for each of them. Ehewslues have been plotted in
frequency diagrams (Fig. 1.5A, B).

The slope distribution in Fig. 1.5A is strongly f&d to the left, and characterized by
the modal value of 1.27°. The frequency plot ofalotelief (Fig. 1.5B) exhibits a
slightly asymmetric unimodal distribution with aghest peak at ~84 m and two local
maxima at ~25 m and ~60 m.

The variation in slope mode with respect to elerafiFig. 1.5C) increases gently from
0.8° to 3° in the altitude range 0-1500 m a.slisTgeneral trend is interrupted by the
lowest value at ~650 m a.s.l., but increases alyrtipthe maximum of 9° at ~2500 m

above 1500 m of elevation.
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Fig. 1.5. Histogram of modal distribution of slope (A) arot#l relief (B), and comparison of

elevation with slope (C) and local relief (D). (E)orrelation between local relief and slope.
The analysis concern only data within the Iberidmi@. SRTM DEM elevation data have
been divided into height intervals of 50 m. Forle&eight interval, the corresponding slope

and local relief mode value has been calculated.

The variation in local relief mode with respecttevation (Fig. 1.5D) increases rapidly
up to ~75 m at around 100 m of elevation, and remmaimost constant (70-110 m)
between 150 and 1450 m a.s.l. This flat or slightigreasing pattern is abruptly
interrupted by a minimum (10 m) around 600-700 relefation. Above 1500 m, where
topography includes mostly relic ranges, the loeléf increases at a higher rate up to
185 m (around 1700 m of elevation), but then it a@ma constant in correspondence
with the remnants of higher flat surfaces. In HidhD, a less sensitive curve— has been
extracted for the elevation interval of 500-1000 Itnshows an opposite pattern with
respect to the more sensitive curve. Between 5@09%89 m a.s.l. the less sensitive
curve shows higher values with a constant pattés96-100 m, related to the relief in
the Mediterranean side area. Between 900 and 1188.im the less sensitive curve has
a constant value of 50 m and reflects the sigmti@anount of low relief upland in the
internal sector of the chain.

Generally speaking, a very similar pattern charas the local relief and the slope as
functions of elevation (Fig. 1.5C, D). In particyla linear relationship links these
morphometric indices up to ~1500 m a.s.| (FigE).5This correlation underlines the
different morphometric features that characterine tandscape below the mean
elevation of the planation surface, where religitcasts and slopes are not pronounced,
and above it, where the topographic roughnessasere although including upland low

relief surfaces.
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1.3.2. Drainage network analysis

1.3.2.1. Drainage pattern
The Iberian Chain constitutes the dividing ridgénsen the three main drainage basins
of Iberia (Duero, Tajo and Ebro rivers), as wellkedween the basins flowing to the

Atlantic Ocean and to the Mediterranean Sea in dbetral-western sector of the

peninsula ( Fig. 1.6).

Drainage Basin Asymmetry
<> Symmetric basins

-> Slightly asymmetric b.
=> Moderatly asymmetric b.

= Strong asymmetric b.

Fig. 1.6. Map of the analyzed drainage basins of Easterir@leé8ystem and Iberian Chain with
their asymmetry factor. The plotted arrows indictite direction of the asymmetry and their
colors indicate the intensity of the asymmetry. ektthe (Al), Guadarrama(Gr), Jarama (Jr);
Madrid Basin side: Henares (He), Tajufia (Ta), Tajy; Jucar (Ju), Cabriel (C), Magro (Mg),
Turia (Tu), Mj=Mijares (Mj); Guadalope (Gp), MartiMt), Aguasvivas (Ag), Huerva (Hu),
Jiloca (Ji) and Jalén (Ja).

The rivers draining the Iberian Chain could be safga into three groups: the Alto Tajo
R. and its tributaries in the south-western sedtw, rivers flowing directly into the
Mediterranean Sea in the eastern sector, and treeEEktributaries in the north-eastern

sector.
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The drainage network exhibits a general radialepat{Fig. 1.6) where the main trunks
are roughly spaced about 30 km. Most of the strednais just the flanks of the Iberian
Chain, whereas only three rivers reached its imtefiiajo, Turia and Jiloca. Erodibility

variations related to tectonic structures and/ak+types play an important role on the
orientation of trunk channels. This influence ipamnt by the pattern of the Ebro
tributaries: upstream these rivers flow SE-NW failog the highly erodible syn-

orogenic units in intermontane basins and downstrday change direction, cutting
across tectonic structures and less erodible rgoist Similarly, Tajo R. follows

tectonic structures in its upstream portion and Teia and Jiloca rivers captured
intermontane basins.

To quantitatively characterize the hydrography lo¢ tstudy area, we performed a
morphometric analysis on 14 rivers that drain therian Chain. We also included 3
rivers draining the eastern Central System for amng results regarding streams
developed in adjacent mountain chains. The analysis focused on the shape of
drainage basins (drainage basin asymmetry, hypsgretd on stream longitudinal

profiles.

1.3.2.2. Basin asymmetry

Regional and local tectonic tilting could be recadn the shape of drainage basin in
plan view if the basin is favorably oriented withspect to the tilting axis. The

asymmetry factor (AF) is defined as (Hare and Gardt®985; Gardner, et al., 1987;

Keller and Pinter, 2002):
A
AF = 1OOE-IKr (2)
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where A is the area of the basin on the downstream rigtthe> main trunk, and As
the total area of the drainage basin. AF valuesecko 50 are typical of symmetric
drainage basins, AF values greater than 50 indibatiethe channel has shifted towards
the downstream left and values less than 50 aieaitide of channel shifting towards
the downstream right.

According to Perez-Pefia et al. (2010), we claskifie AF using the index:
AF’ :%o—mogﬁg (©))
0 AC

where AF<5 defines symmetric basins, AF=5-10 geaslymmetric basins, AF=10-15
moderately asymmetric basins, and AF>15 stronghynasetric basins.

As shown in table 1.1 and in Fig. 1.7, in the laerChain 6 basins are symmetric and 4
are gently asymmetric, equally distributed in tlestern and southern sector of the
range. In the north-western sector a moderatebtringly asymmetric pattern can be
recognized. The Tajo R., Jalon R. and its tribufilloca R. point their shift toward the
peripheral areas of the chain, while the HenareshBws a shifting to the south-east. In

the eastern Central System, the results showscagaise of the asymmetry toward SW.

1.3.2.3. Basin hypsometry

The hypsometric curve of a drainage basin repredéuet relative amount of the basin
area below (or above) a given height (Strahler,2)9Bs it is related to the degree of
dissection of the basin, the hypsometric curve suigable indicator for the relative
dominance of fluvial incision or hillslope processe landscape evolution.

The shape of the hypsometric curve is influencectlbyiate, tectonics and lithology

(Hurtrez et al., 1999). The scale dependence otdmetry on basin area has been
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shown in a natural setting and by numerical andegrpental modeling of basin
evolution (Willgoose and Hancock; 1998; Hurtrealet 1999).

The area below the hypsometric curve is called twyyric integral (HI) and it is used
to quantitatively characterize the curve. Its vaksries from 0 to 1: convex-up
hypsometric curves with high HI values are assediatith poorly dissected landscapes
where hillslope processes dominate. This shapeddoglalso associated to low relief
uplands uplifted by tectonic and not yet reacheddgyessive fluvial erosion; S-shaped
curves (concave upwards at high elevations andas@ndownwards at low elevations)
characterize landscapes where fluvial incision dmtslope processes are in
equilibrium; concave-up shape with low values @& Hi are typical of deeply dissected
landscapes (Weissel et al., 1994; Moglen and Bt895; Willgoose and Hancock,
1998; Hurtrez et al., 1999; Keller and Pinter, 208R8ang and Niemann, 2006). Uplift
rate (Lifton and Chase, 1992) and climate (Masekalet 1994) have a positive
correlation with hypsometry, while lithology appgdo influence mostly at local scales
(up to 100 krfy, Lifton and Chase, 1992; Walcott and Summerfiel&).

We extracted the hypsometric curve and calculdtedelative integrals to get possible
evidence of spatial variation in the competitiontween fluvial incision and hillslope
processes within the Iberian Chain. In this analyse included also the three rivers
draining the Eastern Central System to comparestoey area with an adjacent
mountain belt.

For each studied river we extracted the hypsometiggrals and curves from SRTM by
the GIS extension CalHypso (Pérez-Pefia et al., )2008vailable at

http://www.iamg.org/CGEditor/index.htnSince the hypsometric curve does not show

the distribution of basin area relative to specdievation values, we determine the

amount of drainage area for elevation class intergf 50 m and we plot the area of
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each height interval. To compare all the analyzatthoments, we normalized the

obtained area by the total drainage basin area.

Low values of the HI (0.18-0.28) and concave-uppshaf the hypsometric curves

characterize the three streams draining the ea§tentral System (Fig. 1.7A and D,

Table 1.1). Conversely, the hypsometric curvesbefian Chain rivers show a wider

variety of shapes and relative higher integral @al(0.38-0.55) (Fig. 1.7A, B, C, D and

Table 1.1). The Henares R., flowing at the boundaeyween the two chains, is

characterized by a hypsometric integral (0.28) lsimio those of the Central System

rivers, and a curve shape intermediate with resjgetitose of the rivers that drain the
two ranges (Fig. 1.7A and D). Regarding the soutistern flank of the Iberian Chain,

where Tajufia and Alto Tajo rivers flow down to thadrid Basin, the values of the

hypsometric integral (0.48, 0.38 respectively) aallvas the curve shapes indicate
drainage systems dominated by fluvial incision @ligh almost counterbalanced by
hillslope processes (Fig. 1.7A e D).

The HI of the rivers that flow straight to the Memiranean Sea, are relatively high
(0.44-0.55) and the shapes of the hypsometric suave peculiar (Fig. 1.7B and D).

Jucar, Turia and Mijares rivers have asymmetrical&es indicating that most part of

the basin topography is at high elevation and paoadised, whereas their steep toe is a
possible indicator of a relative lowering of thesbdevel. Cabriel and Magro rivers,

tributaries of the Jucar R., have very irregulapsgmetric curves characterized by
relatively high values of the HI (Fig. 1.7B and Dhis irregularity appears mostly to be

related to fluvial piracy. Furthermore, the TuriadaMagro rivers hypsometric curves

show a concave-up trend in their lowest part. Sintilypsometric curves and values of
the HI (0.42-0.51) characterize the tributariesttod Ebro R. that drain the northern

flank of the Iberian Chain (Fig. 1.7C and D). Thewes of the Aguasvivas, Jiloca and

Jalon rivers, located to the west, show asymm8tshape with steep toes that indicate
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Fig. 1.7. A-C) Hypsometric curves of the studied drainagsirsa H: maximum elevation
within the basinh: elevation;A: total surface area of the basa;area within the basin above a
given elevatiorh; D) values of hypsometric integral for the analyzizainage basins displayed
from the SE to the NE following a counterclockwitiesction; E-G) Variation of normalized
drainage area values of analyzed basins as funofi@levation; H) values of concavity and
steepness indices of longitudinal profiles of thedd rivers, displayed from the SE to the NE

following a counterclockwise direction.

a base level lowering. Guadalope, Martin and Hueivars have an almost straight
curve with more or less pronounced irregularitiegdicating a landscape poorly
dissected. Similarly to Turia and Magro rivers,oatee Ebro tributaries hypsometric
curves show a concave-up trend in the lowest paogressively less pronounced from
SE to NW.

In Fig. 1.7E, that shows the variation of normaliz#rainage area vs. elevation, the
drainage basins belonging to the Central Systeamatie maximum area distribution at
low altitudes (400-600 m a.s.l.). Conversely, ie tatchments that drain the Iberian
Chain, the elevation where the drainage areas r@ihmaximum values is generally
included between ~800 and ~1200 m a.s.l. and theeswlshow a roughly bell-shape
distribution, with a particular bimodal distributidor the Jiloca and Cabriel R. (Fig.
1.7E, F, and G). This peak area progressively marfoom the southern flank to the
eastern and northern ones. Generally, for highBtudés, the distribution curves
abruptly decrease, even thought a more gently dsitcrg can be recognized in the Alto
Tajo, Turia and Mijares rivers. The Guadalope Rresents an exception, because its
area distribution does not show distinct high pedkst a more smoothed curve.
However, its highest values range between ~800~d4290 m (Fig. 1.7G). Moreover,
often the curve of the basins located along the¢heon and eastern side of the range,
shows a distinct peak at low altitude, particularlgh along the Ebro side. It mainly

corresponds to the drainage area located downstoéahe litho-structural boundary
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between the Permo-Mesozoic bedrock of the moutasin and the softer sediments of

the bordering basins.

1.3.2.4. Stream longitudinal profiles
Empirical observations carried out in mountain heltler a wide range of geological
settings, reveal that river channels in steadyestaive a smooth, concave shape

described by the following power law relationshiatk, 1957; Flint, 1974):

S=k A"’ (4)

where S is the local channel gradiem, is the contributing drainage arda,is the
steepness index, a measure of channel gradient,fasdthe concavity index, a
morphometric marker describing the rate of chanfgehannel gradient with drainage
area (Hack, 1957; Flint, 1974). Several recentistu(e.g., Snyder et al., 2000; Kirby
and Whipple, 2001; Wobus et al., 2006; Kirby et 2007) demonstrate the dependence
of the steepness index on uplift rate, arguingafdinear scaling relationship between
them. Moreover, theoretical considerations (Whippte Tucker, 1999) consistent with
empirical data (Tarboton et al., 1989; Snyder et 2000; Kirby and Whipple, 2001;
Whipple, 2004; Wobus et al., 2006; Whipple et 2007) suggest that under steady-
state conditions the value is expected to fall in a range between Adi@6, normally
~0.45. Deviations from the concave-up shape, cédieckpoint or knickzone according
to their length, indicate that the river is in arsient state of disequilibrium as a
consequence of lithologic, tectonic, climatic, as&tic perturbations.

We extracted 17 river profiles and calculated thetike indices using “Streamprofiler”,

a tool for GIS and MATLAB (available atittp://geomorphtools.ojgdeveloped by
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Wobus et al. (2006) and Whipple et al. (2007). ifftkces are calculated directly using
a linear regression analysis of channel slope aachage basin area in a log-log plot:
longitudinal profile concavity and steepness represiee slope and y-intercept of the
regression line respectively. Sinéeand k are autocorrelated, we normalized the
steepness index by a reference concafity=0.45 (e.g.. Wobus et al., 2006). This
allows an effective comparison of river longitudipeofiles despite the widely varying
drainage area.

In addition, to reveal the general variation inepigess index values, we extracted the

ksn throughout the Iberian Chain and the surroundnegs(Fig. 1.8).
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Fig. 1.8. Map of channel steepness indices extracted thomigthe Iberian Chain and its
surroundings from SRTM DEM using the Stream Profiléool, available at
www.geomorphtools.org, with procedures describetVimbus et al.(2006). Steepness indices
are normalizedk,) to a reference concavit§,) of 0.45 (Wobus et al., 2006).
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Table 1.1. Morphometric indexes of the analysed rivers.

AF* HI

River (asymmetry  (hyps. . ksn
factor) integral) (concavity) (steepness)
Madrid Basin Side
Alberche* - 0.27  0.60+0.15 68.6
Guadarrama* - 0.17 0.67+0.085 43.3
Jarama* - 0.24  0.49%0.17 51.6
Henares 12.77 0.28  0.22+0.085 31.3
Tajufia 0.22 0.47  0.28+0.063 26.5
Alto Tajo -11.05 0.38  0.42+0.100 31.4
Mediterranean Side
Jucar -1.90 0.4502 0.24+0.098 39.9
Cabriel 5.85 0.44  0.20+0.130 44.8
Magro -0.08 0.48  0.35+0.047 41.3
Turia 6.31 0.48  0.29+0.057 58.1
Mijares -2.59 0.54 0.17+0.098 81.4
Ebro Basin Side

Guadalope 5.86 0.42  0.34+0.096 80.4
Martin 2.08 0.41  0.28+0.048 58.5
Aguasvivas -21.06 0.46  0.29+0.13 56.6
Huerva -1.02 0.42  0.15+0.055 45.7
Jiloca -5.84 0.51 -0.35+0.28 50.7
Jalon 17.97 0.47 0.24+0.071 58.9

*. Rivers draining the Central System.

In the Iberian Chain, the river profile concavitgnges from 0.15 to 0.42 with the
exception of the Jiloca R. that has a negative aatyc (-0.35) (Table 1.1, Fig. 1.9). In
general the rivers that drain the Iberian Chain c@raracterized by low or very low
values of concavity (average valde= 0.27), suggesting they are in a transient sihte
disequilibrium. The concavity of the rivers thatulrthe Central System is higher (0.49-
0.67), indicating that here the hydrography is mcidser to the equilibrium state (Figs.
1.7H, 1.9, Table 1.1).

The analysis does not show any clear relationshtpvéend andks, (Fig. 1.7H). The
values of the normalized steepness index vary 26rb to 81.4 (Table 1.1): the lowest
values are relative to the rivers flowing through southern flank of the Iberian Chain.
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Fig. 1.9. River longitudinal profiles (A-F: Madrid Basin €divers; G-M: Mediterranean side
rivers; N-S: Ebro Basin side rivers): each plotsists of two diagrams: elevation vs. distance
(longitudinal profile) and log slope vs. log aréangitudinal profile plots: grey arrows show
the location of main knickpoints related to rockdg changes and tectonic structures, while
black arrows show the location of the knickpoinigiding the profiles in two different
segments;D indicates dams. Log slope vs. log area plots: lelod cyan lines represent
regression lines fitting data with the concavityaaee parameter and the reference concavity

6.=0.45, respectively. Red squares are log-bin aesrafjithe slope-area data.

The highest values are relative to Mijares and @loge rivers whose source is located
where the chain topography is more elevated (Higs.1.7H, 1.9B). A general increase
in normalized steepness index occurs from the SWWkfbf the Iberian Chain to its NE
corner; from here the values decrease to the N\W. (EiVH). The rivers of the Central
System have values &, higher than the ones of the adjacent Henaresfiiggad Alto
Tajo rivers (Fig. 1.8H).

Fig. 1.8 shows that anomalously high values ofpstiess index are widely present in
the lower segment of channels located in the northed eastern flank of the Iberian
Chain ks+=50-150, excepting knickpoints and knickzones), nghe low gradient
reaches K;=0-50) characterize the plateau-like interior. émitast, the southern flank
is characterized by lower normalized gradientsnimst of the channels lengtk,£&30-
50), except for discrete knickpoints and part @ tipper portion of the Tajo Rksf=50-
150). The rivers draining the eastern sector of Geatral System have low-gradient
reaches K;=0-50) downstream, but high steepness indidgs=50-150) upstream.
Guadiana, Loranca, Duero, Almazan basins and Pgresile of Ebro Basin show a
similar general pattern characterized by low-gradpofiles.

The longitudinal profiles of the rivers drainingetlkastern sector of the Central System
are characterized by concave—up shape, with knidszoelated to the presence of less

erodible granites (Fig. 1.9A).
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Among the streams that drain the south-easterik ftdrthe Iberian Chain and flow
down to the Madrid basin (fig. 1. 9 D-F), Henaresl &ajuiia rivers profiles exhibit a
rectilinear shape, while the Alto Tajo R. revealsancave—up shape interrupted by
some knickpoints mainly related to rock-type chang®l the rivers that flow to the
Mediterranean Sea show almost rectilinear profilékar and Magro R. present an
uneven shape, with a change in slope at ~630  that defines an upstream low
gradient segment{0.48,ks~28 forfs = 0.45), related to the low-relief surfaces of the
eastern part of the Iberian Chain (Fig. 1.9A).

The two upstream knickpoints, above 1000 a.s.ITuwfa and Mijares rivers define the
segments where they flow along the Teruel basinthedijares Graben, respectively.
The downstream segments exhibit several knickpoistene of which located in
correspondence with lithologic changes.

Among the tributaries of Ebro R. (Fig. 1.9B), véinas in channel slope can be
recognized in most of river profiles and in gener&nickpoint divides the profiles into
two segments: a short concave reach upstream atrdight one downstream. Upper
segments have lows, values (20.9-53.2) an@~0.40. Downstream segments show
higher ks, values (0.7-0.95), whereas tHeindex measurements are affected by a too
high error to be taken into account. These kniakizoicorrespond with the abrupt
change of valley orientation at the contact betweaks with a different susceptibility
to erosion. In map view, all these knickpoints laated along a NW-SE oriented line.
They are more pronounced and at an elevation psgedy higher from NW to SE.
Here the Guadalope R. profile presents this majuckipoints at a much higher
elevation. An exception is the Jiloca R. that is timly case of clearly convex profile
without knickpoints: the wide knickzone corresportdsthe intermontane basin of

Catalayud and Jiloca.
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Moreover, litho-structural knickpoints are locat&idthe boundary between the Permo-
Mesozoic bedrock and the more erodible sedimentbhebasins bordering the range.
These knickpoints are just upstream the elevatiberes the values of drainage areas
analyzed in Fig. 1.8G show a distinct peak. Prégentost of these knickpoints are

now used for dams (Fig. 1.9).

1.4. Geochronology: U/Th dating of calcareous tufa terraces and
incision rates

To provide a geochronological framework for Iberi@main river systems and to
calculated incision rates we dated calcareous tufgating on top of fluvial strath
terraces by U/Th Serie method. We always chosersider just strath terraces because
the shaping of the strath surface and the depositithe overlying thin fluvial deposits
could be considered simultaneous (maximum time 40&40° years) (Pazzaglia et al.,
1998). The overlying calcareous tufas that are liysjust few meters thick, should have
deposited in few thousands of years, consideriag dieposition rates are around 1 or
few mm/yr (Ordofiez et al., 2005; Vazquez-Urbez.e2810). So, we calculated fluvial
incision rates taking into consideration the stratifface that is a common, evident
feature for most of the sampled terraces and shast few thousand years younger than
the dated tufas. This time lag is partially inclddato the error of the dating method
and allows us to provide conservative estimatiomoikion rate.

According to the most recent classifications (Famd Pedley, 1996; Glover and
Robertson, 2003; Pedley et al., 2003; Pedley, 20@9)used the term “calcareous tufa”
referring to carbonates deposited under cool ori@mibemperature water conditions, in
climate controlled fluvial/palustrine systems. Salestudies highlight how local and

global climate conditions regulate tufa depositidm.particular, the maximum tufa
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development in Europe occurred during Quaternasrgtacial and interstadial periods
in non-arid and temperate climates (e.g.. Hennih@le 1983; Baker et al., 1993;

Dramis et al., 1999; Horvatirt et al., 2000).

1.4.1. Sampling and method

Calcareous tufas have been dated by the uraniuesselisequilibrium method
(lvanovich and Harmon, 1992), using alpha specttomé&his method is based on the
measurement of authigerfi®Th, developed from radioactive decay*8fJ. Calcareous
tufas are mixture of calcium carbonate and detnitalerals, in which the radionuclides
are present both in the authigenic and detritadtivas. Only the authigenic fraction
enables to estimate the age of the carbonates.dabusamples from each outcrop were
collected at the same stratigraphic level withidistance of 1 m in order to obtain
coeval samples with different proportions of homugmus detrital and authigenic
carbonate. Samples were obtained from compactijtinilayers.

About 30 g of sample were dissolved in 1IN HNfDd filtered to separate the leachates
from the insoluble residue. The leachate was heated00°C after adding few
millilitres of hydrogen peroxide in order to destrihe organic matter. The residue was
dissolved in HF+HCIO4, dried and redissolved in HNOs. Both fractions were then
combined and spiked with’a*Th/*?U tracer. Chemical separation and extraction of the
isotopic complexes of uranium and thorium were qrenkd using chromatography
columns containing organic resin, eluated with HN@d HCI. The ages of tufas were
calculated following the technique outlined for wme carbonates in (Bischoff and
Fitzpatrick, 1991), the so-called total-sample alisson (TSD) procedure. This method
was chosen over using leachates alone (SchwarczLatithm, 1989) because the

leaching method gives reliable results only in tdase of selective dissolution of the

33



carbonate fraction, without any removal of U and iBbtopes from the detrital
component, or when U and Th are leached without feamtionation. Generally, this
condition is not verified because U and Th are roftexctionated and Th can be
reabsorbed into the residual component. When anglygamples consisting of simple
mixtures of carbonate and a detrital componentuteeof the TSD method is preferred
to determine the age because the sample is tadédlgolved and consequently no
preferential leaching or re-adsorption can occure presence of detrital fraction was
marked by?**Th deriving from the surrounding environment. Coti@ns required in
presence of non-radiogerfi’Th were performed for samples witfTh/?*?Th activity
ratio less than or equal to 50. We measuredtfia/***Th, 2U/?**Th, and®*®U/?%Th
activity ratios of four coeval sub-samples in orteobtain the value of tHe°Th/”*U
and 2/ activity ratios in the pure carbonate fractionhe$e values were
respectively calculated from the slopes of the essjon lines in thé*°Th/”?Th vs
Z2U/72Th and®*U/%2Th vs?%U/%2Th isochron plots. The ages were calculated using
ISOPLOT, a plotting and regression program for agdnic-isotope data (Ludwig,
2003). The goodness of data points fitting was tfiad through the statistical index
Mean Square Weighted Deviation (MSWD). Errors wexpressed as 1 The age of
calcareous tufas free from non-radiogefifdh (samples PSP 3-1, RUG 4, MON 3, RP
1, table 1.2) were obtained using i&h/”**U and?**U/?® activity ratios of a single
sample.

The regression line of sample RUG3 (table 1.2) was$ statistically significant,
probably because the detrital fraction of the twfs inhomogeneous. The age were
consequently corrected assuming that all the dettitorium had an average upper

crustal?*Th/?*2Th activity ratio of 0.85 + 0.36 (Wedepohl, 1995).
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1.4.2. Results

The radiometric dating was performed on seven sesnpbllected from tufa units
located in four different sites (fig 1.10B). In tiseuthern flank of the Iberian Chain
three samples were collected from three differemaites of Alto Tajo R. (PSP 3-1, 7-2,
12-1), and two samples were gathered from tufa slepalong the Ruguilla R. (RUG 3,
4). Two samples were collected along the upperméiasegment of Martin R. (MON 3,
RP 1), a tributary of the Ebro R. The radiometratiny results from all investigated

samples are displayed in Table 1.2

1.4.2.1. Ruguilla (Ruguilla River)

The Ruguilla R. is a small drainage characterizgddwveral remnants of a tufa terrace
close to the confluence with the Tajo R. The ca&oas tufa buildup consists of a
platform located near the Ruguilla village. Thetfgan is gently dipping (2°-3°)
toward SW and overlies a 1 m-thick fining upwarduahl deposit. This deposit
unconformably rests on the substrate, mainly ctingisof sands and polygenic
conglomerates related to a syn-orogenic basin @&@n Intermedia). The strath
surface is ~60 m above current thalweg, whereaplditéorm is approximately 10 m
thick. The calcareous tufas consist of massivegandsly stratified phyto (leaf moulds
and vegetal frustules) - microhermal texture amiflish sands grading upward to thinly
laminated silts and sub-horizontally layered micritufas, concordant with the top
surface. These features suggest a paludal sediparaironment. The calculated age
of these tufa deposits is 89+6 kyr (MIS 5b, figldA).

It was obtained from the uncontamined sample RUGM later verified with the
sample RUG 3, collected at the base of the buildhpnsequently, the estimated

incision rate is 0.69+£0.04 mm/yr (fig. 1.10B). Omesults differ from previous datings
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Table 1.2. Isotope data and ages for calcareous tufa subtsamplberian Chain

Sample Sub-sample U (ppm) 230rh/321h By 230rh/2Y 2349/32Th 238/232Th 20rh/2, 24238y Age (kyr)
RUG3 RUG3b (012940004 1.569+0.052 1.169+0.040  0.711080 2.210 +0.101 1.891 + 0.087 0.595 + 0.043* - 96 + 11
RUG4 RUG4a  (0141+0005 138773222313 1.167+0.041 0567026 - - - - 89+6
PSP 3-1 PSP 3-1d (0,095 +0.003 143.322 + 42.751 1.079 + 0.038620+ 0.027 - . - - 105 + 8
PSP 7-2a  0.090 +0.003 1.340 +0.208 1.323 +0.055 0.#32010 17.631 +1.397 13.318 +1.063
PSP 7-2b
PSP 7.2 0.103 +0.004 2.639 +0.335 1.395 +0.055 0.840.004 55.016 +6.174 39411 £4430 (0400 41000 1435 +0.023 5 0.8
PSP 7-2d  0.086 +0.003 4.174 +0.619 1.426 +0.056 0.859006 70.543 +9.612 49.472 +5.545
PSP 7-2e  0.087 +0.003 24.646 +6.802 1.366 +0.052 0.850004 492.195 +133.784 360.260 + 97.456
PSP 12-1a (.071+0.003 4.233 +0.608 1.325+0.075 0.089069 47.283 + 6.525 35.697 + 4.955
PSP 12-1b
PSP 12.1 0.074 +0.002 3.618 + 0.501 1.495+0.058  0.144048 25.067 + 3.166 17.09942.169 () o2 0003 14130129 2.54 + 0.33
PSP 12-1c 0.076 +0.004 3.654 + 0.260 1.450 +0.081 0.06708D 31.003 + 3.365 21.378 +2.348
PSP 12-1le (.070+0.002 4.828 +0.688 1.431+0.054 0.054009 82.277 + 11.744 54.481 + 8.231
MON3 MON3b  (296+0.012 80.632+13.780 1.331+0.034  0.30547 - . ; - 41 +2
RP1 RPI1b 0.200 +0.010  92.480 + 21.498 1.264 +0.040  0.581081 - . ; - 91+7

Errors are quoted as1(230Th/234U)c and (234U/238U)c are referencettiéqoure carbonate fraction used in the calculaifahe age.
*Age has been corrected for initial (230Th/232ahjivity ratio of 0.85 £ 0.36 (upper crust valuegtiépohl, 1995).
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obtained by aminoacid racemization method on ostlataparaces (sample RR1.1,
Ortiz et al., 2009) and by U/Th method (sample Md8j6fiez et al., 1990), that provide
ages of 301+61 kyr and >350 kyr, respectively. uin @pinion, the latter result could be
considered uncertain because of the significanttaletontamination of the sample

(>*°Th/?2Th is lower than 50 and®Th/”**U is much higher than 1.

>

PSP 12-1 MON 3 RUG3 RP 1
e¢ PSP7-2 * RUG4e¢ ¢ PSP 3-1

&'30 (normalized)

RP 1
% % 91 kyr - Present
~ 0.66+0.05 mm/yr ©

MON3
¢ 41 kyr - Present

0.56+0.04 mm/yr 3 m/yr

5°W 4°W W 2°W
Fig. 1.10. A) radiometric ages of strath terraces in Altoorapd Martin R. valleys compared

with the standard marine oxygen-isotope curve bytikison et al. (1987); B) local relief map
of Iberian Chain showing the location of the anaty/fresh tufa samples (white circles) and the

estimated incision rates for each site.
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1.4.2.2. Puente de San Pedro (Alto Tajo River)

The calcareous tufa outcrops of Puente de San Reeocated along the upper course
of the Tajo R. Here the river incised a ~350 m deafey into the upland surface and
the underlying Jurassic and Cretaceous limestomgsl@alostones. The tufa deposits are
located close to the confluence with the Gallo where the Tajo R. valley locally
widens. At Puente de San Pedro the tufas overdidltivial deposits of four orders of
terraces.

The base of the ~35 m-thick tufas of the | orderate is located at ~60 m above the
present river thalweg. It buries 2 m thick fluviakrace deposits that unconformably
overlay the bedrock. The strath surface is 58 nvalibe Tajo channel. Tufas mainly
consists of clinostratified microhermal depositssaasated with grain supported
phytoclats (gentle to steep slope facies) and sutieal structures with microhermal
and phytohermal textures (rapid and cascade fadi#3h dating, obtained from the
sample PSP 3-1, provides an age of 1058 kyr (M1Si§. 1.10A). This value shows a
good correspondence with the radiometric (U/Th) pgeviously obtained by Lépez
Vera and Martinez Goytre (1989).

The Il order terrace shows a wide flat top surfisoated at 50-60 m above the current
thalweg position, while the bottom surface is nqiased.

The terrace is mainly composed of reddish fluviepakits: horizontal- and cross-
bedded. The terrace is mainly composed of reddishaf deposits: horizontal- and
cross-bedded siliciclastic and carbonate silty samith lenticular interbeds of gravels.
Sub-horizontal and massive fine sand deposits egedcwith organic-rich silt layers
and malacofauna (shallow lacustrine/paludal fact®hninate the upper part of the

terrace deposit. Locally, the detrital sediments @placed by lenticular bodies and
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drapes of concretionary calcareous tufa charaeigrizy weathered highly porous,
detrital facies that are not suitable for U/Th dgtmethod.

The top surface of Il order terrace is at 25-3@lnove current riverbed. Gentle slope
phytoclast facies characterize the terrace. Therquart of the calcareous body is often
covered by vertical hanging festoons and drapesrgétalline cascade lithofacies.
Radiometric dating on these laminated layers (sar®@P 7-2, fig. 1.11A) provides an
age of 5+0.8 kyr (MIS 1, fig. 1.10A). Since theaskr surface does not outcrop, this

result was not suitable for incision rate calculati

A

3 Terrace lll (sample PSP 7-2) 200 Terrace lll (sample PSP 7-2)

30 1 (29Th/24U) carb.= 0.045 + 0.007 600 1 (234U/238U ) carb.= 1.435 +0.023
|'S 25 4 > - 500 + b
o~ - = -
o 20 A - 8400 _-
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£ 151 P S 300 ; e
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Fig. 1.11. 2-dimensional isochron plots, witls Error crosses, of four coeval sub-samples from
(A) terrace Ill (sample 7-2) and (B) terrace IV rgde 12-1), Puente de San Pedro site. The
slopes in the?*U/%2Th) vs €3%U/%2Th) and £°Th/”2Th) vs %U/%°Th) diagrams represent,
respectively, the %'U/?%U) and E°Th/”%U) activity ratios of the pure carbonate fraction.

MSWD: mean square weighted deviation.
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The IV order terrace has the strath surface at 18bove the present channel, and
unconformably overlies the bedrock with colluvialdafluvial deposits. Highly porous
and friable sub-horizontal tufa facies rich in piglast and associated with sandy and
gravel bodies (fluvial environment) dominate thedee lithology. The age calculated
from the sample PSP 12-1 (fig. 1.11B), is 2.54+&@3(MIS 1, fig. 1.10A).

The radiometric analysis provides the followingignen rates: 0.56£0.04 mm/yr for the

time interval 105 - 2.54 kyr, and 1.18+0.18 for thst 2.54 kyr (fig. 1.10B).

1.4.2.3. Montalbdn (Martin River)

Tufa deposits outcrop near the city of Montalbaonglthe Martin R. valley, ~2 km
upstream of the major knickpoint that divides tladitudinal profile in two main
segments (fig 90). The river flows on the soft aoental deposits of the intermontane
syn-orogenic Montalban Basin. The valley shows @300 m wide flat floor and few
orders of terraces. The analyzed outcrop is a remofaa horizontal tabular-shaped
deposit. Its base is located at 25 m above theeptésalweg and overlies a 3 dm-thick
alluvial conglomerate unconformably lying on thdéstate. The stratigraphic sequence
is ~5 m thick and can be referred to paludal emwirent located in marginal zones of a
floodplain. The tufa is characterized by phytodtasands, massive and stratified lime
mud and marls associated with organic-rich siltefayand gastropods. The outcrop
shows on top a polygenic breccia. Sample MON 3akexkan age 41+2 kyr (MIS 3,
fig. 1.10A), that allows the calculation of an ision rate of 0.62+0.03 mm/yr (fig.

1.10B) with respect to the elevation of the statHace.
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1.4.2.4. Las Parras de Martin (Martin River)

The tufa outcrop is situated close to the villags Parras de Martin, along the valley of
one of the uppermost tributary of the Martin Rivet,km upstream of their confluence.
The narrow V-shaped valley cuts across the Utrithmgst and the Mesozoic rock units.
The strath surface of the terrace is located ah@bove the present riverbed. The tufas
are built up over thin colluvial and alluvial defies The 10 m thick tufa sequence
mainly consists of clinostratified structures corsga primarily of highly porous
bryophyte facies. Horizontally stratified sandsemctlated with pebbles lens record
limited deposition events. The age of this terrgg@ample RP1) is 91+7 kyr (MIS 5b,

fig. 1.10A), the relative incision rate is 0.66:8.8m/yr (fig. 1.10B).

1.5. Discussion

We studied the landscape evolution of the Iberiaai@by a morphometric analysis of
the massif and the surrounding area, focusing pog@phic and hydrographic features.
We coupled morphometry with field survey and cadoars tufa datings to obtain
geological and time constraints in the reconstounctf landscape evolution. Our results
describe a poorly incised topography characteribgdupland low relief surfaces,
indicating this landscape is in a transient statedsponse to a dominant regional
tectonic input: a long wavelength uplift. Indeduag imore representative values of slope
and local relief for the entire chain are 1.27° &4d44 m respectively (Fig. 1.5). In
particular, the swath profiles (Fig. 1.6) show ttte¢ local relief has a mostly uniform
pattern throughout the chain that suggests the metwork is incising equally the
Iberian Chain in response to the dominant regiopéft. Moreover, in general there is

no significant local relief variations across theermontane basins (Fig. 1.4), indicating
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that these depressions could constitute pre-egistipographic features with respect to
the regional uplift. Moreover, despite the hightatte, the central sector of the range
records the lowest local relief values, showing ensimilarity with the surrounding
Madrid and Duero basins than with all the other main belts of the Iberian Peninsula
(Figs. 3, 4). The longitudinal profiles of riversrathing the Iberian Chain are
characterized by low values of concavity (averagtue: 0.27), indicating that the
basins are in a transient state of disequilibridi.these results evidence how the
Iberian Chain constitutes a well defined physiobrapunity in the whole Iberian
Peninsula where river incision is poor and thetietgparameters are almost constant.
The relationship between elevation and modal vatdidmth slope and local relief (Fig.
1.5) allows us to recognize two domains charaatdrlzy different topographic features.
From ~100 to 1400 m a.s.l. slope and local relightly increase, defining a landscape
with almost constant metrics. Within this elevatiorterval, the analysis of swath
profiles (Fig. 1.4) allows to distinguish betweemotsub-domains: the flanks of the
chain and a flat surface above ~700 a.s.l., thatespond with a poorly dissected
surface drained by low gradient channels (Fig.,lirierpreted as a relict landscape,
(Figs. 1.3 and 1.4).

From ~1500 to ~2000 m a.s.l., slope and local frai@uptly increase with elevation
(Fig. 1.5), defining essentially the topographiagbness of remnants of ranges rising
from the upland flat surface. Above ~1700 m, thealorelief records again a
homogeneously dissected landscape, that correspeitilsan older flat surface now
preserved just locally in the interior of the rar{§&. 1.4C and D).

Most of the stream longitudinal profiles of the &HR. tributaries show a knickpoint
related to the capture of intermontane basins, qfattie relic landscape located in the
inner sector of the chain. Upstream of this knigkpochannels are characterized by

concave profiles¢~0.40) and low steepness indic&g<50 for § ref = 0.45, Fig. 1.8).
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These features suggest that the reaches are iqudibeum state with respect to base-
level conditions different from the present onese Tipland low relief surfaces together
with the remnants of ranges (1500-2000 m) are gfaein old landscape that developed
in stable base-level conditions with which the gt reaches were in equilibrium.
Similar features are present in all of the flankshe chain (Fig. 1.7 E, F, G): the basin
drainage areas reach their maximum values in #neagbn interval comprised between
700 and 1200 m a.s.l. This evidence, together thighS-shaped hypsometric curves of
many of the analyzed catchments, suggests thabakies are more developed where
they reflect the river network of the old landscapk these considerations confirm that
the headward erosion of the currently exorheicndige does not reach the interior of
the chain, preserving the old landscape and itivel river network. This erosional
wave induced by the regional uplift and the chaingen endorheic to exorheic drainage
is still confined along the flanks of the rangedded, here channels are characterized by
rectilinear profiles and high steepness, suggeshegrivers are far from equilibrium.
The landscape of the Iberian Chain flanks is podr$gected as marked by low values
of slope and local relief (Figs. 3, 4, and 5) arydpeculiar hypsometric curves (Fig.
1.7). However, Fig. 1.8 shows that the steepnedisas along the northern and eastern
sides of the chain are in general higher with respet only to the southern side, but
also to the areas surrounding the Iberian Chaims $hggests that a stronger and/or
more recent tectonic activity possibly affects ttwgth-eastern sector of Iberian Chain,
generating a differential uplift.

At more local scale, the present-day drainage iafiartly reflects the distribution of
erodibilities in consequence of rock-type changed kcal tectonics. In some cases
rivers follow faults bounded by highly deformed koe.g.: Tajo R. in the Castilian

Branch fault zone) or flow across highly erodiblecks (e.g.: soft facies of the
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intermontane basins drained by the Ebro R. triledgaand Turia R. or Paleozoic shaly
units interbedded within more competent rocks).

The values of AF* (asymmetry factor) calculated thoe drainage basins of the Iberian
Chain and the almost radial pattern of the maimksusuggest a differential uplift,
roughly maximum at the center of the chain, butigedly decreasing towards the low-
standing basins bordering the range (Fig. 1.1)s Tanerated a tilting of the Iberian
Chain flanks, so that the channels oriented trassvéo the tilting shift toward the
peripheral areas (for example, Tajo, Jaldén, andcdilrivers), and those slightly
transversal (Cabriel, Turia, and Guadalope rivesjl to rotate towards an orientation
parallel to the maximum slope of the chain flangispilarly to the symmetric basins
pattern (Tajuiia, Jucar, Magro, Mijares, Martin, WaeR.). The Central System,
topographically higher than the Iberian Chain, seeim control the direction of
migration of the Henares R. trunk, located in betwéhe two ranges (Fig. 1.1). These
considerations suggest that, apart the local vamatn erodibility and possible
differential uplift, the main factor driving the eltion of the drainage network is the
regional uplift.

Along the Mediterranean flank of the Iberian Chdiomogeneous substrate properties
and no spatial climatic variations allow to dggas indicator of differential uplift (Fig.
1.7H). From SW to NE, the steepness progressinelgases reaching the highest value
(also with respect to all the analyzed rivers) lid Mijares R. A similar value is also
relative to the Guadalope R., an Ebro R. tributhgining the same sector of the chain
(Fig. 1.6). The HI values have a trend similathe steepness index (Fig. 1.7D). The
Mijares R. basin records the highest value, mughédr than 0.5, indicating an active
tectonic area (Keller and Pinter, 2002). This iaftmed by the relative low value of
concavity of the Mijares R. profile and by the mparticularly resistant bedrock. So,

these anomalies delineate a localized area in tBesBctor of the Iberian Chain
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characterized by the highest elevation of the raag® by parameters that speak to a
landscape in stronger disequilibrium. Those casigeals of a differential higher rock
uplift. In particular, this area presents remnaotsplanation surfaces even at high
altitude (~2020 m a.s.l.) and is affected by extara faults related to the opening of
the Valencia Through.

In the Iberian Chain (e.g.: (Martinez-Tudela et 8886; Pefa et al., 1984; Ordofiez et
al., 2005; Dominguez-Villar et al., 2011) as wallia the rest of Europe (e.g.: Henning
et al., 1983), the Quaternary climate variationtefiglacial and interstadial stages)
favoured intense calcareous tufa deposition. lleeent to these previous studies, our
radiometric datings of fresh calcareous tufa ingicGges corresponding to MIS 1, 3, 5
(Table 1.2, Fig. 1.10A). Moreover, the datings afcareous tufas located on top of
strath fluvial terraces provide a good approachdsiimating incision rates because
these deposits accumulate rapidly (Andrews, 2001&),consequently the shaping of the
strath surface and the deposition of the overlydeposits could be considered
simultaneous. The obtained ages yield averageiancistes of 0.6 mm/yr for Late
Pleistocene, but the values increase to 1.2 mmufiyrHolocene time. Although we
sampled calcareous tufas in basins draining botitheon and northern flanks of the
range, the value of 0.6 mm/yr is homogeneous througthe central sector of the
chain. This evidence confirms that, at least indhain interior, rivers incise mainly in
response to a dominant regional input rather tloalod¢al ones such as: i) the drastic
base level fall due to the diachronous capturehefendorheicbasins, that occurred
during Late Pliocene-Late Pleistocene (Gutiérreal e2008); ii) the lithology of river-
bed basement, both poorly consolidated sedimentt{iMand Ruguilla rivers) and
stronger limestone (Tajo R.). Therefore, we intetgd the homogeneous erosion rates

of central Iberian Chain as related to regionaknoglift.
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In the Alto Tajo R., at Puente de San Pedro, tkesion rate calculated from the age
(2.54+0.33 kyr, MIS 1) of the Holocene terracemigch higher (1.18+0.18 mm/yr) than
the Late Pleistocene rates. This increase has te®emgnized in the nearby areas by
dating similar tufa deposits by ostracode shellramacid racemization (Torres et al.,
2005; Ortiz et al., 2009). This phenomenon, reggbilso in many river systems all
over the world, is interpreted as the fluvial resp® to the declining sediment input
since the Last Glacial Maximum (Hancock and Ander2®02; Pederson et al., 2006),
We compared the geomorphic indices of rivers (alloTR. tributaries) that drain the
southern Iberian Chain and the eastern flank oftbetral System, an area climatically
homogeneous. The shape of both longitudinal strpeosfiles and hypsometry curves
indicate a progressive change from W to E fromnaldaape in almost steady state to a
transient landscape. Indeed, the catchments dgathe Central System have concave—
up longitudinal profiles with9 ranging between 0.49 and 0.67, suggesting stdatky-s
conditions (e.g.: Whipple and Tucker, 1999, Snyeteal., 2000). Moreover they have
concave hypsometric curves characterized by lowesbf HI ( 0.18 and 0.28). The
concave-up shape of the hypsometric curves pomis tleeply dissected landscapes
where a long-term equilibrium between uplift andston rates has been achieved (e.g.:
Strahler, 1952). The Henares R. show intermediagracters with respect to both
ranges. The comparison of morphometry data shoatsttie landscape of the Central
System in close to steady state, whereas the ot dberian Chain is transient. So, the
Central System could have a much longer upliftamstiuring which erosion succeeded
in counterbalancing uplift. Apatite fission tracksalysis evidence a rapid cooling phase
of the Central System from the Early Pliocene (5) Ma Recent (De Bruijne and
Andriessen, 2002; Ter Voorde et al.,, 2004). Onlhsis of these considerations, we
hypothesize the Iberian Chain has a recent upigtoly, younger than 5 Ma. An

important geologic constraint to understand théftupl the Iberian chain is the Paramo
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fm. and its geometry. This carbonatic unit, Lateod&ine-Early Pliocene in age, is the
last lacustrine record before exorheism stage. Hlmamo fm. reaches the maximum
elevation of ~1200-1300 m in the Iberian Chain,hwéhallow dips of few degrees
towards the low-standing basins where it becomegdmtal, as preserved in the area of
Madrid Basin (Fig. 1.2). The envelope given by #igtude of Paramo fm. forms a
~300 km wide gentle asymmetric dome whose nortHmk is steeper than the

southern one (Fig. 1.2). The maximum uplift of tleene is ~600 m.

1.5.1. Tectonic implication

The morphometry data coupled with field investigatiand calcareous tufa datings
describes the landscape of the Iberian Chain asodypincised high-standing plain,
probably Miocene-Early Pliocene in age. This moipbg is a relic of an old landscape
characterized by low values of local relief, sumded by huge endorheic lakes. During
or just after the Early Pliocene, the uplift of thgerian Chain started reaching a
maximum uplift of ~600 m. This provides a minimurplitt rate of ~0.2 mm/yr, that
possibly increases up to ~0.6 mm/yr in the LatesRieene. Roughly at the same time
the change from endorheism to exorheism occuriedhat rivers should respond to a
tectonic input, the uplift, and variation in basgdl| related to a change from lake to sea.
Anyway this last contribution should not be thabsy since so big endorheic lakes
could not continue to exist for several milliony&fars at an elevation far from sea level.
As for the origin of the uplift, few hypotheses da@a proposed (Casas-Sainz and De
Vicente, 2009). The uplift of the Iberian chain pdate the compressional episodes,
which vanished in the Middle Miocene. Hence, thifupf the belt cannot be related to
crustal thickening. In addition, the small amoumteoosion and the immature river

network do not support the hypothesis of an iswstailift related to unloading due to
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erosion. Therefore, we can reasonably rule out thatuplift is related to crustal
isostasic adjustment.

Two alternative hypotheses can be suggested. Osghjldy is that the Iberian Chain
underwent uplift under compression producing lasgale folding (Cloetingh et al.,
2002; De Vicente et al., 2007). This is indeed @bssible also considering the
possible prosecution of the Iberian chain to thetvurethe Central System. In this case,
we should then consider that the lithospheric lasgale folding post-dated the
compressional episode. The other possibility is ttha large and smooth morphology of
the uplifted dome and the relatively low uplift eais instead due to deeper causes
related to mantle dynamics. In this case, the upbild result from the progressive
erosion of the lithosphere mantle due, for examjgesonduction of a mantle thermal
anomaly. The other solution is that the supporhae related to an upwelling process
of the uppermost mantle. Tomography images andrdin&gpography model indeed
indicate a slow velocity anomaly beneath centradtesm Iberia (Wortel and Spakman,
2000; Piromallo and Morelli, 2003; Li et al., 2008¢chmid et al., 2008; Boschi et al.,
2009; 2010; Faccenna et al., 2010). This anomalydctave produced a positive
dynamic topography of few hundreds of meters, a&slipted by dynamic topography
model (Boschi et al., 2010). In this case, we cadaidgine that the intraplate recent
volcanism of the area, as the Late Miocene—LatecPfie Calatrava leucitites in central
Spain (e.g., Cebrid and Lopez-Ruiz, 1995) and that€nary basanites from Olot—
Garrotxa in northeast Spain (Cebria et al., 208@)yld be related to that deep process.
Similarly the uplift of the Valencia Gulf and oféhCostal Chain could have been
related to this large scale process. More refinednsological model is needed to
support this hypothesis and the result of the ntocal project could give definitive

answer to those questions.
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1)

2)

1.6. Conclusions

Topography results from the interaction of crustatonics and/or subcrustal processes
that move rock masses and surface processes tiu&, éransport and deposit materials.
So, landscape approximates tectonic processesharstudy of its features at local and
regional scale provides important information teomstruct the role of tectonics in
landscape evolution.

Our morphometry analyses coupled with U-Th datiagd field investigation in the
Iberian Chain evidence the topographic and hydpigcafeatures that result more
sensitive to a main tectonic input, a regional fpin an intraplate context. This
dominance is only slightly influenced by local gegic and tectonic features. A
summary of our results includes the followings:

The landscape of the Iberian Chain is characterizgda poorly incised interior
constituted by a low relief topography includingaphtion surfaces and remnants of
ranges. Just three rivers could integrate intoctien interior, whereas the rest of the
hydrography drains its flanks. The lack of LateoBéine-Quaternary deposits, except for
small intermontane basins, suggest that erosiom @dominant process mainly in
response to regional uplift. This considerationicates the beginning of uplift as at
least Late Pliocene in age.

The morphometric analysis on drainage basins aedratlongitudinal profiles describe
a landscape in which rivers are still adjustingoadhant tectonic input. The shape of
longitudinal profiles, quantitatively measured bgncavity and steepness indices,
indicate that the rivers are far from equilibriufine hypsometric curves and the relative
HI confirm that the Iberian Chain landscape is poorcised by hydrography and that
preserve an old landscape in its interior. Thigirsetis validated by comparing the
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3)

morphometry of the Iberian Chian with the adjac€entral System. This range, that
experienced a rapid uplift since 5 Ma, is in stesidye.

The U-Th dating of calcareous tufas located onatfogtrath fluvial terraces allows us to
calculate a homogeneous incision rate of 0.6 mnidyr Late Pleistocene. In the

Holocene a strong increase in incision (1.2 mmha} been related to the declining
sediment input in fluvial systems since the Lasidizl Maximum.

In summary, we conclude that the Iberian Chain nsimtraplate orogen that is

experiencing a recent dome-like uplift. The rivars responding to this input incising
topography at a rate of 0.6 mm/yr, getting close tadial pattern. The comparison with
the adjacent Central System, that experienced @eagse in uplift since the beginning
of Pliocene, the age and geometry of the carber@téhe Paramo fm., and the almost
complete lack of Late Pliocene-Quaternary sedimigntie chain interior allows us to

hypothesize the uplift started at or after ~3 Ma.
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Chapter 2

NUMERICAL SIMULATIONS OF
PLIO -QUATERNARY LANDSCAPE EVOLUTION
OF THE
|BERIAN CHAIN (SPAIN)

Abstract

The Iberian Chain is an intraplate range locateithéncentral-eastern Iberian Peninsula,
showing a dome-shaped topography characterizedidy eelief landscape located at a
mean elevation of 1300 m a.s.l.

The mountain range results from the late Cretaceuddle Miocene compression.
During the Upper Neogene, compressive structurggereenced planation processes
presently recorded by wide erosion surfaces. Satweut 2.5 Myr (?), a regional
tectonic uplift occurred guiding the organizatidrtloe present fluvial network.

We performed numerical experiments to simulate daade evolution characterized by
the same tectonic and erosion inputs of the IbeCiaain area, using a range of physical
parameters calibrated on field, radiometric andghometric data. To test the evolution
of different initial topographies, we used SIGNUMSirgple Integrated
Geomorphological Numerical Model), a Matlab, TINsbd landscape numerical model.
The results show that the initial topography thettdr matches the geomorphological
features encountered in the present-day landscapsists of a wide plain with a
slightly higher relief to the NE. This plain wasaunded by endorehic areas.

After running the SIGUM, this initial synthetic ldscape evolves into a topography that

reaches a mean elevation quite similar to the dibeiChain high-standing plain,
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preserves small internally drained areas in iteriat and is poorly incised by
hydrography.

Our results, coupled with geological and gemorpbickl data, allowed us to conclude
that:

1) in Miocene-Middle Pliocene a relief of few huadrmeters was located in the NE
sector of the Iberian Chain; lakes occupied theakthe present range;

2) in Late Pliocene-Quaternary a regional uplifcweed, causing the progressive
capture of endorheic lakes. Topographic barriexggd an important role preserving the
landscape in the inner Iberian Chain at high elemahrough time.

3) the time span necessary to obtain a synthgbiegi@phy morphologically similar to
the present-day Iberian Chain is ~3.2 Myr.

4) the estimate uplift rates are non-uniform antheabetween 0.5 mm/yr in the interior
sector to 0.25 mml/yr;

5) the inversion of the drainage network and thenapy of the internally drained basins

occurs after the onset of the uplift, and starratnd 2 Ma.

Keywords

Iberian Chain, landscape evolution, numerical rinde

2.1. Introduction

Modern process geomorphologists use the term lapésevolution to describe the
interactions between form and process that areeflaput as measurable changes in
landscapes over geologic as well as human times¢Bhzzaglia, 2003).

Numerical models that describe landscape evolubyrrepresenting one or more

geomorphic process and landscape characteristmsgih mathematical expressions are
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calledLandscape Evolution Models (LEM).

Here, we simulate the Plio-Quaternary landscapedaaithage network evolution of
the Iberian Chain (Central-Eastern Spain) througmerical models that integrate
tectonic uplift and geomorphological processesbcaled on previous geomorphic
analysis by using raster and radiometric data.

In detail, our approach to numerically simulate taedscape evolution of Iberian
Chain mainly consisted in solving an inverse probléif, given some information on
the values of some measured quantities, we trgéoautheoretical relationship in order
to obtain information on the values of the set afgmeters, then we are solving an
‘inverse problem'. (...) For an inverse problem, ttea are the results of some
measurements, and the unknowns are the valueseopdmameters” (Tarantola &
Valette, 1982).

Our geomorphological inverse problem has been fared combining the
following input data:

1) initial data: 90m pixel-size DEM, present-day topaahic features geological
records, a time interval for the uplift onset; pa@nvironmental reconstruction
of the area);

2) values of some unknowns (incision rates, morphomebedexes of river
profiles, the amount of the total regional uplififarred from topographic
analysis).

Then, we used theoretical relationships in ordetmbine data and unknowns, such
as stream power laws for river incision and georhwrgransport, as well as the
erodibility of outcropping lithologies. We obtain¢lde values of the unknowns: initial
conditions, uplift onset, uplift rates, uplift satdistribution, erodibility in the stream
power model.

In detail, we performed 62 3-D TIN-based numerieaperiments of landscape
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evolution to calibrate geomophological processssphic uplift rates and pattern to the
present-day topography.

Furthermore, we validated the results obtained fBnnumerical simulations by a
2D inversion of synthetic longitudinal river prafd and comparing them with natural

channels.

2.2. Geological setting
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Fig. 2.1. Geological map of the study area, analyzed riv@rs Henares; = Tajuiia; 3=
Tajo; 4= Jacar; 5= Cabriel; 6= Magro; 7= Turia; B#jares; 9= Guadalope; 10=
Martin; 11= Aguasvivas; 12= Huerva; 13= Jiloca; 14#0n) and location of collected
fresh tufa samples (RG: Ruguilla, PSP: Puente deP&alro, MON: Montalban, RP:

Las Parras de Martin.).
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The Iberian Chain (North-Eastern Iberian Peninsigaggn example of intraplate range,
formed during Late Cretaceous-Middle Miocene timas consequence of the
convergence between Africa and Iberia (fig. 2.1)e Tresulting deep imprint of the
intraplate deformation (Casas-Sainz and Faccen@@l)2inverted the pre-existing
Mesozoic Iberian Basin (Alvaro et al., 1979; Guignet al., 2004).

Along the borders of the Iberian Chain as well fithe adjacent ranges, compressive
tectonic structures favored the development ofasrtinternally drained basins (e.g.:
Calvo et al., 1993; Villena et al., 1996; AlonsorZaA., 2008): the Ebro B., the Madrid
B., the Loranca B. and the Duero B. (fig. 2.1)tHe interior of the Iberia Chain several
small endorheic intermontane basins also developeh as Calatayud-Montalban and
Teruel basins (fig. 2.1). They are filled up by @p@ligocene-Pliocene (4.5-3 Myr)
continental sequences (L6pez-Martinez et al., 198&don et al.,, 1990; Anadon and
Moissenet, 1996; Alcala et al., 2000; van Dam aadzSRubio, 2003). During Early
Pliocene times, the final sedimentary stages ahale basins are characterized by the
widespread deposition of lacustrine limestones stirealled Paramo Fm. (Armenteros
et al., 1989; Alonso-Zarza and Calvo, 2000). T is considered coeval with an
extensive planation surface (the so-called Maim#&tian Surface: Birot, 1959; Solé
Sabaris, 1979; Simon, 1984; Pefia, 1984, GracidePeteal., 1988; Gutiérrez, 1996)
that currently dominates the central sector of rdmege. This wide surface records a
period of tectonic quiescence (Upper Neogene?)inguwhich most of previous
compressive structures were almost completely ledelln Late Pliocene (?)-
Quaternary, this denudation episode was interruptethe onset of a regional uplift
that produced a general upwarping of the rangd, dedined by the smoothly tilting of
the Paramo Fm. carbonates from the inner secttireafange toward the Madrid Basin.

Moreover, the uplift controlled the organizationtleé present fluvial network and drove
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the regressive erosion of Ebro, Tajo and Turia Rivas well as the progressive capture
of the intermontane basins and their transformatio exorheic basins from the
Pliocene onward (Gutiérrez et al., 2008).

The timing and extent of uplift of the Iberian amds poorly constrained, although
recently Scotti et al. (2013) suggest the uphestaated at or after ~3 Myr, on the basis
of an extensive morphometry analysis coupled wéblggical, geomorphological data

and radiometric datings.

2.3. Theoretical background and methods

In order to perform numerical experiments on the-Bluaternary geomorphological
evolution of the Iberian Chain, we use a TIN-baseainerical landscape evolution
model (LEM) called SIGNUM (Simple Integrated Geoptoological NUmerical
Model) (Refice et al., 2012).

SIGNUM is a multi-process, 3D, geomorphological mumral model and its code is
written in Matlab. SIGNUM provides a simple andeigtated numerical framework for
the simulation of some important processes thgieshaal landscapes at different space
and time scales.

The majority of LEMs use a raster-based approaah, they represent surfaces
approximated as a regular grid of points in theyjxplane. An alternative is to use a
triangulated irregular network (TIN)-based struetuwhich represents a surface by a list
of points arbitrarily disposed on the plane. The ak TIN-sparse points presents some
advantages compared to fixed grids: TINs allow monégorm sampling of some

surface parameters such as point distances anmhdeadirections; sampling density in
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TINs can be dynamically and spatially varied, allogvto selectively increase detail on

particular areas compared to others, and thus @tighcomputational costs.

SIGNUM operates by defining a triangulated mestpaihts on a surface, defined as
pairs of (x; y) coordinates in arbitrary units (fthis study coordinates units are in
meters). To each point is associated a unique hembe z. The initial list of point
coordinates and heights must be passed to SIGNUMakb arrays, which can be
created by any means, either by loading externt (lg. sampling a real elevation
field) or creating one from scratch, i.e. by sintm@ synthetic landscapes. In SIGNUM,
the Voronoi polygon area, calculated for each Thp is used as approximation of
the elementary drainage area associated to each. ddie flow routing network is
determined through a “steepest descent” algoriteath point is linked through a
“following” pointer to its neighbor with the steegieslope. Once the flow routing
network is built, contributing areas are determibgdcumulating elementary drainage
areas over the network. The main program then tgmiia successive time cycles,
modifying the surface states (i.e. point coordisateydrologic and geomorphic
variables etc.), at each cycle according to preedefirules. These rules are coded into
individual process functions, which are called fraime main program through
evaluation of Matlab commands from text strings,jchare passed to the program

from a parameter file.

The parameter file is a list of overriding defioits for any variable with respect to their
default value. Of these, the most important onestlag initial coordinate lists x, y, z
and the boundary condition list b of the same sialitional variables which can be
overridden in the main program through the paranfédeeare: the total duration of the

simulation in years, Nt; the save time frequency(dNga are saved to disk in a .mat file
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every Ns years); the seed name of the sequencetpfitomat files containing all the
surface parameters, which are saved periodicaltiisic; the plot time frequency Np, to
have a 3D plot of the surface on screen in a Mditalve window every Np years; text
strings containing alternate calls to Matlab fuoes encoding the chosen diffusion,
erosion, and channeling processes; parameter til@fisifor each of the above functions
(for instance, kd for the diffusion; Kc, m, n, féhe channeling; U for the uplift

modules; respectively).

The main program updates the model heights at iae@tion, according to the chosen
processes. Time is simulated as a sequence oktlissieps. At each iteration, height
changes due to the simulated geomorphological pseseare calculated in sequence,
and then applied to all points of the TIN. Thisresponds to a simple forward-in-time
explicit resolution scheme, equal for all the eque pertaining to the various
processes. The size of each time step is deternbyéaking into account the Courant-
Friedrichs-Lewy (CFL) condition (Courant et al.,619, in order to avoid numerical
instabilities in the solutions.

Every Ns simulated years, a .mat file named witlsar-defined seed character string
and an additional string equal to the current tmuenerical value (for instance, for a
seed name such as “SIGNUM_exp”, if Ns = 1000, ausege of files named
SIGNUM_exp_1000.mat, SIGNUM_exp_2000.mat, etcsaged to disk. Each of these
.mat files contains the whole Matlab memory contnthe saving time. This simple
data storage scheme helps successive processihg simulated data to extract useful

information.
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2.3.1. Geomorphic processes

All the approaches to landscape modeling pictuee éholution of the Earth surface
through the interaction of three broad classegadgsses, one driven by tectonic, large-
scale surface deformation, another describing tm@oghing effects associated to
diffusive processes, and a third one encoding tresivee power of water flow,
represented by advective processes. These thriepbasess classes which | label here
with the terms of surface uplift, diffusion, and acimeling, respectively, are
implemented in a large variety of ways, and thelstof their interactions, rates, and
forms, constitutes most of the current researabreiif the field.

They can be represented in a symbolic mathemdtioal by writing:

% (xy,zt)=U(xVy,zt)+D(X, y,z,t,Dzz) +C(xYy,zt,02)

(1)

where the dependence of each process class ons’ppwogitions, time, as well as
derived states such as surface curvatui2z) or slope [(Iz), are explicated for clarity.
The exact mathematical form of the three processe$ course dependent on several

assumptions, and additional parameters must bgreskito each of them in practical

experiments.

2.3.1.1. Hillslope diffusion

Diffusion modifies the height of each point by implementing the formula:
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i.e. height variation is proportional to the divenge of sediment flux over the surface.
The simplest expression for the flgxis a linear function of the surface slope, so that

the final height variation equation for linear dgfon can be written:
0z _ 2
at = kd Vez (3)

whereky is the diffusion coefficient which must be set lire parameterfile The linear

diffusion process is implemented through the apipnation (see Tucker et al., 2001):

92i _kaym 5 ZiTZi
at A Zj:l/ll] Lij (4)

whereA, is the area of its Voronoi polygon, the sum is aadéthen points adjacent tg

the ratio g - z)/L; represents the slope of the segment (height diféer® divided by
the length of the mesh edbg) and/;j is the length of the corresponding Voronoi edge.
In the adopted first-order, forward-in-time scheme = At- f(z, 9, the size of the time

stepAt is chosen by calculating the minimum CFL factoeoall the TIN arc lengthk;

2.,
Atmax < min CTZ) (5).
The actual relevance of an equation as (3) in niogldlillslope processes is currently
subject to scientific debate (see e.g. Tucker aratliBy, 2010; Foufoula-Georgiou et
al., 2010). Often, an alternative mathematical &gnehas been invoked to account for
nonlinear dependency of sediment fluxes on terspe instead of the linear relation
implied by (3), such as (e.g. Roering et al., 1999)
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q _ deZ
s =
1-(52)

which is used for values &iz smaller than the critical slof.

(6)

Sincelimy,_sc gs= o, as the local slope increases, it tends asympthtito the value&s.
without overcoming it. This kind of nonlinear diffion is implemented in SIGNUM by
using the nonlinear expression (6) in (2), and eypmnating as finite volumes,

analogously to (4), as:

Zj_zi
k L::
= dZ] 1 l]+ (7)

SE

azl

"%

The determination of the CFL limit for a nonlinediffusion equation is quite tricky

(see e.g. Pelletier, 2008; Press et al., 1992)cutate an approximate limit as:

2 _lzi=zi

. T g2 8
Atmax ¢ min; ; T ( )

where the inequality is forced by multiplying thght-hand side by a factor such as 0.1
or less. The last expression must be evaluateddt igeration, since it depends on the

surface slopes.

2.3.1.2. Channeling

Channel-forming advective processes are usuallyulated through mathematical

relations linking vertical erosion rates with chehslope and contributing areas, with a

72



huge variety of additional parameters influencihg particular erosion process (see a
review in Gasparini et al., 2007). One of these egdvidely used, is the stream-power
erosion equation, representing the fluvial incisiate as a power law function of water

discharge and local channel gradient:

% — _K,A™VZ" (9).

at

The contributing ared is used as a proxy for the water and thus the sadirfiux
(detachment-limited erosion regimd&); is a constant including surface erodibility, as
well as other terms such as the link between ruswadf contributing area (see Willgoose
et al.,, 1991), andh andn are positive constants which depend generally eretbsion
process being simulated. This is a common modetdé&achment-limited erosion, in
which deposition of sediment is not consideredalasroded material is assumed to exit
the surface from one or more fluvial outlets. Mubhs been written about the
significance, applicability, and verifiability ohé above equation (see e.g. Whipple and
Tucker, 1999, and references therein). Commonly wséues form andn are around
0.5 and 1, respectively, although a range of vataesbe found in the literature, based
on various assumptions about processes at worlsaridce characteristics (Gasparini
and Brandon, 2011). Nevertheless, many such demsimaintain a value of tha/n

ratio in a small interval around 0.5.

In SIGNUM, the process is simulated through theraximation:

n
%~ _g.A™ (—'Zf 'Zi|> (10)

at Lij
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wherej is the index of the point which poinis draining to (as determined in the flow
routing algorithm, i.e. in this version of SIGNUNhe steepest descent point linked to
pointi in the TIN), and.;; is the length of the TIN arc linking pointand j, while A; is
the contributing area of pointas defined in the preceding section.

The adopted explicit finite-volume scheme requagain a CFL upper limit for the time

step, which in this case can be written:

with themin calculated over all the TIN arcs.

2.3.1.3. Lacustrine areas

Internally drained areas, widespread in most ofridbeluring Miocene, and their
transition into exorheic areas in Pliocene and @uairy, represents a first-order feature
of the topography that we try to simulate in ourdscape evolution model. Therefore
an ad-hoc numerical treatment of closed topogragépressions is required by the aim
of this study, namely modeling the interplay betwdectonic uplift and drainage
network organization. Hence, we develop a simpjdiex method to simulate sediment
transport and deposition in a closed basin: alhtsobn the TIN having a steepest-

descent slop&=0 (meaning that all neighbors points have elevatios pointi) are

flagged as lake-points; thus, no erosion is allolwgdhe model in these points and the
sediment flux Qs from an upstream cell is deposited in the lakeypaiell, or
redistributed down-slope of a lake-point. Then th@del checks if the elevation of the

lake-pointi is higher than the minimum elevation of all itsighdor and non-lake
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upstream points; if it does, excess of sedimergdsstributed to neighbors downstream
lake-points of lake-point When a basin is overfilled by sediments and daraal river
captures an endorheic area by headward erosionflamlaof the lake, a new outlet
opens: rivers flowing upstream the endorheic aegaflow out, the erosion starts again
doing work on the undissected deposition surfacd®fiake and produces an exorheic,
self-organized drainage network. This numericalhoétrepresents the simplest way to

numerically simulate the filling of closed depres® or sedimentary basins.

2.3.1.4. Tectonic uplift

Surface uplift is intended here as a class of pmeEeanodifying the mesh nodes
according to some global rule. Common choices aeluniform uplift at a constant
rate, or episodic base level fall in a selected Imemof surface edges, or even no uplift,
to simulate lowering of the relief in a region. Mocomplex phenomena can be
simulated by changing the spatial/temporal patteohsthe uplift rate. Rigorous
simulation of surface uplift due to crustal movemsersuch as those detected close to
faults, requires in principle to track mass disptaents within the earth surface by
allowing the points representing the surface to enalso in the horizontal plane. This
approach would require updating the mesh grid dutite simulation, as mesh nodes
migrate laterally. This solution is adopted in somedels such as Braun & Sambridge
(1997), and could be coded in an ad hoc future RIBNiplift module. In many cases,
however, a simplified approach not involving nodevements can be used as a good
approximation of the superficial manifestation abund height variations due to
tectonic motions. In this scenario, the surfaceaff of some complex tectonic motion
schemes, such as thrusts or normal faults, camrhéaded by allowing points to change

their elevation at different times during the siatidn. This scheme corresponds in
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practice to an “eulerian” approach as opposeddditdgrangian” point of view implied
by the mesh migration algorithms. Eulerian simolatof the propagation of “uplift
shock waves” through the simulated mesh can indegebduce the phenomenology of
surface uplift quite faithfully, provided numericsiiability of the simulation, which is

assured if the time step satisfies the CFL comlitio

Atmax < mini,j(Axij/vC) (12)

with v. some parameter representative of the lateral nmgratelocity of the ground

movement phenomenon, and the maximum calculatedativiae mesh arcs; ().

2.4. Quantitative constraints

2.4.1 Geomorphological constraints

In order to simulate the uplift of the Iberian Qihand the relative river incision into
bedrock, we implemented some parameters in the mcahenodel SIGNUM. They are
derived from morphometric features of the Iberidmai@ topography, such as swath
profiles, local relief map and stream longitudipadfiles (Scotti et al., submitted). Our
main data source is the SRTM DEM of the Iberiani@hahose resolution of ~90 m
pixel size is good enough for a regional analysigision rates have been also
calculated from U-Th dating of calcareous tufasrlyieg fluvial strath terraces in the

inner sector of the range (Scotti et al., submijtted
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2.4.1.2. Swath profiles and local relief map
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Fig. 2.2. A) DEM of the study area and location of traceshaf four swath profiles; B)
swath profiles showing the trend of maximum, minmuand mean topography and
local relief of the Iberian Chain. IC: Iberian ChaiTB: Teruel Basin; MB: Madrid
Basin; JB: Jiloca Basin; GB: Guadiana Basin; EBroEBasin; CM: Cameros Massif.

To characterize the Iberian Chain topography wesed our morphometric analysis on
several swath profiles and a map of local religgd @.2). We extracted four swath
profiles to describe the general trend of the maximminimum and mean topography
included in an observation window 40 km wide andwf800 km long. A curve of the
local relief has been generated subtracting aritisalyy the minimum from the
maximum elevations.

The swath profiles (fig 2.2) reveals the Iberiamadhhas a dome-shaped topography,

characterized by a widespread low-relief surfadanding at ~1300 m a.s.l. in its
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interior. Comparing the swath profiles with the lgggcal map in fig. 2.1, the
connection between the high standing surface aedMiocene-Pliocene lacustrine
deposits in the Madrid and Guadiana basins is appafo the E and NE, the high-
standing plateau is interrupted along the Meditezam and Ebro sides of the massif.
Remnants of ranges characterized by an older |def iurface rise from the plateau
reaching elevation of more than 1600 m.

The curve of local relief (fig. 2.2) shows an alinbemogeneous almost plat pattern,
suggesting rivers are incising in response to aguantectonic main input.

In order to describe the spatial variation in riugision throughout the study area, we
also elaborated a map of local relief by arithnalyc subtracting two surfaces

describing the general configuration of valley bots and peak elevations (fig 2.3).

Local relief

[ | (m)

Fig. 2.3. Local relief map of the Iberian Peninsula.

These two surfaces have been extracted by smoatiéngaw topography by a circular
moving window 30 km wide. The resulting map indec#tte values of local relief are

low or very low (~200 m), especially consideringttlt reaches elevations of 2000 m.
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High values are in the eastern sector of the Ihe@hain, along the Mediterranean
coast, where active or recent extensional faudd@rated (Perea et al., 2012; Simén et
al., 2012). The widespread low values of localefaldicate the Iberian Chain is poorly

incised by hydrography.

2.4.1.3. Longitudinal stream profiles

We extracted the longitudinal profiles of 14 mairers draining the Iberian Chain (fig.
geological map) and we quantified their shape daling the values of the concavity
index @), that describes the rate of change of channeligmawith respect to drainage
area, and the steepness indky),(a measure of channel gradient normalized by a
reference concavityer =0.45 (Hack, 1957; Flint, 1974, fig long profiléds shown in
Table 2.1, results indicate that most of the rimefiles are characterized by low values
of concavity (average value: 0.27) to respect eowhlues expected under steady-state
conditions ¢ = 0.4 - 0.6; Tarboton et al., 1989; Snyder et20Q0; Kirby and Whipple,
2001; Whipple, 2004; Wobus et al., 2006; Whipplealet 2007) and are far from the
typical concave-up shape traditionally referred fliovial systems in equilibrium.
Conversely, the steepness index progressively asese along both southern and
northern flanks of the range, reaching its higivedties in the NE sector of the Iberian
Chain (Mijares and Guadalope R., fig. 1). This aks® shows the highest elevation of
the entire chain and remnants of planation surfatdsigh altitude (~2020 m a.s.l.),

suggesting that the high valueskgfcould be indicators of a differential rock uplift.
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Table 2.1. Morphometric indexes of the longitudinal streamfies of the analysed rivers.

River 0 an
(concavity) (normalized steepness)
Madrid Basin Side
Henares 0.22+0.085 31.3
Tajufia 0.28+0.063 26.5
Alto Tajo 0.42+0.100 31.4
Mediterranean Side
Jucar 0.24+0.098 39.9
Cabriel 0.20+0.130 44.8
Magro 0.35+0.047 41.3
Turia 0.29+0.057 58.1
Mijares 0.17+0.098 81.4
Ebro Basin Side
Guadalope 0.34+0.096 80.4
Martin 0.28+0.048 58.5
Aguasvivas 0.29+0.13 56.6
Huerva 0.15+0.055 45.7
Jiloca -0.35+£0.28 50.7
Jalon 0.24+0.071 58.9

2.4.1.4. Incision rates

We estimated incision rates BY°U-Th datings of calcareous tufas lying on strath
terraces along the high courses of Martin, Rugudliad Alto Tajo rivers (fig 2.1, Table
2.2). The samples are almost homogeneously disddbtinroughout the Iberian Chain
interior. The results allowed us to calculate amsion rate of 0.6 mm/yr from 105 to 41

kyr (Scotti et al., submitted). The very similasués indicate the rivers are responding

to a single regional tectonic input.
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Table2.2. Age determinations from investigated calcareods tleposits on strath terraces

and relative incision rate values.

Elevation strath

) _ terrace Age Incision rate
River Site Sample
(m above (kyr) (mm/yr)
current thalweg)
Ruguilla Ruguilla RUG 4 60 89+6 0.69 +0.04
] Puente de San
Tajo PSP 3-1 60 105 + 8 0.56 +0.04
Pedro
Las Parras de
. RP 1 60 917 0.66 +0.05
Martin Martin
Montalban MON 3 25 41+2 0.62 +0.03

2.4.2. Model calibration

A 300 knf domain is used to represent the natural regiotheflberian Chain. The
shape of the real area is well approximated by sheare synthetic domain. The
landscape is numerically represented by a rand@ampled and triangulated set of
points with X, y, z coordinates. The maximum spg@hpoints is 6 km + 1.2 km (i.e. =
20%). This grid size represents a good balance destwhe size of the landscape
features that are analyzed and the size that alfans to be performed in a relatively
short amount of time. We implemented a river irmismodel considering that the
average concavity indeX= m/n = 0.3, as calculated for all main real rivers ttiedin
the mountain belt using an ad hoc GIS based ragressol.

On the basis of topography, and of geomorphic, aggchl and morphometric
constraints, we divided the Iberian Chain and isaindings in regions defined by
homogeneous uplift rates (fig. 2.5A). Area 1 indadhe inner and the SW sector of the
range. Here we assumed an uplift rate gently decrgaoward WSW. Conversely,

along the north-eastern flank (Area 2), we hypatteesa homogeneous uplift rate,
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Mediterranaan sea

w104 mfyr

Duero hasin

Ebro hasin

Mediterranean sea

Fig. 2.5. A) areas characterized by homogeneous uplift pgtiarwhich the Iberia

Chain has been sudivided; B) uplift rate pattern implemented in tinemerical mode
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since there are no geological and geomorphic ecekethat indicate a more complex

uplift pattern. Here, the Calatayud and Teruel fmsire included. Areas 4 represents

the NE sector of the range, where we assumed tixémaen uplift rate of the range.

The surroundings of the Iberian Chain have beenedafrea 3 (Central System), Area

5 (Toledo Mountains), and Area 6 (Guadiana Basivi¢ perform several numerical

experiments applying different uplift rates in thembered regions (fig. 2.5). In these

calibration runs, the bedrock erodibility parameker, is set uniform all over the region,

and it is varied at each run.

The onset of the regional uplift that affected tberian Chain is still highly debated. In

order to add time constraints to it we list somesiderations (Scotti et al., submitted):

1)

2)

3)

4)

The constant low local relief that characterize &méire chain, as well as the
river transient state of disequilibrium, speak t@eent unique regional tectonic
input.

The low relief upland surface is a record of sigbibf base-level conditions.

The deposits relative to its shaping lay down intee mega-lakes that
surrounded the Iberian Chain. Considering thatethiesge lacustrine basins
lasted form many millions of years, they should/bey close to sea level.

The adjacent Central System, that presents mudiehigalues of local relief

and rivers close to equilibrium, was affected naid cooling since 5 Myr (De

Bruijne & Andriessen, 2002; Ter Voorde et al., 2D00

The Paramo Fm. sedimentation, that is the lastrdead the mega-lakes

surrounding the Iberian Chain as well as of thelsim@rmontane basins, ended

in Early Pliocene, indicating a strong change isebkevel.
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5) In the Iberian Chain interior Late Pliocene-Quateyndeposits are lacking
except for small internally drained basins, sugggsthe dominance of erosion
processes.

These general considerations suggest that the shseld range between 2.5 and 4
Myr.

In order to set the best values of the geomorplcdbgnd tectonic parameters which
produce a realistic topography, we perform a chieetveen the real and simulated
topographies at the end of each simulation; ini@agr, maximum, minimum and mean

elevation, within each numbered area (fig. 2.5A% ased as constraint for the final
model output. In every area, uplift occurs at astant rate for all the simulations. The
best fitting set of parameters is selected oncevéihges of above-mentioned elevations
on the simulated topography fit those extractednfldEM. In table 2.3 are described
the ranges of parameters used for 62 simulatiorferpeed for model calibration and

the values found for the final best fitting topagng within each homogeneous area.

Table 2.3. Parameters implemented in the simulations andfivestiues obtained

Parameters Min Max Best topography
K diffusion 3 5 3
2x10 1x10 5x10
(nflyr)
K channeling 5 . .
1o 1x10 3x10 1.5x10
(m~*yr)
m/n 0.25 0.4 0.3
Time
2.5 Myr 4 Myr 3.2 Myr

(yr)
Max river incision rate

(miyr)

1.3x10* 1x10° 2x10,
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2.5. 3-D modelling of the Iberian Chain topography

2.5.1 Initial model setups

The aim of our modeling is to reproduce how a |l@hef landscape located close to sea
level could evolve in response to a tectonic distace, depending on the scaling laws
chosen and the initial topographic conditions. Miordetail, to investigate the origin of
the present-day topography of the Iberian Chainparéorm three models.. All of them
have common features: a) the geomorphology an@rectructures of the lberian
Chain and its surroundings during the Early Pli@;ds) a low relief surface developed
under tectonic quiescence (corresponding to theemmolberian Chain), surrounded by
mountain ranges (the present-day Central Systerestvizgo Mts.). The initial setting
of the three models differs in the following feasr

Setting 1: a wide uniform flat surface at arouna @.s.I (fig. 2.6A);

Setting 2: two wide endorheic areas (including phesent Tajo, Catalayud and Teruel
basins) surrounded by low-relief ranges (simulatimg Central System, coastal ranges,
and the Castilian and Aragonese brenches) (fid)2.6

Setting 3: same as Setting 2, but including a higblkef (around 800 m) corresponding

to the modern Maestrazgo Mts., Cameros Mts., amdr@leSystem (fig. 2.6C).

2.5.2 Model results

Model 1
In this model (fig. 2.6D-G), after an early stadalsorganised drainage network in the
flat surface, a differential uplift (maximum raté Imm/yr in the central sector to 0,3

mm/yr along the flanks) occurs inducing head-wéudiél erosion. Knickpoints rapidly
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Fig. 2.6. A-C: initial conditions; D-F: topographies shapey ftuvial and hillslope
erosion, obtained from setup A-C, under upliftimndition, after running the model

for 3.2 Myr; G-I. topographies obtained with thepilementation of sedimentation
processes.
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integrate into the uplifting topography that reaclemaximum elevation of 1300 m
after ~3 Myr (table 2.4).

A smoothed low-relief landscape characterizes titerior of synthetic Iberian Chain

(fig. 2.6D). It contrasts with deeply incised fluvizalleys cutting into the massif

flanks. Since the initial condition is a flat swiéa the capture of the internally drained
intermontane basins occurs at around 2.5 Myr. Cmelyg the simulation of

sedimentation in the basins leads to a delay &r pracy (fig.2. 6G).

Models 2 and 3

These two models are very similar (fig. 2.6E-F-HBut differences in pre-existing
topography strongly influence the head-ward flusebsion. The topographic barriers
prevent an early capture of the intermontane ba3ine delay in river integration into
the Iberian Chain induces a pronounced differeretevéen the low-relief surface and
the fluvial valley incising the massif flanks. Siarily, the transition from endorheic to
esorheic drainage occurs in both models at aroudgri(fig. 2.6E-F-H-I). Conversely,
the small intermontane basins in the N-NE margenaaptured later (around 0.5 Myr)
(fig. 2.6E-F-H). In Model 3, the sedimentation ihet small intermontane basin
corresponding with the present Teruel basin fawsrsapture by synthetic Turia R. at
~1.2 Myr. In this model, the synthetic landscapaches elevation similar to the real
ones after 3.2 Myr with an uplift rate in the inrs&ctor of 0.45 mm/yr that decreases to
0.25 mm/yr along the flanks, while in the NE sedfdaestrazgo Mts.) is of 0.5 mm/yr
(table 2.4). Moreover, the models predict a maximong-term erosion rates of 0.2
mm/yr (table 2.3). The values of 0.4-0.5 mm/yr aomsistent with those calculated

from radiometric dating (see § 1.4 and 2.4.1.4).
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Table 2.4. Uplift rates implemented in the simolad and best fit values obtained

Uplift rates for each

sub-area Min Max Best topography
(miyr)
1(gradient) 1.25x10" - 4x10* 3x10* - 7x10* 2.5x10* — 4.25x10'
2 3x10* 1x10° 4.25x10"
3 4x10* 1x10° 4.5x10°
4 5x10* 1x10° 5x10*
5 5x10* 1x10° 5x10*
6 1.25x10° 5x10* 3x10*

2.6. 2-D Modeling of major river profiles

We use simulation of river profiles through timetést which value of erodibility of
bedrockk fits the real river profile, minimizing the errdetween simulated and real

profiles. The convex-up shape of a river profilgigen by the following equation:

dz _

= Ui —ki*Ai™ = Si™ (1)

describing the change of elevation for each pooftthe profile at a given time stejh
The first term on the right represents the tectaopiift rate of the surface on which the
river flows, while the second term describes thverrincision rate into bedrock, also
called the stream power law. Bedrock incision ratesproportional to the parameter
or bedrock erodibility. It has been demonstrateat thall governing parameters in eq.
(1) are constant through time, at a certain tirtee uplift rate and incision rate are equal
for all points along the profile. In this case wayghat the river is in steady state

condition. In this study, we model river profilesing data of real rivers, such as
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drainage are& and channel slopgextracted from a 30m DEM of Spain, together with
m, n and U parameters in equation (1), obtained by using @-kools for
geomorphlogical analysis of raster data. In pakdicuwe use simulations to test the
values ofk, which is unknown and difficult to be straightfaaml constrained from real
profile analysis. Iterative variation of the valagk, allows to obtain a final simulated
profile similar to the real one. Starting from aegs value ok, we use a method to
minimize the average error in elevation between dineulated and real profile. The

average error between the real and modeled piaitebe written as:

1 onN . .
€k, = NZi:lleim — Ziyear (2)

and it is calculated at the end of each simulaftamnall n points along the synthetic
profile, and for each new tested valuekopfSincek; varies at each simulation, and a
change irk results in a change in the final simulated profiteen the average erreg
can be defined by the functidk). f(k) describes how well the simulated profile, using
the assumed value &f, approximates the real profile. The next iterati®mperformed

computing the new valug.; which must satisfy the condition:

flkn) = fknsa) (3).

We apply the "gradient descent" method, a firseordptimization algorithm used in
numerical analysis to find local minima of a givemction, to find the best fitting
values ofk from river profiles. “Gradient descent” is basedtbe assumption thégk)
decreases if steps are taken proportional to tgative of the gradient of the function in
the initial point, e.g. k

We can write the gradient &k) as follows:
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L= Vflk) @),

which provides the direction of the local minimurhtbis function, starting from the
initial guess for minimunk;.

It follows that if and only if:

f(kz) = f(ki) —yV(ky) (5)

(with y small enough), we obtaitkl) = f(k2).
When this condition is satisfied, the gradi@fhk) is negative fok values increasing or

decreasing fronk; to k,. The first step in "gradient descent” algorithmsists of
picking a guess valuk; for the local minimum of(k), considering the sequence of

valueskl, k2, k3,..., ksuch that:

f(kn+1) = f(kn) - ]/Vf(kn), n>0 (6)

For each value d{, a sequence dk) values is then obtained:
flke) = f(ko) = f(ke) = ... = f(ky) (7).

Such sequence d&fk) values converges toward the desired local minimiimust be
noticed thaty changes at each iteration and represents the art@inmust be added to

ki and to obtain the next vallig y is calculated with the following equation:

f(kn) ~—VYn* Vf(kn) =0 (8)
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wheref(k,) is the average error resulting from a simulatignis the value of bedrock
erodibility picked in the previous iteratio®f(k,) is calculated usinfk,), f(kn.1), kn and

Kn-1.

Hence we calculatg,+1:

Yne1 = f(kn)/vf(kn) (9)

The iterative calculation & stops when a value §k) is found such that:

f(kn) < e (10),

wheree is an arbitrary value, small enough, and reprasiiat average error tolerance.
Calculating the sequence kf following the "gradient descentftkn) will tend to zero
and the corresponding value kf can be considered as a good approximation for the

local minimum off(k).

In fig. 2.7 is represented an example of the usgEdient descent” to minimize the
error between a simulated profile and a real ortee Profile of the real river is
represented by the solid blue curve in the samedigAll variables and parameters in
equation (1) are known, except for the valué & be tested. We make the assumption
that at an initial time the river profile evolves on a flat surface, reqerted by a
straight line at uniform elevatior=0, and that the unknown erodibility paramekeas
uniform along the whole river course, as well as diplift rateU=0.3 mm/y. The first

run is performed using a guess vakie= 1.5%10*. We consider that the final profile

(present-day river profile) is achieved at tits8My (the red dot curve in fig. 2.7), then
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the average error between simulated and real erdadil calculated. Evaluating tl
direction to the negative gradientf(k) in k1, the increase,,,, is computed accordir

to equation (10). For the case represented i2fiy Vf(k) is negative fok > 1.£x10*,

1200 T T T T T T T

SIMULATED PROFILES i

1000 |- ———kc=15e4 2

———ke= 1615604 '
ke = 1 7022e-4 ;

—— REALPROFILE gy o

Elevation m

i i 4
Distance from mouth m 10

Fig. 2.7. Example of the results for iterative variationglod value ok to minimize the
error between a simulated stream profiles (dotbeels) and a natural stream prof

(solid blue curve) under homogenous uplift condisi

The computed value «,,,, is added tck;, and a new valuk, is obtained, e.gk, =

1.615¢x10%as shown in fig. 2.7. Equation (5) predicts tif(ky) < f(ki). In fact,

computing the sequence k values to the direction of the negative gradienf(k),
following the "gradient descent" algorithm, the slated profile approaches the r
profile and average erre is more and more minimized. In fig. 2.8 a ploikk andf(k)
values computed for this example is shown: it camlbserved that sequen increases
of ki produce a decrease g values, which gradually tend to zero (conditionaufal
minimum achieved). If(k) < &, wheree = 0.08 in this case, the best valuek is found

(ks = 1.749=10"in figures 2.-2.8), which sufficiently minimizes the average eig,.
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Fig. 2.8. k andf(k) plot relative to the example of fig. 2.7, showirmatt the best fi
conditions between simulated and natural streanfilggoare achieved whef(k)

decreases to a valges.

In practice, it is very diffcult to find a river istead-state conditions, showing a prof
as smooth as the example shown in fig. 2.7. In memdtcases it is possible indeec
observe sharp slope changes along stream prdfiles\n with the term "knickpoint”. /
knickpoint can be created during the natural evatuof a river for different causes:
changes of bedrock erodibility (lithologic knickpt), b) bas-level changes, c)
discharge and sediment load fluctuations, due xample to drainage area pira
among adjacent catchments, or to climate changegladal or regional scal
(alternating wet and dry phase

For the cases shown in this work, we assume tlaatggs in bedrock erodibilik along
a stream channel exerts first-order control on all simulated river profiles. C
approach to model river profiles is well illustrdtby the example shown in fig. 2.9
river profile evolves starting from a flat surfagglifted at a constant and uniform up

rate U = 0.3 mmy. In this example we have reconstructed a syrthstatigraphic

94



model, consisting of a relatively more erodible eiayoverlapping a relatively less
erodible layer:k; and k, are bedrock erodibility parameters for the uppsd gower

layer, consideringo<<k;. The lower layer lies initially at a depth of 560under the flat

surface and both layers have an extent equal tdisti@nce from the source of the river
to the mouth. As observed in natural rivers witnigr conditions, the river evolves
starting from the mouth by upstream erosion. At ¢émel of each time stegt, the
amount of incision of the river into bedrodk,,,,/dt is computed for all points along
the profile. If the cumulative amount of incisioh a certain time step reaches the
depth of the uplifted contact between the two déife layersk, replaces; in eq. (1)
and a "lithological" knickpoint propagates upstreamthe profile. As can be observed
in fig. 2.9, the knickpoint coincides with a traisn zone between two reaches of the

profile with different slopes. In this case thedipoint propagates upstream following

SIGNUM profile simulation
20 T

0} — Knickpaint at
t=20My ~_

Elevation of erodibility change att=20My  K1=1.75%10"
K2 =1.65*10

UNIFORM UPLIFT RATE dU/dt

t*+ .+ 4 . * * #

2 3 ] 10 12 14 15
Distance from mouth m

Fig. 2.9. Synthetic stream profile obtained starting from lat fsurface under
homogeneous uplift conditions (uplift raté = 0.3 mm/y), implementing a bedrock
characterized by two lithologies with different étality (ko<k;). The river evolves
starting from the mouth by upstream erosion. Whmaision reaches the depth of the
uplifted contact between the two different layerslithological” knickpoint propagates

upstream on the profile. 95



the model of "slope replacement”.

any knickpoints can be found on the same real Iptofepresenting many changes in
bedrock erodibilityk.

Applying the same approach used in the previousemeddexamples, we develop a
method similar to "gradient descent”, adapted toubed in the case of numerous
changes in slope that may occur in a river profile.

In fact, "Gradient descent" is an approach sintdaEuler's method for solving ordinary
differential equations.

The forward explicit Euler's method is a first-ardeumerical procedure for solving
ordinary differential equations (ODEs) with a givimitial value. It is the most basic
explicit method for numerical integration of ordipadifferential equations and is the
simplest of Runge—Kutta methods. In numerical asialthe Runge—Kutta methodee
an important family of implicit and explicit iteige methods for the approximation of

solutions of ordinary differential equations.

Forward Euler's method can be thougth of as thieviohg example: consider the
problem of calculating the shape of an unknown ewich starts at a given poixg
and satisfies a given differential equation. Herelifferential equation can be thought
of as a formula by which the slope of the tangerd to the curve can be computed at

any point on the curve, once the position of tlmhphas been calculated.

The idea is that while the curve is initially unkwg its starting point, which we denote
by %o is known. Then, from the differential equationg ®&lope to the curve & can be
computed, and so, the tangent line. If we take allsstep along that tangent line up to a
pointxz, along this small step, the slope does not chammenuch, sog will be close to

the curve. If we pretend that is still on the curve, the same reasoning asherpoint

9€



Xo above can be used. After several steps, a polygamae Xo, X1, X2, X3, ... X% IS
computed. In general, this curve does not diveagefar from the original unknown
curve, and the error between the two curves camdwme small if the step size is small
enough and the interval of computation is finite.

The first step in using the forward explicit Eureethod to model river profiles consists
of a discretization of our river profile imreaches, as many as the major slope changes
found in the real profile, along the X axis, whiobpresents the distance from the
mouth. In figures 2.10 are illustrated the fittinghs performed on a real profile (solid
blue curve) using the forward Euler method. Accogdio the previous examples, a first
simulation is performed on the first upstream reaohthe profile, in the total time
interval (e.gt=3 My). We use a first guess value for bedrock gibty k;, namely the
value we want to test as a minimum f¢k). Hence, we apply the iterative "gradient
descent” method to minimize the average error batwike first reach of the simulated
and the corresponding reach on the real profileeeQhe first best fitting value ¢f is
found, the simulation is performed considering tlegt reach on the profile, and so on
for all n reaches. In the example shown in figures 2.10ptbéle has been discretized
into three reaches, assuming that each reach caroteled with different values &f
After n iterations on each reach, an average global egas obtained, whose value is
less than or equal to the global error toleranc&he final result is represented by a
synthetic river profile, providing the best approation for the real irregular curve. As
a consequence, the sequence of changes in bedwmtbikty k can be reconstructed
along the real profile. In fig. 2.10C are shown best fitting values values fég, kp, ks

obtained using the forward Euler method.
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SIGNUR profile simulation — Euler method

T=3My
s T T T T T T
ool .
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Fig. 2.10. Example of iterations implemented to achieve a Isstit stream profile
(dotted lines) that provides the best approximatbra natural irregular curve (sol
blue line). The real stream profile is discretizhtie 3 reaches. The simulation
performedfinding the best fitting value ok between natural and synthetic stre
profiles firstly for the upstream reach (A), them the next reach (B) and ¢-by-one to

the mouth of the river (C

2.6.1. Model results

Table 2.5. Best fit parameters obted from the 2D inversion of synthetic longitudinaier

profiles and the comparison with natural streamfpes.

Bedrock
o Average error Average
) erodibility S
River ‘ & m, n incision rate
. (m) (mm/yr)
(min-max)
Tajo 1.5-4.8x10" 0.97m 03,1 0.52
Tajufia 2.1-4.8x10 0.068 m 03,1 0.4156
Mijares 1.05-1.85x1d 0.94m 03,1 0.5696
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The optimalk values (see Table 2.5) obtained from river modetihthe Tajo, Tajuiia
and Mijares stream profiles correspond to the sediary rocks outcropping in the
watersheds, as expected from the analysis of th@dgies in the three catchments (see
lithology bars in fig. 2.11) and as inferred byyoelis studies on river modeling (Stock
and Montgomery, 1999; Kirby and Whipple, 2001). Tgwod correspondence is also
strengthened by the little variation of modekeghlues in these three rivers usimg0.3
andn=1. In the higher part of the Tajo River, betwe®®-800 km of distance from
mouth (see Fig. 2.11A), the bedrock is mostly repnted by carbonatic rocks, the
uplift is almost constant because the river flovespgndicular to the modeled uplift
gradient, anck assumes values between 1.4%18°*yr* and 2.5x13 m®* yr™: the
lower k values represent the stronger lithologies of #mbanatic rocks (dolomites and
dolomitic limestones), conversely the highlkrvalues correspond to the weaker
limestones types. In the middle part of the Tajglietween 400 — 300 km of d.f.m),
the relative highek values obtained (2.7xTam>*yr* — 3.2x10* m**yr™) can be linked
to the more erodible outcropping sedimentary rggles. In this part, the Tajo R. flows
out of the highest part of the Iberian Range amuh tteaches the Madrid Basin, along
the direction of the uplift gradient. A regular iease ofk values is obtained in the
lower part of the Tajo R., ranging between 4.8%x8™* yr for clayey lithologies
(between 300 — 200 km d.f.m.) and 4.5%10%* yr for the last reach of the profile
(200-0 km d.f.m.). In the Tajuiia R. we obtain aikmvariation ofk values in the
upper part of the profile (400-300 km of d.f.m)thk ranging between 2.1xT0om**yr

1. 2.5x10" m**yr? for carbonatic rock types and 2.75160°%yrt — 2.9x10* m*4yr!
for the clayey and arenaceous alternations. Then&aR. is a tributary of the Tajo R.,
hence the lower part of the profile (190 - 0 knddfm.) is the same as for the Tajo R.
(see Fig. 2.11B). In the Mijares River, where wsuase that the uplift is uniform along

the profile, the k values vary in a range betweel014 —
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Fig. 2.11. Comparison between the natural stream profilelgd(sed lines) of Tajo (A),
Tajufia (B) and Mijares (C) R and the synthetic ief(dotted blue lines) obtained

from 2-D inversion and taking into account the épditly of outcropping litologies.

1.9x10* m**yr!: the narrower variability of k shows a corresparmewith the higher
frequency of dolomites, limestones and conglomsratethe Mijares R. catchment
compared to the Tajo R. and Tajuna R. Most of thegularities in the Mijares R.
profile can be explained by the higher presenaelatively less erodible rocks (namely
limestones, domlomites and conglomerates) altedintdeshort reaches consisting of
weaker bedrock lithologies, (see lithology bar esgnted below in fig. 2.11C), which
allows us to conclude that these knick-zones aiialynéhologically controlled.

The analysis of the concavity of the modeled rivemsws that, even if the intrinsic
concavity of the stream power modelign = 0.3/1, the modern profile concave shape
depends on the orientation of the stream with r&@sjpethe rock-uplift gradient existing

in the Iberian Chain, and on the lithologic varidpialong the river course. For
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example, the modern Tajo R. shows a higher concd0id) compared to both the
Tajuna R. (0.28) and Mijares R. (0.17). The modgfmovides a good explanation for
this geomorphological feature: most of the highart pf the Tajo river flows through

the lberian Chain, where we assume it has exparteadigher uplift rate compared to
the lower part, where the river flows along a dasneg uplift gradient. In addition to

the modeled uplift pattern, the bedrock in the wggeet of the profile is characterized
by more resistant lithologies than in the lowertpars calculated from the profile
analyis. Furthermore the irregular concave-up sludibe three river profiles confirms
that they are far from steady-state and respongigrecent regional uplift pulse.

The average erosion rates calculated in the I&&kg0from river profile modeling are

also consistent with the erosion rates estimated-iyn dating of calcareous tufas lying

on strath terraces along the courses of Martinuifagand Alto Tajo rivers.

2.7. Discussion

The results of the 3D modeling of the Iberian Chatiesented in this work show that
the hypothesis of a Plio-Quaternary uplift stagethed low-level topography of the

Iberian Chain, as interpreted by the previous gephulogical analysis, can explain the
observed modern topography and drainage netwodnargtion. In particular, the uplift

pattern used in the landscape evolution model alltwobtain an optimal topography
presenting many features similar to the modern suneh as the uplifting margins of the
Iberian Chain, which hampered the erosion of thermally drained basin, the capture
of intermontane basins during Late Pleistocene,thaed¢onsequent reversal of drainage
network in the marginal areas of these basins.ibdel results suggest that the uplift
rates are of the order of 0.25-0.5 mm/yr, whichcasnpatible also with the recent

incision rates extracted from strath terraces & kberian Chain. Furthermore, the
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regional uplift pattern implemented in the modetansistent with the achievement of
the actual topography after 3 Myr.

The average erosion rates resulting from the 3-Rietiiog (0.2 mm/yr) are slightly
lower than the incision rates obtained from U/Thirdg suggesting that the optimal
value ofk found for the best fitting topographi=1.5x10-5) cannot be considered as
uniform in all the Iberian Chain region during tR&o-Quaternary evolution. A finer
reconstruction of the erodibility parameter by 2izer profile modeling have helped to
get values of incision rates similar to those oimdi from dating techniques.
Furthermore, the erosion coefficient used in tmeash power model falls in a range of
values (1x1d — 4.8x10" m®* yr') similar to the estimates of sedimentary rocks
published in previous works (Stock and Montgom&889, Kirby and Whipple, 2001).
Our numerical analysis of stream profiles also aoorates the uplift pattern
implemented in the 3D model of the Iberian Chaid #re strong control that lithology
exerts on the channel slope in this area. Furthexmihe results demonstrate the
potential of the profile gradient analysis andrtt method presented in this study as a
quantitative mean to understand the response btlheanels to the spatial variability of

bedrock uplift and erodibility.

2.8. Conclusion

We investigated the long-term evolution of an upld landscape shaped by fluvial and
hillslope erosion. We employed the numerical laagscevolution model SIGNUM,

which combines hillslope erosion, fluvial erosiongas driven by boundary conditions
(uplift and relief). The model integrates preseay-deomorphological, geomorphic and

geological datasets: mean elevation location astholds, shape of longitudinal stream
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profiles and relative intrinsic concavity and steegs indexes, incision rates, post-
depositional deformation, erodibility of the outpping lithologies.

The model used has been applied to the preserntbdagraphy of the Iberian Chain.

We proceeded the following steps:

- reconstruction of three different initial setting

- model running for 4 Ma for the examined initiainclitions ;

- comparison of model predictions with natural tggaphy in a transient stage and after
4 Ma,

- selection of the best initial set up;

- implementation of sedimentation processes;

- validation of the model by the inversion of syatib longitudinal profiles.

We conclude that:

1) the onset of the tectonic uplift occurs at ~A\&;

2) the estimate uplift rates are non-uniform antheabetween 0.5 mm/yr in the interior
sector to 0.25 mml/yr;

3) the inversion of the drainage network and thenopg of the internally drained basins
occurs after the onset of the uplift, and starratind 2 Ma, confirming what
supposed in previous studies on basis of fieldeswids and geochronological data;

4) coupled regional uplift and topographic barrignsserve the landscape in the inner

Iberian Chain at high elevation through time.
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Chapter 3
SUMMARY AND CONCLUSION

Quantitative geomorphic analyses are useful to stigate the impact of tectonic
activity on geomorphic processes and landscapdajawent. The quantitative analyses
studied topographic and longitudinal river profiledrainage networks, spatial
distribution of drainage basins and their geometelationships, having the aim to
define controlling factors and reconstruct the etotuof landscape of Iberian Chain.
Morphometric analysis have been also coupled withrhU datings and field
investigation of calcareous tufa lying on fluvisdagh terraces. Finally, radiometric and
morphometric data have been implemented in nunenodels as physical parameters
and combined by process laws (hillslope diffusituial incision, sedimentation).

This study demonstrates the importance of the ptagrbetween surface and tectonic
processes in shaping long-term landscape evolutina, results firstly sensitive to the
initial geometrical configuration and to tectoniditt rate and pattern.

In detail, results suggest an initial setting chteazed by a wide plain surrounded by
endorehic areas with a slightly higher relief tce thNE sector (fig. 2.6C). The
topographic surfaces from which the present-dayodogphy originally evolved
influence the outcome of evolution predictions atrngly contrast the adjustment to
modern erosional conditions, keeping the lands@a@etransient state in which rivers
are still adjusting a dominant tectonic input, evbough the lack of Late Pliocene-
Quaternary deposits, except for small intermontaasins, suggest that erosion is a
dominant process. In particular, the initial topmgric barriers, together with the uplift
pattern, play a fundamental role guiding the oagoh of the headward fluvial erosion

and preserving an ancient landscape in the intefothe range (fig. 2.6E-F-H-I):
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topographic barriers prevent the rapid headwardatian of the divides, keeping two
distinct landscapes, the relict planation surfaue the flank of the range, that therefore
share very few topographic similarities: a longelly slowly eroding low-relief
highland, and younger river valleys characterizgdhlgher slope. Nevertheless, the
river incision rate are quite similar throughoue ttange, recording average values of

0.6 mm/yr.

Since 3.2 Myr, the only remarkable tectonic acyiwf the area consists of a regional
uplift. An uplift pattern of ~0.4 mml/yr is estimalten the inner sector, progressively
decreasing toward WSW up to 0.25 mm/yr. A maximyfifurate of 0.5 mm/yr is also

calculated in the north-eastern sector of the dme@hain.

The reversal of the drainage network, due to thgressive erosion of the reliefs
isolating the lacustrine areas from the Meditersan8ea and the Atlantic Ocean, could
be set after the onset of the uplift. This mears #how uplift rates in a flat region
favour the preservation of internally drained basof the central sector. In detail,
similarly to how is proposed in the review of Guatéz et al. (2008) on the basis of
geomorphic and stratigraphic evidences, the Caldtdasin is captured at around 1.5
Myr. The capture and consequently the change tohexo conditions in the Jucar

basins and in the Teruel basin takes place at drauvyr.
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