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RESUMEN EXTENDIDO

1. INTRODUCCION

Los Sistemas de Informacion Geografica (SIG) constituyen hoy en dia una de las
herramientas mas ttiles para la representacion, gestion, y analisis de datos espaciales. El
uso de los SIG en geologia ha experimentado un notable crecimiento en los ltimos afios,
como se puede ver en el alto nimero de publicaciones cientificas de primer orden sobre
modelos y metodologias realizados con SIG. Los SIG se pueden contar hoy en dia entre
las herramientas de trabajo fundamentales en muchos campos de la geologia, debido prin-
cipalmente a tres factores: la versatilidad y potencia en el manejo de datos geo-espaciales,
la posibilidad de realizar modelos complejos que usen funciones analiticas para derivar
datos, y el uso de estadisticos especificos para datos espaciales, lo que se conoce como
“geoestadistica”. Los primeros usos de los SIG en geologia fueron en geomorfologia, para
la realizacion de analisis multi-criterio de riesgos (susceptibilidad frente a deslizamientos,
riesgos de inundaciones, etc.). En el campo de la tecténica activa y evolucion del relieve, su
uso no estd aun muy generalizado, aunque cada vez son mas los investigadores que se dan
cuenta de las grandes posibilidades que ofrece la aplicacion de los SIGs en estos campos.
En esta tesis, se ha pretendido dar un paso en esa direccion, mediante la presentacion de
utilidades y metodologias disefiadas mediante SIG y enfocadas hacia el estudio de la evolu-
cion del relieve y la evaluacion de la actividad tectonica reciente. Los capitulos 2, 3 y 4 se
centran en dos caracteristicas de las redes de drenaje y cuencas hidrogréficas: la pendiente
de los rios y la hipsometria de las cuencas. Estas aplicaciones se han desarrollado para
ArcGIS y hacen uso de métodos geoestadisticos que mejoran notablemente los resultados.
También se presenta un método para la reconstruccion de la morfologia original de cuencas
sedimentarias que luego han sido parcialmente erosionadas con la desarrollo de una red de
drenaje; el objetivo ultimo de este analisis es estimar las tasas de erosion y la evolucion
del relieve durante el cuaternario. En el capitulo 4, se analiza la red de drenaje y diversos
indices geomorfologicos en Sierra Nevada, para dilucidar su evolucion cuaternaria y la
actividad tectonica mas reciente.

Estos métodos se han aplicado en la parte central de la Cordillera Bética (SE Es-
pafia), concretamente en las cuencas de Granada, Guadix-Baza, y el antiforme de Sierra
Nevada. La Cordillera Bética (junto con el Rif) representa el extremo mas occidental de
la Cadena Alpina Perimediterranea. Incluye los relieves mas importantes del sur de la Pe-
ninsula Ibérica y se suele dividir en 3 conjuntos mayores; el dominio Sudibérico o Zona
Externa (que incluye el Prebélico y Subbético), el dominio de los Flysch del Campo de
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Gibraltar, y el dominio de Alboran o Zona Interna (constituido a su vez por los comple-
jos Maldguide, Alpujarride, y Nevado Fildbride). También se incluye en la cordillera un
volumen muy importante de sedimentos en cuencas Neogeno-Cuaternarias, como son la
cuenca del Guadalquivir (cuenca de antepais), las cuencas de Granada, Guadix-Baza, Lor-
ca, Ronda, Sorbas-Tabernas, Vera, y el mar de Albordn (cuenca de retro-arco situada entre
las Béticas y el Rif).

La Cordillera Bética se formo durante el Nedgeno en un régimen general de con-
vergencia entre las placas Euroasiatica y Africana. Una posterior extension (coetanea con
una compresion general N-S) gener6 fallas normales de bajo y alto angulo, algunas de las
cuales muestran actividad en el presente. Las causas de si esta extension, y por ende los me-
canismos que la generaron, es activa a dia de hoy es un tema de debate. La orografia de la
parte central de la Cordillera Bética esta caracterizada por una serie de sierras (que alcanzan
hasta los 3400 m de altura en el caso Sierra Nevada) y depresiones topograficas (cuencas
sedimentarias). Las sierras corresponden en su mayoria a estructuras antiformales abiertas
de direccion general E-O, relacionadas con la compresion dominante N-S a NW-SE entre
Iberia y Africa. En la parte central de la Cordillera, se localizan las cuencas de Granada y
Guadix-Baza, al Oeste y Norte de Sierra Nevada, respectivamente. La evolucion de estas
cuencas en el cuaternario, asi como su morfologia actual esta fuertemente influida por la
tectonica y estrechamente relacionada con la evolucion de Sierra Nevada y la tectonica
extensional de esta parte de la Cordillera.

2. ANALISIS ESPACIAL DEL POTENCIAL EROSIVO DE LOS RiOS MEDIAN-
TE SIG: MAPAS DE ANOMALIA DE SLK

El indice del gradiente longitudinal de un rio (SL, segtn sus siglas en inglés) mues-
tra las variaciones del poder erosivo a lo largo de los distintos segmentos del mismo, mul-
tiplicando la pendiente del tramo por la distancia a la cabecera. Este indice es muy sensible
a los cambios de pendiente, y por lo tanto permite la evaluacion de la actividad tectonica
y/o los cambios litoldgicos a lo largo del lecho del rio. Sin embargo, la comparacion de
valores de SL procedentes de rios con distinta longitud es problematica debido a la propia
formulacion del indice. Este hecho hace que las correlaciones entre valores de SL de rios
de distinta longitud puedan resultar equivocas. Para llevar a cabo tales comparaciones es
necesaria una normalizacion de este indice. La pendiente graduada (K) ha sido utilizada en
algunos trabajos para la normalizacion del indice SL. Sin embargo, las relaciones entre K,
el indice SL, y el poder erosivo del rio no han sido estudiadas con detalle. En este capitulo,
se exploran estas relaciones y se propone el uso de un indice normalizado SLk. Asi mismo,
se propone un método para la extraccion de mapas de anomalias de SLk, basado en Arc-
GIS y en métodos geoestadisticos. Para verificar las ventajas de este nuevo indice, se ha



realizado un estudio en el borde NE de la cuenca de Granada, donde se compara un mapa de
anomalia del indice SLk con un simple andlisis de puntos de rotura de pendiente en perfiles
de rios, y frente a un mapa de SL no normalizado. Los resultados muestran que el mapa de
anomalia de SLk se adapta mejor a la tectonica y litologia generales del area estudiada.

3. METODOS DE AUTOCORRELACION ESPACIAL APLICADOS A LA INTE-
GRAL HIPSOMETRICA PARA DETECTAR ATIVIDAD TECTONICA

La hipsometria, entendida ésta como las relaciones entre area y altura, es muy sen-
sible al levantamiento tectonico y a la litologia. La hipsometria en un area se puede evaluar
por medio de la curva hipsométrica o la integral hipsométrica (HI, segun sus siglas en
inglés). En este capitulo, se calcula la integral hipsométrica para la cuenca de Granada
usando dos fuentes topograficas diferentes: un modelo digital de elevaciones de 10 me-
tros de resolucion obtenido mediante vuelos fotogramétricos y un modelo de 90 metros de
resolucion obtenido mediante radar de satélite. La integral hipsométrica se ha calculado
para una malla cuadrada regular para evitar posibles dependencias del area y forma de la
cuenca. Las distribuciones espaciales de HI no ofrecen patrones claros y no se correlacio-
nan con parametros morfométricos como la elevacion media o la amplitud del relieve de
cada uno de los cuadrados. Tampoco se observa una correlacion clara entre la litologia y
los valores de HI. Sin embargo, tras la aplicacion de indices locales de correlacion espa-
cial (LISA, segun sus siglas en inglés) sobre las distribuciones de HI, se observan claras
agrupaciones de valores altos y bajos. Estas distribuciones son robustas e independientes
del modelo digital utilizado, pero estan influidas por la escala. Los valores de hipsometria
de la cuenca de Granada obtenidos mediante esta nueva metodologia muestran una fuerte
correlacion con la distribucion actual de fallas normales. Los maximos de HI se localizan
en los bloques de muro de estas fallas normales, donde se produce elevacion activa y el
relieve esta siendo disectado por la red de drenaje actual, asi como en regiones elevadas en
relacion con anticlinales tipo roll-over o donde el levantamiento epi-orogénico no ha sido
contrarrestado por la extension local. Una vez que este método ha sido puesto a punto en
la cuenca de Granada, se ha chequeado su aplicabilidad en una zona de conocida actividad
tectonica compresiva, la region de Otago Central en la Isla Sur de Nueva Zelanda. Con el
estudio realizado en esta Ultima region, se pone de manifiesto que la aplicacion de estas
técnicas geoestadisticas mejora muy notablemente el uso de la integral hipsométrica para
deducir actividad tectonica reciente.

xiii



Xiv

3. CALHYPSO: UN MODULO DE ARCGIS DISENADO PARA LA EXTRAC-
CION AUTOMATICA DE CURVAS HIPSOMETRICAS Y SUS MOMENTOS
ESTADISTICOS RELACIONADOS

En este capitulo se presenta la extension Calypso, desarrollada para ArcGIS, y que
permite la extraccion automatica de multiples curvas hipsométricas a partir de datos de
modelos digitales de elevacion. Esta extension ha sido desarrollada en Visual Basic 6 y
usa las caracteristicas y arquitectura de los ArcObjects. Esto proporciona una integracion
optima dentro del entorno del programa permitiendo la representacion y comparacion de
curvas hipsométricas directamente dentro del mismo. Esta extension también calcula los
momentos estadisticos relacionados con la curva hipsométrica mediante la aplicacion de
ajustes polindmicos. Esta utilidad se ha testado mediante la realizacion de un estudio de las
diferentes curvas hipsométricas en la terminacion este de Sierra Nevada. Las diferencias
entre las curvas de la vertiente norte y sur estd probablemente relacionada con el control
tectonico del borde sur y la evolucion cuaternaria de la red de drenaje en esta parte de la
Sierra. Los estatidisticos usados sugieren una disminucion de la erosion hacia el este, pro-
vocada probablemente por una disminucion de la actividad tectonica.

4. EVOLUCION CUATERNARIA DEL RELIEVE Y TASAS DE EROSION DE
UNA CUENCA INTRAMONTANOSA (CUENCA DE GUADIX-BAZA, CORDI-
LLERA BETICA)

La evolucion del relieve en una cuenca intra-montafiosa es el resultado de la inte-
raccion de varios factores como son: la litologia, el clima y la tectonica. Una vez que la
sedimentacion cesa y la cuenca pasa de endorreica a exorreica, ésta entra en un estadio
erosivo. La estimacion espacial de tasas de erosion ofrece una vision inmejorable de la
evolucion de la cuenca desde el momento de su captura. En este capitulo, se calculan las
tasas de erosion en la cuenca de Guadix-Baza desde que ceso la sedimentacion en la misma
y comenzo6 el encajamiento de la red fluvial actual. Para ello se ha restaurado la morfologia
de la superficie de colmatacion de la cuenca y realizado un modelo digital pre-incision que
permita estimar el volumen de sedimentos erosionados. Los calculos se han hecho median-
te un método basado en SIG con el que se obtienen el maximo niimero de puntos posibles
de esta superficie de referencia. Esta superficie se corresponde con un glacis marcado por
una calcreta de facies laminares, que ha sido datada por medio del método U/Th. La edad de
la captura de la cuenca endorreica por parte del rio Guadalquivir es un tema actualmente en
debate. Para reforzar las dataciones ya existentes de esta calcreta, se han realizado datacio-
nes por medio de U/Th en otros puntos de la cuenca de Guadix-Baza. Con todo ello, se han
calculado las tasas de erosion para la totalidad de la cuenca, asi como las tasas especificas
de las sub-cuencas de Guadix y Baza por separado. Las tasas de erosion globales para la



cuenca de Guadix-Baza en el Pleistoceno superior - Holoceno se sittian entre 4.28 y 6.57 m*
ha! afio’!, y son interpretadas como la consecuencia de la interaccion de factores climaticos,
litologicos, topograficos, y tectonicos. Las tasas de erosion espaciales también permiten
tener una idea de la evolucion del relieve en el Pleistoceno superior - Holoceno. Las tasas
individuales para las sub-cuencas de Guadix y Baza son muy diferentes (11.80 m* ha! afio’!
y 1.77 m* afo’!, respectivamente), y por lo tanto sugieren diferentes evoluciones de la red
de drenaje en ambas subcuencas. Los valores mas bajos, obtenidos en la sub-cuenca de
Baza, pueden ser debidos a la actividad tectonica reciente de la falla de Baza (que separa
ambas sub-cuencas).

5. TECTONICA ACTIVA EN SIERRA NEVADA (CORDILLERA BETICA). UNA
APROXIMACION MEDIANTE INDICES GEOMORFOLOGICOS Y ANALISIS
DE LA RED DE DRENAJE

Sierra Nevada se localiza en la parte central de la Cordillera Bética e incluye algu-
nos de los relieves mas importantes de toda la peninsula Ibérica. Su levantamiento se inicid
en el Tortoniense. Los bordes oeste y sur de Sierra Nevada se corresponden con sendos
sistemas de fallas. Por el contrario, el borde norte se corresponde con una discordancia
de los sedimentos nedgeno-cuaternarios de la cuenca de Guadix-Baza sobre el basamento
metamorfico de la Sierra.

En este capitulo, se realiza un estudio geomorfoldgico para tratar de dilucidar la
tectonica reciente —esencialmente cuaternaria- en Sierra Nevada. Para ello, se han calcula-
do varios indicies geomorfoldgicos y se ha analizado la red de drenaje. La sinuosidad de
frentes montafiosos (S_) varia sistematicamente de los frente oeste y sur donde, presenta
valores muy cercanos a uno (1.17 y 1.34, respectivamente), al frente norte, donde presenta
valores de casi el doble (2.21). El indice V (razon de altura y anchura de valles), muestra
el mismo patrén, con valores maximos en el borde norte y minimos en el borde oeste. Las
curvas hipsométricas analizadas sugieren que las cuencas de drenaje de la vertiente norte
estan en un estadio erosivo mas avanzado, siendo menos activas tectonicamente que las
del borde sur. Todos estos datos sugieren que los frentes oeste y sur son mas activos que el
norte, hecho que es evidenciado también por otros datos geoldgicos. La ausencia de fallas
importantes entre los sedimentos de la cuenca de Guadix-Baza y Sierra Nevada, junto a la
altitud media de esta cuenca (situada aproximadamente 500 metros mas alta que la vecina
cuenca de Granada), sugieren que el levantamiento de la misma se esta produciendo soli-
dariamente con el levantamiento regional de Sierra Nevada. El andlisis de la red de drenaje
muestra un cierto control tectonico de la misma, puesto en evidencia principalmente me-
diante el célculo de los factores de asimetria (AF, segun sus siglas en inglés) de las cuencas
de drenaje. Los AF calculados muestran Gnicamente un patrén de asimetria sistematico
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a ambos lados del Rio Lanjaron, lo que sugiere la existencia de un antiforme activo de
direcciéon NNE-SSO en esta parte occidental de Sierra Nevada. Por ultimo, los perfiles
topograficos longitudinales de los rios indican un encajamiento maximo de los rios de la
parte oeste de la sierra, relacionado seguramente con el levantamiento del bloque de muro
del sistema de fallas normales de Padul-Nigiielas. Por tanto, el analisis geomorfoldgico rea-
lizado sugiere que la parte occidental de Sierra Nevada es tectonicamente activa mediante
una combinacion de fallas normales en su borde y pliegues activos de direccion NNE-SSO,
que probablemente tienen un origen gravitatorio en relacion con la exhumacion del bloque
de muro del sistema de fallas normales.

6. CONCLUSIONES

En esta tesis se han presentando nuevas herramientas y metodologias basadas en
SIG para el analisis del relieve y la evaluacion de la tectonica activa. Estas metodologias
estan basadas principalmente en el analisis de las redes de drenaje y de los parametros aso-
ciados a ellas. Se han mejorado y re-definido algunos indices basicamente en dos aspectos;
la creacidon de procedimientos para su calculo mediante SIG, y la aplicacién de técnicas
geoestadisticas que ayuden mejor a su interpretacion espacial.

Se ha presentado un re-definido y normalizado indice de gradiente del rio (SLk),
asi como un procedimiento para la generacion de mapas de anomalias de SLk por medio
de técnicas geoestadisticas. El mapa de anomalia de SLk generado para el borde NE de la
cuenca de Granada pone de manifiesto los principales rasgos tectonicos y litologicos de
esta zona, asi como la existencia de un frente generado por fallas normales con actividad
en el Cuaternario.

Se ha introducido la aplicacion de indices locales de autocorrelacion especial a dis-
tribuciones de valores de la integral hipsométrica (HI). Estos estadisticos de autocorrela-
cién mejoran notablemente el significado tectonico y geoldgico de las distribuciones de HI.
La distribucion espacial de los clusters de HI en la cuenca de Granada esta estrechamente
relacionada con la tectonica reciente. Los clusters de valores altos de HI se localizan en los
bloques de muro de fallas normales activas, los cuales estan experimentando levantamiento
tectonico y subsecuente encajamiento de la red de drenaje.

Se ha disefiado una extension de ArcGIS (CalHypso) para la extraccidon automatica
de curvas hipsométricas y sus momentos estadisticos asociados. El analisis realizado en las
cuencas de drenaje de la parte este de Sierra Nevada pone de manifiesto que el frente norte
de la misma muestra un estadio erosivo mucho mas avanzado que el sur, probablemente re-
lacionado con la actividad cuaternaria de las fallas que limitan este ultimo. Los estadisticos



de las curvas hipsométricas sugieren un decrecimiento de las tasas de incision hacia el este,
lo que podria estar debido a una menor actividad tecténica en esa direccion.

Con los indices geomorfoldgicos calculados para Sierra Nevada, se sugiere que el
levantamiento mas reciente de la misma esta concentrado en su terminacion oeste, y rela-
cionado con la extension producida por las fallas normales que limitan este frente oeste.
Los pliegues mas activos son los de direccion NNE-SSO, que tienen a su vez un origen
isostatico debido a la extension producida en el frente oeste de la Sierra. La evolucion
Cuaternaria de las cuencas de Granada y Guadix-Baza es muy diferente, como se apunta
por los analisis geomorfologicos realizados. Las diferencias entre el relieve y encajamiento
de la red de drenaje de las mismas podria ser debido al hecho de que la cuenca Granada
esta localizada en el bloque de techo de un sistema extensional de direccién SO que limita
el borde oeste de Sierra Nevada, y por lo tanto estd sujeta a una mayor extension. Por el
contrario la cuenca de Guadix-Baza esta localizada en el bloque de muro de dicho sistema,
siendo levantada tectonicamente junto a Sierra Nevada en el Cuaternario.
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EXTENDED ABSTRACT

1. INTRODUCTION

Geographic Information Systems constitute nowadays useful tools for representing,
and analyzing spatial data. Its development at the end of the last century provided a power-
ful tool for spatial data analysis and management in almost all the earth science disciplines
(mineralogy, structural geology, tectonics, geophysics, geochemistry, etc.). GIS allow not
only representing data, but also performing geostatistical analysis and building models.
These features make them very useful in earth sciences in general and in geology in parti-
cular. The number of geologic works using GIS has grown exponentially in the last decade.
In geomorphology, the traditional use of GIS capabilities can be found in works that require
multi-criterium analysis. The apparition of Digital Topographic Models (DTM) has contri-
buted definitely to the integration of GIS in geology. In the field of tectonic geomorphology
and landscape evolution, the use of GIS is relatively recent. The availability of the afore-
mentioned DEM, in conjunction with the use of new geochronological methods valuables
at time-scales below 1 Ma, has produced a great revolution in this field.

This thesis aims to present some new GIS tools and methodologies developed to
analyze drainage networks with a view to constrain recent tectonic activity. These GIS-
based geomorphic tools have been applied to the central part of the Betic Cordillera, an area
with moderate present-day seismicity and tectonic activity. Two main features of rivers and
catchments, namely river gradients and hypsometry will be the main focus of this study.
Chapters 2, 3, 4 present some new concepts and methodologies that allow a more accurate
analysis of river gradients and basin hypsometries by using geostatistic techniques. Chapter
4 presents a new GIS-based method to reconstruct the primary surface morphology of a
sedimentary basin prior to be dissected by river entrenchment. Chapter 5 is a study of the
drainage network and some geomorphic indexes of the highest mountain range in the Betic
Cordillera, namely the Sierra Nevada, with the objective of establishing its Quaternary
tectonic activity. This chapter shows the application of the GIS-based tools presented in
the previous chapters to an area where all of the geological information available suggests
the existence of the highest long- (Tortonian to present-day) and short-term (Quaternary)
uplift rates.

All the methodologies proposed and developed in this Thesis have been applied to
the Central Betic Cordillera, which is the biggest orographic unit in the Southern Iberian
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Peninsula. This work is centered in three important areas, namely the Granada and Guadix-
Baza Neogene basins, and the Sierra Nevada mountain range.

The topographic configuration of the internal zone of the Betic Cordilleras is cha-
racterized by a series of alternating mountain ranges (up to 3400 m high) and topographic
depressions. The mountain ranges are composed of Palaeozoic-Mesozoic metamorphic
rocks, while the topographic depressions correspond to basins filled with Neogene—Quater-
nary sediments. The uplift seems to be controlled by large-scale E-W trending open folds,
which, in turn, are related to a dominant N—S compression. Quaternary normal faults and a
relatively high concentration of earthquake epicenters characterize two main areas of active
extension in the central Betic Cordillera. The first one corresponds to the Granada basin,
where high-angle NW-SE striking normal faults are predominant, and the second is found
to the west of the Sierra de Gador, where N—S to NW—SE oriented high-angle normal faults
delimit two large-scale eastward-tilted blocks.

2. SPATIAL ANALYSIS OF STREAM POWER USING GIS: SLK ANOMALY
MAPS.

The stream length-gradient index (SL) shows the variation in stream power along
river reaches. This index is very sensitive to changes in channel slope, thus allowing the
evaluation of recent tectonic activity and/or rock resistance. Nevertheless, the comparison
of SL values from rivers of different length is biased due to the manner in which the index
is formulated, thus making correlations of SL anomalies along different rivers difficult.
Therefore, when undertaking a comparison of SL values of rivers of different length, a
normalization factor must be used. The graded river gradient (K) has already been used in
some studies to normalize the SL index. In this work, we explore the relationships between
the graded river gradient (K), the SL index, and the stream power, proposing the use of a
re-named SLk index, which enables the comparison of variable-length rivers, as well as the
drawing of SLk anomaly maps. In this chapter I present a GIS-based procedure to generate
SLk maps and to identify SLk anomalies. In order to verify the advantages of this methodo-
logy, I compared a SLk map of the NE border of the Granada basin with both simple river
profile-knickpoint identification and with a SL map. The results show that the SLk map
supplies good results with defined anomalies and suitably reflects the main tectonic and
lithological features of the study area.



3. DIFFERENTIATING GEOLOGY AND TECTONICS USING A SPATIAL AU-
TOCORRELATION TECHNIQUE FOR THE HYPSOMETRIC INTEGRAL.

Hypsometry is thought to be sensitive to tectonic uplift rates and lithology diffe-
rences. In this study I calculated hypsometric integrals (HIs) using as topographic sources
two digital elevation models of 10 and 90 m of pixel resolution in the Granada basin (SE of
Spain). The HI spatial distributions do not show clear spatial patterns and do not correlate
with basin parameters as mean elevation or relief amplitude. However, when exploratory
spatial data analysis is applied to the data distributions through local indices of spatial
autocorrelation (LISA) clear hot-spots are visible that improve the geologic meaning of
the HI. The distributions are robust and independent of the model resolution but are scale
influenced. The application of this new method to the Granada basin shows a strong co-
rrelation between the main distribution of active normal faults in the basin and the clusters
of high or low HI values obtained in our analysis. Clusters with high HI values define the
uplifted footwalls of these faults and regions uplifted in relation with rollover anticlines or
where epeirogenic uplift has not been counteracted by local extension. Once the method
was adjusted in the Granada basin I tested its applicability in an area of known contractive
tectonic activity, Central Otago in New Zealand, showing that the meaning of HI values is
improved by using the autocorrelation techniques.

4. CALHYPSO: AN ARGIS EXTENSION TO CALCULATE HYPSOMETRIC
CURVES AND THEIR STATISTICAL MOMENTS. APLICATIONS TO DRAINA-
GE BASIN ANALYSIS IN SE SPAIN.

We present the GIS extension CalHypso to automatically extract multiple hypso-
metric curves from digital elevation models (DEM). This extension is programmed in Vi-
sual Basic 6 and uses the ArcObjects architecture of ArcGIS. It employs a new and easy
methodology to extract the hypsometric curve by using the integer data-model properties
of ArcGIS and summations algorithms. This provides an optimal integration within the
program environment, allowing the representation and comparison of curves directly wi-
thin the GIS main program. The CalHypso extension can also calculate the main statistics
related to the hypsometric curve by applying polynomial fits. We have tested this tool in
several basins of the eastern border of the Sierra Nevada dome in the Betic Cordillera (SE
Spain), showing important differences in the north- and south-slope hypsometric curves.
These variations are probably related to the tectonically-controlled drainage evolution of
the southern border of Sierra Nevada. An eastward decrease in tectonic-driven erosion is
also suggested by the hypsometric curves analysed.
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5. QUARTERNARY LANDSCAPE EVOLUTION AND EROSION RATES FOR
AN INTRAMONTANE NEOGENE BASIN (GUADIX-BAZA BASIN, SE SPAIN).

The landscape evolution in Neogene intramontane basins is a result of the interac-
tion of climatic, lithologic, and tectonic factors. When sedimentation ceases and a basin
enters an erosional stage, estimating erosion rates across the entire basin can offer a good
view of landscape evolution. In this work, the erosion rates in the Guadix—Baza basin have
been calculated based on a volumetric estimate of sediment loss by river erosion since the
Late Pleistocene. To do so, the distribution of a glacis surface at ca. 43 ka, characterised
by a calcrete layer that caps the basin infilling, has been reconstructed. To support this age,
new radiometric data of the glacis are presented. The volume of sediment loss by water
erosion has been calculated for the entire basin by comparing the reconstructed geomor-
phic surface and the present-day topography. The resulting erosion rates vary between 4.28
and 6.57 m3 ha-1 yr-1, and are the consequence of the interaction of climatic, lithologic,
topographic, and tectonic factors. Individual erosion rates for the Guadix and Baza sub-
basins (11.80 m3 ha-1 yr-1 and 1.77 m3 ha-1 yr-1 respectively) suggest different stages of
drainage pattern evolution in the two sub-basins. We attribute the lower values obtained in
the Baza sub-basin to the down-throw of this sub-basin caused by very recent activity along
the Baza fault.

6. ACTIVE TECTONIC IN THE SIERRA NEVADA (BETIC CORDILLERA, SE
SPAIN): INSIGHTS FROM GEOMORPHIC INDEXES AND DRAINAGE PAT-
TERN ANALYSIS.

The Sierra Nevada mountain range, located in the central part of the Betic Cordille-
ra, includes the highest peaks on the Iberian Peninsula (e.g., Mulhacén, 3482 m). It develo-
ped since the late Miocene by the interference between two orthogonal sets of NNE-SSW
and E-W open folds. We carried out a geomorphologic study with the aid of evaluating the
recent tectonic activity in this mountain range. On this purpose, we have calculated several
geomorphic indexes in the Sierra Nevada. Mountain front sinuosity (Smf) varies from the
southern and western mountain fronts (1.17-1.34) to the northern mountain front (2.10).
Ratio of width of valley floor to valley height (Vf) shows the same variation pattern as
the Smf, presenting the higher values in the northern mountain front. Hypsometric curves
describe younger and more active basins along the southern border of the Sierra Nevada.
These data suggest that active faulting is more important in the south and south-western
borders of Sierra Nevada, as it is also evidenced by other geological features. The drainage
network in the Sierra is tectonically controlled by booth NNE-SSW and W-E folds as is
evidenced by basin asymmetries and river flow-directions. Nevertheless, river profiles in-
dicate that maximum linear erosion is concentrated in the western border of the sierra, thus



pointing to maximum uplift related with the NNE-SSW isostatic folds. All these indexes
indicate that the recent tectonic activity in the Sierra is mainly controlled by the extensional
tectonics in the west and contractional tectonic in the east, where the extensional system
became inactive.

7. CONCLUSSIONS

In this thesis new methods for the relief analysis and the recent tectonic evaluation
have been presented. We improved previously defined geomorphic indexes basically in two
aspects; we adapted their calculation to GIS software, and we applied geostatistic techni-
ques in order to perform better spatial analyses. We also presented a new method to restore
the morphology prior to the river entrenchment of a neogene intercontinental basin.

A re-defined and normalized SLk index has been presented in the chapter 2.We
proposed a new procedure to generate SLk anomaly maps by using geostatistic techniques.
The anomalies of SLk found in the NE border of the Granada basin faithfully reflect the
main tectonic and lithological features of this area.

We introduced the application of Local Indicators of Spatial Autocorrelation (LISA)
to HI value distributions. The use of such local indices permits the extraction of clusters of
high or low HI values that reflect tectonic processes occurring in a region from otherwise
highly variable, uninterpretable HI values

We presented a new ArcGIS extension to automatically extract hypsometric curves
from Digital Elevations Models. It allows extracting some curve-related statistic parame-
ters such as kurtosis, density kurtosis, skew, density skew, and the hypsometric integral. A
study in the eastern part of the Sierra Nevada reveals differences between its northern and
southern mountain fronts, being the southern front tectonically inactive. The curve-related
statistics suggest an decreasing of the erosion rates eastwards, that could be caused by a
decreasing in the tectonic activity in the same direction.

The geomorphic indexes calculated in this thesis for the Sierra Nevada suggest that
the more recent uplift is concentrated along its western mountain front, where Smf and Vf
present the lowest values. The southern and western mountain fronts of the Sierra Nevada
rare fault controlled, while the northern front corresponds to an unconformity between the
Neogene-Quaternary sedimentary infill of the Guadix-Baza basin and the metamorphic
rocks of the Sierra Nevada. The Quaternary landscape evolution of the Granada and Gua-
dix-Baza basins are very different, and are strongly conditioned by tectonics. The Granada
basin located to the west of the Sierra Nevada has a mean altitude of 600 m, being scarcely
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incised by the fluvial network. The Guadix-Baza basin located to the north of the Sierra
Nevada has a mean altitude of 1000 m, with the fluvial network deeply incised (down to
200 m) into the Neogene-Quaternary infill. These topographic and geomorphic differences
are probably due to the different tectonic location of the two basins: The Granada basin is
located in the hanging wall of the SW-directed extensional system bounding to the west
the Sierra Nevada. On the contrary, the Guadix-Baza basin is located in the footwall of the
above-mentioned extensional system, being part together with the whole Sierra Nevada of
a single block suffering tectonic uplift during the Quaternary.
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INTRODUCTION

1. GEOGRAPHIC INFORMATION SYSTEMS (GIS) AS TOOLS FOR TECTO-
NIC GEOMORPHOLOGY

1.1 GIS: Definition, key concepts, brief history, and evolution

1.1.1. Definition and key concepts

Geographic Information Systems (GIS) integrate hardware, software and data for
capturing, managing, analyzing and displaying all forms of geographically referenced in-
formation. GIS can be viewed as a model of part of the reality referred to a coordinate
system built for a specific need of information. GIS allow viewing, understanding, ques-
tioning, interpreting and visualizing data in many ways and, therefore, reveal relationships,
patterns, trends, etc.

GIS organize geographic data into a series of thematic layers and tables (Fig. 1). Sin-
ce these geographic datasets are georeferenced, they have real-world locations and overlay
each other. Spatial relationships between layers can be derived and analyzed. These layers
or datasets can represent raw measurements, compiled and interpreted information or data
derived through geoprocessing operations for analysis and modeling. As discussed later,
these geoproccesing operations are key tools for relief analysis.

Drainage network and morphometric
parameters (derived data)

Digital Elevation Model (Raster)

Geology (Vector Layer)

Figure 1. Example of different kinds of GIS layers.



GIS-Based tools and methods for landscape analysis and active tectonic evaluation

GIS are often associated with a map. A map is, however, only one way to work with
geographic data in a GIS and only one type of product generated by GIS. Furthermore, GIS
can provide more problem-solving capabilities than simple mapping programs.

GIS can be viewed in three different ways: the database view, the map view and the
model view. The database is the common data storage and management framework for GIS
data and can be utilized to store, access, relate, and/or manage these data. The map view
is a set of intelligent maps and other views that show features and feature relationships
on the earth’s surface. Maps of the underlying geographic information can be construc-
ted and used as “windows into the database” to support queries, analysis and editing the
information. Finally, the model view comprises a set of information transformation tools
that derive new geographic datasets from existing datasets. These geoprocessing functions
take information from existing datasets, apply analytic functions and store results in new
derived datasets (Fig. 2). By combining data and applying some analytic rules, it is possible
to create a model that helps to answer specific questions. This GIS capability is a key tool
for relief analysis, since they are able to process topographic information obtained from
Digital Elevation Models (DEM), constrain model parameters and integrate measured data
(as radiometric measurements, geophysical information, etc.).

Basin
Shapefile

Figure 2. Flow diagram showing a model with
the main processes of the CalHypso program

INPUTS
(see chapter 4).

CalHypso
basic Architecture

OUTPUTS

h/H a/A

Relative aItitudes‘ Relative areas ‘




1. Introduction

The information can be stored in a GIS system as raster or vector format. Raster
models emphasize space properties rather than the accuracy of the representation. They
store the information in regular cells or pixels representing unique values. Vector models
give priority to the accuracy of localization of elements in the space and the representation
of elements with defined limits. They use three main objects: the point, the line and the

polygon.

1.1.2. Brief history and evolution

Dr John Snow, pioneer of the epidemiology, is considered the first person to create a
proto-GIS in 1854. He performed pioneering data analysis to prove his hypothesis that cho-
lera was spreaded via the drinking water (Fig. 3). Some have claimed his Broad Street Map
as the first example of GIS, even though it was performed with pen and paper. Although
this is an exaggeration, the Broad Street Map is an excellent example of the power of maps
to clearly demonstrate relationships in complex scenarios.

Figure 3. Snow’s famous cholera map (London in 1859). Dr. Snow stopped a major cholera epidemic by closing
the Broad Street pump, and thus demonstrated that cholera is a water borne disease. This was not previously un-
derstood. The map is the most famous and classical example in the field of medical cartography and it is conside-
red the first proto-GIS example.
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The evolution of GIS has occurred over a series of stages. The first stage began with
the first approximations in the 1950s and lasted until the mid 1970s. It is characterized
for individual efforts in development and system applications. The birth of GIS is clearly
linked with the development of other programs, such as the computer assistant drawing
one (CAD). Institutions and governments created programs and initiatives to solve the
problems related to the treatment of geographic information, which were previously sol-
ved with manual methods. The USA, Canada and United Kingdom led the first initiatives.
The most significant evolutions of GIS were carried out in the USA, though Canada is a
world referent in GIS history because of the Canadian Geographic Information System
(CGIS) conceived in 1964 and developed since 1966. CGIS was the first to use this name.
Noteworthy, among the milestones in the evolution of GIS in the USA is the creation of
the Environmental Systems Research Institute (ESRI), as a case of commercial contribu-
tion to GIS development. The main contribution of ESRI was the creation of the world
standard ArcInfo, which marks a second stage in GIS evolution, namely the “commercial
phase”, occurred in the 1980s and 1990s. This period is characterized by the interest of big
industries related to GIS technologies grew due to the revolution of the informatics. After
this commercial phase, GIS began to expand to the “domestic user level” with the deve-
lopment of personal computers. Nowadays, the improvement of computers, together with
the expanded use of the internet, allows the distribution of cartography worldwide (Google
maps, NASA imaginary, digital terrain models GTOPO30 from the USGS, SIGPAC from
the Junta de Andalucia regional government, etc.).

1.2. GIS in geology and tectonic geomorphology

The development of GIS at the end of the last century provided a powerful tool for
spatial data analysis and management in almost all the earth science disciplines (mineralo-
gy, structural geology, tectonics, geophysics, geochemistry, etc.). The number of geologic
works using GIS has grown exponentially in the last decade. But, GIS is a tool primarily
designed for geography, thus requesting some specific applications and skills when applied
to geology.

GIS allow not only representing data, but also performing geostatistical analysis and
building models. These features make them very useful in earth sciences in general and in
geology in particular. For example, GIS in hydrogeology can aid to make complex maps
with a lot of information, but also to extract specific information through precise queries.
GIS can be used at very different scales, from wordlwide ones (e.g. the hypsometry of the
whole earth), to very local ones (statistical analysis in thin sections; Fig. 4).
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FileName : SAMPO003.impDat (Current dataset : 1)

Signal(s) Used : TiKa, F Ka, Fe Ka, Mg Ka, Al Ka

Spectromers Conditions : Sp1 LPET, Sp2 LPCO, Sp3 LLIF, Sp4 LTAP, Sp5 LTAP
Column Conditions : Cond 1 : 15keV 55.1316nA

Analysis Date : 3/14/2008 1:16:36 PM
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Figure 4. Raster dataset with FeKa intensity values for a garnet porphyroblast acquired by electron microprobe
mapping represented in ArcGIS. Since the values are represented in a matrix, it is possible perform geostatistical
analysis.

In geomorphology, the traditional use of GIS capabilities can be found in works
that require multi-criterium analysis. There is a widespread use of GIS in landslide hazard
evaluation (e.g., Carrara et al., 1991 and 1993; Dai and Lee, 2002), flooding hazard maps
(Townsend and Walsh, 1998; Liu et al., 2003.), etc. All of these analyses require the com-
bination of different spatial data in conjunction with statistical analysis. These disciplines
have benefited from the apparition of Digital Topographic Models (DTM; Fig. 5), which
include elevation data at very different scales, bathymetry of marine basins and even data
from other planets obtained in spatial missions (Luo, 2002).
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In the field of tectonic geomorphology and landscape evolution, the use of GIS is
relatively recent. The availability of the aforementioned DEM (Fig. 5), in conjunction with
the use of new geochronological methods valuables at time-scales below 1 Ma, has pro-
duced a great revolution in this field. DEM have replaced old topographic maps, allowing
for better and faster analysis of topographic parameters (Fig. 5). One of the most important
features of DEM is the possibility of extracting river networks with stream gradients and
catchment areas. Actually, the analysis of drainage networks with the purpose of evaluating
recent tectonics has experienced a rebirth, as seen in the number of recent publication on
this topic.

Figure 5. Examples of digital elevation data. a) Digital Elevation Model of Mt. St. Helens, Washington State,
generated from Shuttle Radar Topography Mission (SRTM-30) digital elevation data (Modified from Finlayson
and Montgomery, 2003). b) Bathimetric digital model for the Atlantic Ocean generated from GEBCO 97 (10C-
IHO) database (Modified from Bishop, 2008).
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2. OBJECTIVES OF THIS THESIS

This thesis aims to present some new GIS tools and methodologies developed to
analyze drainage networks with a view to constrain recent tectonic activity. These GIS-
based geomorphic tools have been applied to the central part of the Betic Cordillera, an area
with moderate present-day seismicity and tectonic activity. Two main features of rivers and
catchments, namely river gradients and hypsometry will be the main focus of this study.
Chapters 2 and 3 present some new concepts and methodologies that allow a more accurate
analysis of river gradients and basin hypsometries by using geostatistic techniques. Chapter
S presents a new GIS-based method to reconstruct the primary surface morphology of a
sedimentary basin prior to be dissected by river entrenchment. The reconstructed surface
marking the end of sedimentation, together with present-day topography and numerical
ages of initial present-day drainage formation, is used to estimate erosional rate distribu-
tion within the basin and evaluate present-day tectonic activity. Chapter 6 is a study of the
drainage network and some geomorphic indexes of the highest mountain range in the Betic
Cordillera, namely the Sierra Nevada, with the objective of establishing its Quaternary
tectonic activity. This chapter shows the application of the GIS-based tools presented in
the previous chapters to an area where all of the geological information available suggests
the existence of the highest long- (Tortonian to present-day) and short-term (Quaternary)
uplift rates.
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3. GEOLOGICAL SETTING

3.1. The Betic Cordillera

The Betic Cordillera is the biggest orographic unit in the Southern Iberian Penin-
sula (Fig. 6). It is bounded to the north by the Iberian Massif and to the south by the
Mediterranean Sea and the Atlantic Ocean. However, this cordillera continues below the
Alboran Sea to connect with the Rif in northern Morocco forming the Betic-Rif Cordillera,
the westernmost Alpine orogenic belt in the peri-Mediterranean region (Fig. 7). The mean
altitude for the Betic Cordillera is approximately 800 metres, although in its central part
the elevations are higher (Fig. 6). The highest elevations are located in mountain ranges
striking East-West (Sierra Nevada, Sierra de los Filabres). The lowest altitudes are located
in the Guadalquivir basin.

The Betic Cordillera can be divided in three major domains (Fallot, 1948; Julivert
et al.,, 1974): i) the South-Iberian domain, ii) the Campo de Gibraltar domain, and iii)
the Alboran domain. The Betic Cordillera also includes an important volume of Neogene-
Quaternary sediments in intra-montane basins.

Figure 6. Topographic map of the Betic Cordillera.
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3.1.1. South-Iberian Domain (External Zone)

The South-Iberian Domain (Garcia-Henandez et al., 1980; Vera, 2001) is formed
by Mesozoic and Tertiary sediments that were deposited over the Variscan basement of the
Iberian Massif. It constitutes the southern palaco-margin of Iberia. These sediments are
deformed by thin-skinned tectonics, lacking metamorphism and penetrative foliations.

3.1.2. Campo de Gibraltar Domain

The Campo de Gibraltar Domain (Duran-Delga et al., 2000) is formed by deep-
water flysch sediments (mainly turbidites) of Cretaceous to Paleogene ages and detached
from their substratum, which was probably oceanic crust or thinned continental crust. This
domain is located between the Internal and External Zones, showing intense deformation
but no metamorphism.

3.1.3. Alboran Domain (Internal Zone)

The Alboran Domain (Balanya and Garcia-Duefias, 1988) is is formed by an anti-
formal stack of three tectonometamorphic units, which, from bottom to top, are: the Ne-
vado-Filabride (Egeler, 1963), the Alpujarride (Van Bemmelen, 1927) and the Malaguide
(Blumenthal, 1927) complexes. The contacts between these units were first interpreted as
thrusts, but nowadays they are considered as low-angle normal faults (Garcia-Duenas et
al., 1988; Galindo-Zaldivar et al., 1989; Platt and Visser, 1989; Martinez-Martinez et al.,
1997).

The Malaguide complex is formed by a Palaecozoic substratum composed of deep
marine sediments of Ordovician-Carboniferous ages and a discordant sediment cover of
continental conglomerates and quartzites of Triassic-Lower Miocene ages (Didon et al.,
1973). The palaeozoic rocks preserve deformations and metamorphism of Variscan age.

The Alpujarride complex is geographically the most extended unit in the Internal
Zone. It occupies the middle position in the stack,and suffered a low- to high-grade Alpine
metamorphism. this comples is formed by different superposed units with a similar litho-
logical sequence (Azafion et al., 1994): i) a metapelitic formation composed of graphitic
schists and gneisses (Palacozoic), ii) a succession of schists with inter-bedded quarztites
(Permian-Triassic), and iii) a carbonate succession with dolomitic and calcitic marbles
(Middle-Upper Triassic).

The Nevado-Filabride complex crops out in the core of the antiforms of the Sierra
Nevada and Sierra de los Filabres. It is formed by three different units (Garcia-Duefias et
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Figure 7. Tectonic map of the Betic Cordillera in the western Mediterranean with the main geological domains
(modified from Ruano, 2003).

al., 1988; Martinez-Martinez et al., 2002): Bédar-Macael, Calar Alto, and Veleta unit. These
internal units have a lithostratigraphic sequence made up of graphitic schists with quartzites
(pre-Permian?), lighted schists (Permian-Triassic?), and marbles (Triassic-Cretaceous?).

3.1.1.4. Neogene-Quaternary basins

During the Tortonian, the sea covered most of the Cordillera. Later uplift produced
a series of emergent areas (sierras) separated by sedimentary basins. The largest of these
Neogene basins is the Alboran basin, which separates the Betic Cordillera and the Rif.

The basins located in intra-montane depressions show a wide variety of structures
and tectonic settings. They are commonly affected by faults and sometimes also folded.
These basins were formed in the hanging-wall of a crustal-scale detachment and have been
interpreted as piggy-back basins (Jabaloy et al., 1992).

The basins, located in the western sector of the Betic Cordillera (Gulf of Cadiz, Al-
geciras, Ronda and Alora) are generally affected by tilting and normal faulting. In the cen-
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tral sector, the basins generally were formed on open synforms (locally bounded by faults).
An example of such kind of basins is the Almazora basin (Pedrera et al., 2009), which de-
veloped on an open synform northward of the Sierra de los Filabres antiform. Other basins,
such as the Alcala la Real, Orgiva, and Ugijar basins, show more complex evolutions. In the
eastern Betic Cordillera, most of the basins are controlled by strike-slip fault systems, such
as the Sorbas-Tabernas, Vera-Garrucha, Nijar-Carboneras, Lorca, and Totana basins.

The Granada basin and the Guadix-Baza basins, located in the central sector of the
Betic Cordillera, are the largest intra-montane basins. The Granada basin is a large half-
graben, with a sedimentary record thickening northwards and bounded to the north and east
by normal faults dipping to the south and southwest, recpectively (Rodriguez-Fernandez
and Sanz de Galdeano, 2006). The Guadix-Baza basin developed to the north of the Sierra
Nevada antiform (Vera, 1970; Viseras, 1991; Fernandez et al., 1996). The Granada and
Guadix-Baza basins were opened in upper Pleistocene time to an external drainage towards
the Guadalquivir river, having undergone since then different landscape evolutions, which
have been partially controlled by Quaternary tectonics as discussed in this thesis.

Finally, the Guadalquivir basin represents the foreland basin of the Betic cordillera,
having been formed due to flexure of the lithosphere under the weight of the orogen (Flinch
1996; Garcia-Castellanos et al., 2002). It has an asymmetrical geometry with sediment
thicknesses increasing southwards (Iribarren et al., 2007).

3.5. Tectonic models for the Betic Cordillera

The Betic cordillera was formed during the Neogene, in a general Eurasian-African
plate convergence setting (e.g., Dewey, 1988; Platt and Vissers, 1989; Jolivet and Faccena,
2000). A late orogenic extension, superimposed on an earlier collisional orogen (e.g., Platt
and Vissers, 1989; Garcia-Duenas et al., 1992; Azafiéon and Crespo- Blanc, 2000; Martinez-
Martinez et al., 2002), was responsible for low- and high-angle normal faults, the formation
of the Alboran basin (interpreted as a back-arc basin of the orogen) and the initial develop-
ment of other Neogene-Quaternary sedimentary basins. This extensional tectonics seems to
have occurred simultaneously with a general N-S compressional stress field.

The issue of whether or not extension has ceased is very controversial. For some
authors, the extension ceased in the Betic Cordillera and the Alboran basin during the upper
Miocene (Tortonian), though thermal subsidence continued in the Alboran basin (Comas
et al., 1992 and 1999). However, the existence of active normal faulting, together with
the distribution of the seismicity and the focal mechanism solutions, reveals present-day
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Figure 8. Neotectonic and seismotectonic map of central Betic Cordillera. Small black dots represent earthquake

epicenters. (Modified from Martinez-Martinez, et al., 2006).

12



1. Introduction

extension in the upper crust (Morales et al., 1997; Galindo-Zaldivar et al., 1999; Mufioz
et al., 2002; Stich et al., 2003; Buforn et al., 2004). Some authors interpret this extension
to be coeval and perpendicular to the regional compressional setting established since late
Tortonian (Galindo-Zaldivar et al., 2003; Martinez-Martinez et al., 2006.

3.2. Active tectonics and Quaternary landscape evolution in the Central Betic
Cordillera.

The topographic configuration of the internal zone of the Betic Cordilleras is cha-
racterized by a series of alternating mountain ranges (up to 3,400 m high) and topographic
depressions. The mountain ranges are composed of Palacozoic—Mesozoic metamorphic
rocks, while the topographic depressions correspond to basins filled with Neogene—Quater-
nary sediments. Tectonics has been a major controlling mechanism on landscape develop-
ment. Tectonic uplift started in late Miocene time, provoking the progressive exhumation of
both the sierras and the sedimentary basins. The uplift seems to be controlled by large-scale
E-W trending open folds, which, in turn, are related to a dominant N—S compression. This
compression is a regional phenomenon related to ongoing collision between the African
and Iberian plates which converge in a NW-SE direction at approximately 5 mm/yr (Argus
et al., 1989; de Mets et al., 1994).

Apart from the large-scale open folds, high-angle normal faults have played an im-
portant role in landscape evolution. Quaternary normal faults and a relatively high con-
centration of earthquake epicenters characterize two main areas of active extension in the
central Betic Cordillera (Fig. 8). The first one corresponds to the Granada basin, where
high-angle NW-SE striking normal faults are predominant, but E-W and NE-SW normal
faults also occur locally (Galindo-Zaldivar et al., 1999; Mufioz et al., 2002). Evidence for
the activity of both E-W and NW- SE oriented normal faults is well documented from
seismicity and offset of Holocene sediments (e.g. Alfaro et al., 2001; Reicherter et al.,
2003; Azafion et al., 2004). The NW— SE striking faults form a segmented system with the
en-echelon normal faults linked by relay ramps or transfer faults. The second area of active
extension is found to the west of the Sierra de Gador, where N—S to NW-SE oriented high-
angle normal faults delimit two large-scale eastward-tilted blocks. Pliocene and Pleistocene
sediments are tilted by some of these faults, which control Holocene fluvial sedimentation
(Martinez-Diaz and Hernandez-Enrile, 2004; Marin-Lechado et al., 2005).
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ABSTRACT: The stream length-gradient index (SL) shows the variation in stream power along
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tion of recent tectonic activity and/or rock resistance. Nevertheless, the comparison of SL values
from rivers of different length is biased due to the manner in which the index is formulated, thus
making correlations of SL anomalies along different rivers difficult. Therefore, when underta-
king a comparison of SL values of rivers of different length, a normalization factor must be used.
The graded river gradient (K) has already been used in some studies to normalize the SL index.
In this work, we explore the relationships between the graded river gradient (K), the SL index,
and the stream power, proposing the use of a re-named SLk index, which enables the compari-
son of variable-length rivers, as well as the drawing of SLk anomaly maps. We present here a
GIS-based procedure to generate SLk maps and to identify SLk anomalies. In order to verify the
advantages of this methodology, we compared a SLk map of the NE border of the Granada basin
with both simple river profile-knickpoint identification and with a SL map. The results show that
the SLk map supplies good results with defined anomalies and suitably reflects the main tectonic

and lithological features of the study area.

Keywords: Geomorphic indices; Rivers; Tectonic geomorphology; SLk maps; GIS

Earth Surface Processes and Landforms (2009)
DOI: 10.1002/esp.1684

Received 18 May 2006

Revised 28 January 2008

Accepted 7 February 2008



16

GIS-Based tools and methods for landscape analysis and active tectonic evaluation

1. INTRODUCTION

The analysis of drainage networks is a powerful tool to detect recent tectonic acti-
vity and uplift (e.g. Ouchi, 1985; Clark et al., 2004) as river channels are very sensitive to
changes in the parameters that control their shapes and gradients (e.g. Whipple and Tucker,
1999; Korup, 2006). Climate changes, tectonics, and lithology affect river equilibrium con-
ditions and, hence, river geometry (e.g. Jackson and Leeder, 1994; Schumm et al., 2000;
Burbank and Anderson, 2001; Keller and Pinter, 2002).

A river is in dynamic equilibrium when erosion keeps pace with sedimentation and
under these conditions a river can be considered to be graded (Mackin, 1948; Leopold
and Maddock, 1953; Schumm et al., 2000). Field observations and theoretical calculations
show that river networks approach equilibrium over a long period (10*-10° yr), even in
tectonically stable areas (Knox, 1976; Pizzuto, 1992; Brookfield, 1998). Nevertheless, rates
of response increase exponentially from equilibrium and, therefore, gross deviations from
equilibrium (when related to changes in uplift rates) must reflect relatively recent events
(Brookfield, 1998; Bull, 1991). In bedrock rivers, adjustment to new equilibrium conditions
is reached by changes in the incision rate, which is thought to be a function of either shear
stress (Howard and Kerby, 1983) or total stream power (Summerfield, 1991; Finlayson
and Montgomery, 2003). Morphologically, changes in incision rates along a river produce
changes in river gradient.

The stream length-gradient index (or SL index) (Hack, 1973; Keller and Pinter,
2002) highlights gradient changes in river channels. This geomorphic index is very sensiti-
ve to changes in lithology and/or tectonic uplift. Hence, SL variations have been recognised
as a useful reconnaissance tool in tectonically active areas for many years (Hack, 1973;
Seeber and Gornitz, 1983; Merritts and Vincent, 1989; Brookfield, 1998; Carvajal and Sanz
de Galdeano, 2001; Azor et al., 2002; Chen et al., 2003; Pérez-Pena et al., 2004, Goldrick
and Bishop, 2007). Most of these studies were based on comparisons of SL profiles along
different rivers. However, the fact that the SL index is strongly influenced by river length
makes comparing SL values in rivers of different length difficult. To overcome this pro-
blem, some authors have proposed using the graded river gradient (K) as a normalization
factor for the SL index (Seeber and Gornitz, 1983; Chen et al., 2003).

In this work, we examine the use of K as an SL normalization factor, as well as the
relationships between the graded river gradient, the SL index, and stream power. We pre-
sent a GIS-based methodology to extract normalized stream-length maps. We have focused
this work on the following goals; a) to present the advantages of “graded gradient norma-
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lization” with regard to river power, and b) to combine different approaches using GIS
and geostatistical analysis to obtain a valuable anomaly stream-length map. Our analysis
centres on the northeastern border of the Granada basin area (Betic Cordillera, SE Spain),
where we have compared a normalized stream-length map against a stream-length map and
against a knickpoint analysis.
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Figure 1. Geological sketch of the Granada basin. Inset shows its location within the Betic Cordillera.
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2. GEOLOGICAL AND GEOMORPHOLOGICAL SETTING OF THE GRANADA
BASIN

The Granada basin (Fig. 1) is located within the Betic Cordillera (SE Spain), which
is the result of the collision between the African and Eurasian plates, with present-day con-
vergence rates of approximately 5 mm/yr (de Mets et al., 1994). This convergence is res-
ponsible for a NW-SE compression with associated NE-SW extension that is accommoda-
ted by normal faults (Sanz de Galdeano, 1980; Galindo Zaldivar et al., 1999; Azafion et al.,
2004; Rodriguez-Fernandez and Sanz de Galdeano, 2006). Most of these faults have been
active since the Pleistocene and have low to moderate (<5Mb) associated seismicity (Sanz
de Galdeano et al., 2003). The basin comprises Neogene—Quaternary sediments lying over
the NE-SW striking contact between the External and Internal zones of the Betic Cordille-
ra. Schist, phyllites, and marbles of Palacozoic to Mesozoic age, and sedimentary rocks of
Triassic to Cretaceous age form the basement of the Granada basin. The sedimentary fill is
up to 2 km thick (Rodriguez-Fernandez and Sanz de Galdeano, 2006).

The present-day relief and the drainage pattern of the NE margin of the Granada
basin are strongly influenced by the local tectonics. The most prominent morphological
features are two fault-generated mountain fronts that form conspicuous breaks in the lands-
cape (Azanon et al., 2004) (Fig. 2a). The first front is located between the metamorphic
basement and the sedimentary infilling of the Granada basin. This mountain front is formed
by NW-SE striking normal faults that change northwards to strike NNE-SSW (Fig. 2a). The
present-day activity of this front is still in contention due to its strong lithologic controls and
the lack of seismicity observations. Therefore, the study of the drainage network may be a
useful tool to determine possible activity of this mountain-front. The second front is located
between the Tortonian to Pliocene basin-margin sediments and the Quaternary sediments
of the current floodplain of the Genil river (Fig. 2a). This mountain front is thought to be a
product of the Granada fault (Sanz de Galdeano et al., 2003), which is a normal fault with
associated moderate—low seismicity, although it lacks well-exposed fault scarps. Between
these two mountain fronts, the drainage network consists of rivers deeply incised into the
Tortonian to Pliocene sediments and therefore flowing over bedrock (Fig. 2a). Southwest of
the Granada fault, the rivers scarcely incise into Upper-Pleistocene to Holocene sediments
and consequently flow over their own alluvium deposits.
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Figure 2. a) Shaded relief map of study area (NE border of Granada basin). This map was extracted from a DEM
with 10 m of pixel resolution. b) Detailed drainage network of the study area. The main channels used for the
analysis are indicated.
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3. METHODOLOGY

3.1. Stream-length gradient index and stream power

The SL index in a river reach is defined as follows (Hack, 1973; Fig. 3a):

dh
SL=—L
di (M
Where dh/dl is the slope or gradient of the reach (dh is the change in elevation and
dl is the length of the reach) and L is the channel length upstream from the midpoint of the

reach to the river head.

The SL index can be deemed as a proxy to the stream power per unit length (Q2). The
stream power per unit length (Q), measured in W/m is defined as (Summerfield, 1991):

02=yQs 2)

Where v is the unit weight of water per unit length (9800 N/m?), is the discharge (m¥/s),
and s is the slope of the water surface, which is generally approximated by the slope of the
channel bed. If uniform climatic factors can be assumed (i.e. that rainfall and evapotranspi-
ration do not vary within the study area), then discharge can be related by means of a power
law to drainage area (A) as:

Q =aAP
3)

Where a and b are positive constants (Finlayson and Montgomery, 2003; Jain et al.,
2000).

Hack (1957) showed that A and L are related by means of an empirically calibrated
power relation, namely Hack’s law:

L=14A° “)
Many other works have corroborated this power relation and, although the exponent

in Equation (4) varies in different areas and in basins of different size, it is generally accep-
ted to be slightly below 0.6 (Rigon et al., 1996).
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From Equations (3) and (4), we can express discharge as a function of L (Jain et al.,

2006):
Q=cl®
Where ¢ and d are empirical constants for the area.

Equation (5) allows us to rewrite Q as a function of L

0= ycld
And, as the slope is
dh
s=—
dl

we can relate the SL index to the stream power per unit length as

Q= SLycL¢

(6))

(6)

O]

®)

21



22

GIS-Based tools and methods for landscape analysis and active tectonic evaluation

Since v, ¢, and d are constants, the SL index and Q are directly proportional.

3.2. Rivers in equilibrium conditions

A river can be considered graded when the gradient, width, and depth are in dyna-
mic equilibrium with discharge and load (Mackin, 1948). Graded rivers typically develop
a smooth concave profile and, hence, a semi-logarithmic plot of those profiles will yield a
straight line (Fig. 3b) (Hack, 1973; Brookfield, 1998; Chen et al., 2003):

H=C-klIn(L) 9)

Where H is the elevation above a given datum, L is the length from the river head, C is
the river head elevation, and k is the slope of the line. The derivation of this equation with
respect to L (Burbank and Anderson, 2001) yields the following formula for the stream
slope, s:
_dh _dkInw) _k

Ta T a L (19)
Thus, parameter k has the same formulation as the SL index since it is a product between
slope and river length, and it can be used to characterise either an entire river profile or any
reach of it. When this parameter is applied to the whole river profile, it is referred to as K.
This graded river gradient represents the equilibrium conditions for a given river:

C —h;
InL,

K = (11)

Where hf'is the elevation at the river mouth and Lt is the total length of the river.

As K represents the SL index calculated for the entire river (Equation (10)), it will correlate
with the total (or available) stream power (Q2)):

0O =Kyl (12)

Where L is the total river length.
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4. STREAM-LENGTH ANALYSIS

4.1. K- Q_ relationship for the study area

In order to empirically calibrate the K- relation, we have calculated these two
parameters for each river. To obtain the total stream power Q_, the discharge Q must be
correlated with the upstream area A (Equation (3)). In our study area, there is no gauging
discharge data to perform a regression analysis and, consequently, we have to use empiri-
cal values to estimate parameters a and b of Equation (3). Previously published values of
these coefficients are around 0.7 for b and around 1 for a (Jain et al., 2006; Finlayson and
Montgomery 2003; Dunne and Leopold, 1978). The plot of K versus Q_shows a good co-
rrelation using the a and b values mentioned above (Fig. 4a). However, as we know that K
and Q. have a direct correlation, we can re-calibrate the a and b parameters without using
discharge measurements. It is worth remarking that K has been calculated with river slope
and length data, whereas Q_ has been calculated with river slope and area data. The best
values will be those providing the best fit between K and €. For this purpose, we have
calculated Q. iteratively with values of b between 0.4 and 0.8 (with a step of 0.01) and
with values of a between 0.1 and 2 (step of 0.01), and tested the relation with K values for
the rivers. The best fit between € was obtained with a=0.98 and b=0.62 (Fig. 4b). These
parameters offer a better discharge-area proxy for our study area.
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4.2. SLk analysis

4.2.1. Selection of river channels

The drainage network for the analysis was extracted from a Digital Elevation Model
with 10 m pixel resolution (Fig. 2a). We computed for each DEM cell a single flow drainage
direction using the D8 (8-directions) method (O’Callaghan and Mark, 1984). This method
assigns flow from each grid cell to one of its eight neighbours, either adjacent or diagonal,
in the direction of the steepest downward slope. We selected a threshold area of 0.5 km? in
the flow accumulation to obtain the final drainage network. From this drainage network, we
have selected 28 main channels to perform the stream-length analysis (Fig. 2b).

Alluvial channels behave differently and, as a result, have different equilibrium
parameters than bedrock channels (Schumm et al., 2000; Burbank and Anderson, 2001).
Consequently, stream-length anomalies could reflect different factors in these two channel
types. In this work, we focus northeastwards of the topographic front of the Granada fault,
where the channels are incised into bedrock.

The correct determination of the river head (C in Equation (9)) plays a crucial role
for K estimation and, therefore, for SL normalization. When the drainage network is extrac-
ted from a DEM, it is difficult to correctly estimate the river head. In order to apply a homo-
geneous criterion to all rivers and avoid subjectivity, we have assumed the river heads to be
on the watershed divide. Therefore, we have projected the heads of selected trunk channels
to the local watershed divide following the steepest path upstream. This path upstream was
also derived by using the D8 algorithm.

4.2.2. SLk map

A brief methodology to produce SL maps was proposed by Keller (1986) and Keller
and Pinter (2002). This methodology was designed to work essentially with large-scale
topographic maps (1:50,000 to 1:250,000). One disadvantage derives from the fact that this
methodology takes as dh (Equation (1)) the contour line equidistance, providing in conse-
quence an irregular distribution of SL values with higher point density near river-heads,
where the contour lines are more closely spaced. Geostatistically, constant point spacing
will yield better results in the interpolation of values in a horizontal plane. Moreover, the
comparison of SL values from rivers of different length, without prior normalization, pro-
vides non-weighted results.
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Figure 5. Standardized semivariograms for SLk data calculated with different point spacing (50, 150, 250, and
350 m).

To obtain constant value spacing within rivers, dl (Equation (3)) must be fixed. This
dl represents density of data because it marks the distance between values, and it must be
defined according to the features (basically, spacing and accuracy) of the digital elevation
model. If the spacing is too small, the errors associated to the DEM can introduce noise in
the SLk value distribution. For this reason, in order to avoid these errors this distance needs
to sufficiently exceed that of DEM resolution.

In order to determine the optimum spacing for the study area, four segment lengths
have been used (50, 150, 250, and 350 m) to obtain SLk data for the 26 streams. In order
to test the autocorrelation of the data and choose the optimal segment length for the SLk
data, four variograms have been calculated considering the different segment lengths (Fig.
5). This approach has been applied in a 2-D space and all the variograms obtained produce
quite similar results (except the one with 50 m spacing), indicating that the results are geos-
tatistically robust. The noise in the variogram made with 50 m spacing is due to the error
associated with the DEM accuracy that produces a nugget increase (local-scale discontinui-
ty). On the basis of this variogram analysis, we can conclude that the SLk variable shows
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Figure 6. Omnidirectional variogram
for SLk data calculated with 150 m
spacing.
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a considerable autocorrelation structure. Finally, we have used the 150 m spacing because
this distance does not present the noise visible in the 50 m spacing variogram and provides
more data in order to analyse the anomalies.

Once the spatial variability structure of the SLk variable has been characterised by
means of the variogram functions, it is possible to estimate the SLk values in an unmea-
sured location. For the estimation, we have used the ordinary kriging method considering
these variogram models (Fig. 5). Nevertheless, the procedure used in anomaly detection
(and characterization) is based on the cross-validation method (Davis, 1986; Journel, 1986;
Isaaks and Srivastava, 1987). Using cross-validation, the anomalies have been detected
by comparing the real values (experimental data) with local estimated data (obtained by
kriging and logically affected by the smoothing effect). It is important to point out that the
cross-validation methodology has traditionally been used for anomaly detection (geoche-
mical, geophysical, etc.).

4.2.3. Identification of SLk anomalous values

In order to characterise SLk anomalous values, we have performed a cross-valida-
tion analysis using ordinary kriging (Goovaerts, 1997). Of course, the usage of any estima-
tion procedure introduces a smoothing effect that could introduce undesirable effects in our
dataset. In order to circumvent this smoothing, we have used a cross validation analysis.
The cross-validation analysis is a well-known geostatistical method for the characterisation
of anomalous values. It consists in removing each data location from the data set, one at a
time, and re-estimating its value from the remaining data by using the semivariogram mo-
del. The estimates are compared to the original observations in order to establish whether
the data are coherent with their neighborhood or not (anomalous data). This comparison is
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established in a probabilistic approach using a Z-score parameter. This Z-score parameter
is defined as the estimation error divided by the standard kriging deviation. By using only
the estimated data as a base map to present the anomaly detection results, the effect of the
smoothing is reduced and therefore is less crucial.

To apply the cross-validation method, a semivariogram of the SLk values (150 m
spacing) has been obtained. The SLk values show good corregionalization and isotropic
behaviour in the four main directions considered (N-S, NE-SW, E-W, NW-SE), with an
angular tolerance of 22.5°. Therefore, the omnidirectional variogram has been used (Fig.
6). This variogram has been fitted to a theoretical model composed of three imbricated
structures: a) a nugget effect equal to 1.45; b) a spherical structure with a range equal to 315
m and a sill of 1.914; and c) a spherical structure with a range equal to 2,700 m and a sill
of 2.204. The resulting model shows three different variation scales: a nugget effect (local
variability) due to the DEM errors and spacing that represents 26% of the total variance,
a medium scale (300 m) that represents 34% of the total variance, and a regional scale
(2,700 m) that represents 20% of the total variance. Using this variogram model, the cross-

Figure 7. Detailed geological map of
area NE of Granada city with the loca-
tion of anomalous SLk data values
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validation analysis with ordinary kriging has been carried out considering a 500 m search
radius and the minimum number of data to make the estimation.

5. DISCUSSION

5.1. Limitations of geostatistical analysis

One essential advantage of geostatistics is the capability of quantifying any pre-
diction errors, but it is important to point out that the prediction errors obtained from this
geostatistical estimation procedure are theoretical and, as a result, any correlation with real
anomalies may not be straightforward. The problem arises with the kriging variance, since
it is not conditional on the data values used. This variance is only the average over all pos-
sible realizations of the n-data. If the configuration of the n-data estimated at many different
places were the same, then the kriging variance would be an estimate of the variance of
the L errors. Because of the averaging over the L realizations of data values, the kriging
variance obtained is only geometrical. In this sense, the kriging variance is only a ranking
index of data geometry (and size) and not a measure of the local spread of errors (Journel,
1986; Deutsch and Journel, 1992; Goovaerts, 1997).

5.2. Relations of anomalous SLk values to lithology and tectonics

In order to interpret anomalous SLk values, a detailed study has been undertaken
in a small area northeast of the city of Granada (S Spain; Fig. 7). A detailed map showing
the main faults and lithological contacts is available for this zone (Azafion et al., 2004),
allowing us to superpose the anomalous SLk values (Z-score absolute value higher than 2)
obtained from the cross-validation process onto the geological map of the area.

In this study, 230 SLk values were obtained, with 38 anomalous data according to
the Z-score absolute limit value of 2. Figure 7 shows the relationship between the anoma-
lous data and the presence of lithological contacts or faults. We have performed a geos-
tatistical analysis to relate the anomalous data with the linear features representing faults
and lithological contacts. We have found that 81% of the anomalous values are located at a
distance less than 150 m from a lithological contact or fault. This fact shows that the ano-
malous SLk data have a clear correlation with tectonic (faults) and lithological contacts of
formations with contrasting resistance to erosion.
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Figure 8. SLk map for the NE border of the Granada basin obtained with a fixed dl of 150 m. The main anomalies
are highlighted and numbered (see text). The inset shows the location of Figure 7.

5.2.1. Significance of the SLk anomalies

Anomalies 1 and 5 (Fig. 8) correspond to the tectonically controlled border of the
Granada basin. The sediment infilling of the basin is more easily eroded by the drainage
network than the crystalline basement. Therefore, these two anomalies are influenced by
both lithological and tectonic factors, although the two effects cannot be separated.

Anomaly 2 is constrained to an arc-shaped diversion in the Arroyo del Puerto Stream
(Fig. 8), which has been related to a capture process (Carvajal and Sanz de Galdeano,
2001). River piracy may cause changes in local base level and, hence, in channel gradient,
thus generating high SLk values.

East of Granada city, anomaly 3 (Fig. 8) matches very well with a Middle Miocene
siltstones that crops out from hard Pliocene—Pleistocene conglomerates (Fig. 7). This silty
formation is bounded southwards by normal active faults with some associated seismicity
(Sanz de Galdeano, 1980; Pelaez Montilla et al., 2001; Sanz de Galdeano et al., 2003).
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Figure 9. Longitudinal profiles of rivers defining anomaly 3 in Figure 8; the knickpoints are well defined in the
Beiro River but not in shorter rivers.

The most prominent features indicating fault activity are changes in river gra-
dients, which are not related to lithological changes or river piracy. This is well discernible
southeast of Granada (anomaly 4) (Fig. 8), where high SLk values are depicted. These high
values are located within the same materials (Fig. 7) in an area with documented present-
day fault activity; these faults have been active throughout the Holocene and could be
responsible for historical earthquakes (Azafion et al., 2004).

5.3 Advantages and limitations of SLk maps

The main advantage of the SLk index is that it can be easily estimated in an area
with rivers of different length. In a simple analysis of river knickpoints, it is difficult to
quantify the location of knickpoints and compare their significance between rivers. The
SLk index quantifies the changes in river gradient and also identifies steeper river segments
that do not have well-defined knickpoints.

In order to highlight this fact, four river profiles were extracted in order to relate
their knickpoints to the SLk values. These four rivers have very well-defined SLk anoma-
lies, but do not present comparable knickpoints (Fig. 9). The Beiro river profile, for instan-
ce, is the only one with well-defined knickpoints (Fig. 9). The different lengths of the rivers
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also hampers correlation between knickpoints. In the SLk map for this area, we can directly
observe high-gradient values and view their distribution (anomaly 3 in Fig. 8).

The original SL index is limited in that a value comparison is impossible without
prior normalization. The anomalies in long rivers will, by definition, be greater than in short
rivers, even when they can be related to the same geomorphic feature. Therefore, in these
maps anomalies in long rivers will mask anomalies in short rivers.

In order to compare the differences between the SL and the normalized SLk index,
we have derived for the same area a SL map made with a contour line interval of 50 m
(Fig. 11). Since we use contour spacing as sampling intervals in this map, the SL values are
denser along the steeper channel headwaters. In contrast, at river mouths the SL values are
more dispersed. Geostatistically, it is better to have an equally-spaced point-distribution in
order to analyse patterns. The spatial variability structures were obtained and adjusted into
a theoretical model composed of two spherical structures, one short scale (450 m) with a
variability equal to 16,500 and another large scale (2,880 m) with a sill equal to 15,840
(Fig. 10). The estimation has been made using the same parameters (search distance, num-
ber of data in the estimation, grid size) as the SLk estimation process in order to compare
the results. Both maps show roughly the same main anomalies along the longer rivers, but
in the SL map there are almost no anomalies in shorter rivers (Fig. 11). Moreover, in the SL
map, the anomalies have different shapes than in the SLk map (Fig. 8).

Due to the recent popularity of slope-area analysis, we also present our point of view
on its advantages and disadvantages versus SLk analysis. Kobor et al. (2004), for example,
carried out a slope-area analysis for several small sub-basins in the central Oregon Coast
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Figure 11. SL map of the NE border of Granada basin obtained according to methodology proposed by Keller and
Pinter (2002). The kriging was made using the same parameters (search distance, number of data in the estimation
process, grid size) as the SLk estimation process.

Range. This analysis was very useful in determining the parameters in those small sub-ba-
sins but not for inflection analysis of the main streams. Kirby et al. (2003) made a very va-
luable analysis of the concavity index and the steepness index (both extracted by this well
established area-slope relation) in streams of the Tibetan Plateau. In their study, Kirby et
al. (2003) needed to perform different regression analyses in the rivers that presented clear
breaks in the slope-area line regression. So, these results suggest that slope-area analysis is
not the best way to examine gradient differences within the same river but may be a very
valuable tool for the analysis and comparison of individual basins. In this regard, the SLk
index is not an appropriate geomorphic tool for the analysis of small basins, but is suitable
for the analysis of long river profiles. Moreover, it is noteworthy that the drainage pattern
plays an important role in the applicability of the SLk index. Poorly organized parallel or
sub-parallel drainage patterns with long main channels provide better correlations among
rivers and thus are very suitable for SLk analyses; in contrast, well-organized dendritic
river networks are less suitable for the SLk analysis but are good material for slope-area
analyses.
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6. CONCLUSIONS

In this paper a methodology for GIS analysis of drainage networks has been presen-
ted. This analysis is particularly useful in areas that lack other tectonic, structural, or seis-
mic data. The SL index has been normalized via the graded river gradient K. This graded ri-
ver gradient characterises the equilibrium profile and correlates with the total stream power.
In light of this relation, the discharge-area proxy can be calibrated. We propose the use of
a normalized SL index (SLk index), to allow comparisons among rivers of different length
and the production of SLk maps. The anomalous values of the SLk index were identified
by means of a cross-validation method and related with faults and lithological contacts.
The SLk map presented has advantages with respect to a simple profile-knickpoint analysis
in the visualisation, definition, and comparison of knickpoints along different rivers. The
comparison of an SLk map with a SL map shows the main pitfalls of the previous approach
due to the lack of value normalization. The anomalies in the SLk map faithfully reflect the
main tectonic and lithological features of the study area. A closer comparison with other
studies, namely those performed with the slope-area proxy, shows that the SLk index is
more reliable in poorly organized sub-parallel drainage patterns, whereas slope-area analy-
ses are a better approach in well-organized dendritic river networks.
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ABSTRACT: Hypsometry is thought to be sensitive to tectonic uplift rates and lithology differ-
ences. In this study we calculated hypsometric integrals (HIs) using as topographic sources two
digital elevation models of 10 and 90 m of pixel resolution in the Granada basin (SE of Spain).
The HI spatial distributions do not show clear spatial patterns and do not correlate with basin
parameters as mean elevation or relief amplitude. However, when exploratory spatial data anal-
ysis is applied to the data distributions through local indices of spatial autocorrelation (LISA)
clear hot-spots are visible that improve the geologic meaning of the HI. The distributions are
robust and independent of the model resolution but are scale influenced. The application of this
new method to the Granada basin shows a strong correlation between the main distribution of
active normal faults in the basin and the clusters of high or low HI values obtained in our analy-
sis. Clusters with high HI values define the uplifted footwalls of these faults and regions uplified
in relation with rollover anticlines or where epeirogenic uplift has not been counteracted by
local extension. Once the method was adjusted in the Granada basin we tested its applicability
in an area of known contractive tectonic activity, Central Otago in New Zealand, showing that

the meaning of HI values is improved by using the autocorrelation techniques.
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1. INTRODUCTION

Morphometry, defined as quantitative measurements of landscape shape, is one of
the key tools of tectonic-geomorphology. The distribution of elevations within a region
provides information on the balance between external processes (which tend to lower the
landscape) and internal processes (which tend to create relief). One of the most useful para-
meters that describe and analyze the distribution of elevations in an area is hypsometry.

Hypsometry describes area distribution at different elevations (Strahler, 1952;
Schumm, 1956) and can be estimated using the hypsometric curve or the hypsometric in-
tegral (HI). The hypsometric curve represents the relative proportion of area below (or
above) a given height (Fig. 1a). The hypsometric integral corresponds to the area below
the hypsometric curve and, therefore, is correlated with the shape of this curve (Pike and
Wilson, 1971; Keller and Pinter, 2002). The hypsometric integral can be approximated by
means of the following equation:

- mean elevation - minimum elevation 0

maximum elevation - minimum elevation

The hypsometric curve and the hypsometric integral are valuable tools in characte-
rizing topography because they are correlated with the stage of geomorphic development
of the landscape. Strahler (1952) correlated convex hypsometric curves with a youthful
stage, S-shaped curves with a mature stage, and concave curves with a peneplain stage (Fig.
1b). This evolution is based on the assumption that a mountain is rapidly uplifted without
serious denudation, and then increases in dissection with a lowering in mean elevation
(Davisian scheme). However, subsequent works have proposed different alternatives to
this hypsometric curve evolution. Willgoose and Hancock (1998) modeled the evolution of
simulated basins and found that, in the case of declining equilibrium, hypsometric curves
converged to a constant S-shaped form and not to the concave form proposed by Strahler
(1952) for the peneplain stage. Ohmori (1993) analyzed several large-scale natural drainage
basins in Japan (up to 10,000 km?) and made a study of simulated basins based on empirical
laws deduced from Japanese mountains. The resulting hypsometric curves were concave or
S-shaped but never convex. In this case, the assumption of the Davisian scheme (an initial
rapid uplift without erosion) is not valid; the Japanese mountains, although young, have
been strongly eroded during uplift (Ohmori, 1993).

Hypsometry is affected principally by tectonic, lithologic, and climatic factors. Ma-
sek et al. (1994) proposed a climatological effect on hypsometry by comparing two large-
scale drainage basins in the central Andean plateau. Lifton and Chase (1992) pointed to the
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Figure 1. a) Hypsometric curve after Strahler (1952). Area of the region under the curve is known as the hypso-
metric integral (HI). Total elevation (H) is the relief within the basin (maximum elevation minus the minimum
elevation), total area (A) is total surface area of the basin, and area (a) is surface area within the basin above a
given altitude (h). b) Changes in hypsometric curves (Modified from Ohmori, 1993). Convex curves and high HI
values are typical for youthful stages of maturity and s-shaped curves and concave curves together with low HI
values are typical for mature and old stages. Arrows indicate a direction of change in the curves according to
change in mountain altitude during the geomorphic cycle.

influence of lithology in the hypsometric integral at small scales (100 km?) and an influence
of tectonics at larger scales (1,000 km?). They also showed, through a numerical model, that
the hypsometric integral is positively correlated with the uplift rate. Chen et al. (2003) used

values of the hypsometric integral to differentiate morphotectonic provinces in the foothills
of Taiwan.

The hypsometric integral (HI) is thought to be influenced by basin parameters such
as basin geometry, drainage area, and basin elevation drop (Lifton and Chase, 1992; Masek
et al., 1994; Hurtrez et al., 1999; Chen et al., 2003). Nevertheless, Walcott and Summer-
field (2008) demonstrated that HI values obtained for several basins and sub-basins along
the southeast margin of southern Africa did not correlate with basin area or basin shape.
Their HI values showed complex relationships with indices of vertical scale as relief and
dissection.

In this study we obtain HI values for regular squares of an analysis grid instead of
values for basins and sub-basins. This way, we obtain a regular HI value distribution that is
independent of basin geometry and drainage area. Since we do not use drainage basins, HI

37



38

GIS-Based tools and methods for landscape analysis and active tectonic evaluation

values do not strictly represent a measure of dissection but instead, how rapidly elevation
changes within each square (van der Beek and Braun, 1998).

We examine variations in the hypsometric integral for different-sized analysis-grids
obtained for a drainage basin in the south of Spain, the Genil river. This river drains the
sediments of the Granada basin, one of the largest intramontane basins of the Betics. Its
Quaternary evolution is marked by its capture by the external drainage of Genil-Guadal-
quivir river system and the segmentation of the basin by active normal faults. These faults
show some of the highest slip rates in the Betics. Therefore, this Neogene to Quaternary
sedimentary basin provides a good scenario to evaluate fault activity and related erosion
processes. In our study, we performed the analysis using two different Digital Elevation
Models (DEM) of 10 and 90 m resolution, and one DEM of 90 m resolution obtained by re-
sampling the 10 m DEM. We focused on the HI value distributions and use local indicators
of spatial autocorrelation (LISA) in order to differentiate clusters of high or low values and
evaluate their significance. Once the method was adjusted in the Granada basin we probed
its applicability elsewhere, by performing an analysis in the Central Otago region in New
Zealand, an area of known contractive tectonic activity.

2. GEOLOGICAL AND GEOMORPHOLOGICAL SETTING

The Granada basin (Fig. 2) is one of largest Neogene basins of the Betics. It formed
since the late Miocene in the hanging wall of a core-complex-type extensional detachment
system related to the extensional collapse of the Betic-Rif orogenic belt. This extension and
coeval NW-SE convergence between Africa and Iberia (de Mets et al., 1994) resulted in the
development the Sierra-Nevada elongated dome, characterized by folding of the unloaded
footwall (e.g. Martinez-Martinez and Soto, 2002; Martinez-Martinez et al., 2004). The ba-
sin infilling began in the late Tortonian (ca. 8.5 Ma) with marine calcarenites that intefinger
distally with calcareous marly facies (Rodriguez-Fernandez and Sanz de Galdeano, 2006).
These sediments sealed the continental subduction contact between the metamorphic Albo-
ran crustal domain and the South Iberian thrust belt formed by detached Mesozoic to Ter-
tiary passive margin sediments (Platt et al., 2003). During the latest Tortonian (ca. 7.2 Ma),
thick evaporitic deposits (gypsum and salts) and associated coarse clastic sediments in the
basin margins indicate the transition from marine to continental conditions. Further epeiro-
genic uplift of the basin during the Messinian (e.g. Braga et al., 2003; Duggen et al., 2003)
resulted in the deposition of thick and coarse detrital deposits that interfinger with lacus-
trine turbiditic sequences related to deep lakes. Lacustrine limestones deposited in central
areas of the basin in the late Messinian (e.g. Rodriguez-Fernandez and Sanz de Galdeano,
2006). Continental conglomerates, sands, and clays characterize the Pliocene to Pleistocene
sedimentary sequences, locally interfingered with palustrine carbonate sediments.
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Figure 2. General location of the Granada sedimentary basin. The location of the figure 3 is indicated.

Accommodation space for the Granada basin Plio-Quaternary continental sediments
was produced in a general context of epeirogenic uplift by NW-SE trending normal faults
(Fig. 3) that bound the eastern and northern margins of the basin (Rodriguez-Fernandez
and Sanz de Galdeano, 2006). Most of these faults were active in the Pleistocene and have
associated seismicity (Sanz de Galdeano et al., 2003; Azafion et al., 2004). Sanz de Galdea-
no et al. (2003) carried out an analysis to elucidate the seismic potential and the slip rate
for some of these normal faults obtaining moderate slip rates (more than 0.25 mm/yr) for
the most active faults in the basin (Fig. 3). These slip rates are long term, averaged since
the Late Miocene. Nevertheless, more recent works using Quaternary dating methods point
to larger slip rates for some of these faults. Reinhardt et al. (2007b) studied the transient
response to a recent rapid fall in base level of a small mountain catchment that is bordered
in its mouth by one of these faults in the eastern margin of the Granada basin. In order to
explain the very high erosion rates recorded in this catchment they proposed a 50 m base-
level fall in the last 21 ka.

The internal drainage of the Granada sedimentary basin was captured by the Gua-
dalquivir river in the Late Pleistocene as occurred in the neighboring Guadix-Baza basin
(Calvache and Viseras, 1997; Pérez-Pefia et al., 2009b). Since then, the drainage network
has eroded the sediments of the basin, although not with a headward erosion pattern as ob-
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Figure 3. Digital Elevation Model (10 m pixel resolution) for the Genil watershed. The figure shows the main ri-
vers and sediments of the Granada basin and the Quaternary structures. The relative activity of the faults has been
taken from Sanz de Galdeano et al. (2003).

served in the Guadix-Baza basin (Pérez-Pena et al., 2009b). River incision in the Granada
sedimentary basin is more pronounced in its northeastern border and in a wide area south
of the Genil river (Fig. 3), but not near the basin capture point, where the Genil river shows
practically no incision. The morphology of the basin is conditioned by the segmentation
pattern of active faults that compartmentalize it, with a pronounced river incision in the
normal-fault footwalls and practically no erosion in the hanging walls.

3. METHODOLOGY

We propose calculating HI values not for basin and sub-basins but for regular squa-
res in order to obtain a regularly-spaced value distribution for the area. To obtain HI values
for a grid of regular squares (analysis grid), we used zonal statistics over a Digital Elevation
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Model to extract maximum, minimum, and mean elevations. With the aid of GIS software,
this procedure becomes almost direct.

The distribution of HI values thus estimated can vary considerably across neighbo-
ring squares due to cell allocation or lithology differences. In dissected landscapes, since
we do not work with drainage basins, high values can occur together with low values de-
pending only on the location of the squares (Fig. 4). Where tectonics play an important role,
HI values should follow a general trend—that is, high and low values will tend to group
together in clusters despite having local (and even high) variations. To discern whether HI
values present such patterns, we have to test the spatial autocorrelation of the data. Explo-
ratory spatial data analysis (ESDA) techniques can identify the spatial association and auto-
correlation in georeferenced data sets (Anselin, 1995; Ratcliffe and McCullagh, 1998).

Moran’s I (Moran, 1950) is probably the best-known measure to test for spatial au-
tocorrelation. Formally, Moran’s I is defined as:

_ N . Z,-ij,-(xi—u)'(xj—u)
Z,ijf Zi(‘xi_l“l)2

I 2

Where N is the number of observations, is the element in the spatial weights matrix
corresponding to the observation pair (i, j), x; and X, are observations for locations i and
j (with mean ). The spatial weights matrix records a specific weight for each observation
pair (i, j) that is l/dij (dij is the distance between the two considered points). Moran’s I is
similar but not equivalent to a correlation coefficient in that it compares the sum of the
cross-products of values at different locations, two at a time weighted by the inverse of the
distance between the locations, with the variance of the variable (Moran, 1950). The value
of Moran’s I for lack of spatial dependence (E(I)) is not zero, but instead a number which
is negative but very close to zero. E(I) is obtained when there is no spatial autocorrelation,
and its value can be calculated as the mean value after a randomization of the data. A
Moran’s I value greater than E(I) indicates a significant autocorrelation. Instead of using the
Moran’s I statistics, inference is typically based on a standardized Z-score with a p-value
(Anselin, 1995):

_1-E(l)

= 3
4 Se ©)

Where I is the empirical value calculated from a sample, E(I) is the theoretical mean
of'a random distribution and SE(]) is the theoretical standard deviation of E(I). The Z-score
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is a test of statistical significance that helps us to decide whether or not to reject the null
hypothesis (the data are randomly distributed and there is no autocorrelation). The p-value
is the probability that the null hypothesis have falsely been rejected.

It is now recognized that while global spatial autocorrelation may provide a limited
set of association results, local patterns of influence can also be used to describe the spatial
independence of data (Getis and Ord, 1996). Local statistical methods can assess the spatial
association of a variable within a specified distance of a single point. This class of statis-
tics has rapidly grown in acceptance (Unwin, 1996), and is referred to by the term LISA:
local indices of spatial autocorrelation (Anselin, 1995). These types of statistics differ from
procedures which are applied globally, such as Moran’s I, which is tested on the complete
study area under examination. LISA statistics are applied locally, and are particularly use-
ful in identifying the existence of local spatial clustering around an individual location, or
‘hotspots’ (Anselin, 1995; Getis and Ord, 1996).

Although all LISA statistics assess the local association amongst the data, the Getis-
Ord Gi* statistic (Ord and Getis, 1995) evaluates association by measuring additive qua-
lities, and can therefore compare local averages to global averages. This statistic provides
specific measures of spatial association by defining a set of neighbors for each location as
being those observations that fall within a distance (d). These measures indicate the extent
to which a location is surrounded by a cluster of high or low values for the variable under
consideration. Formally, the Getis-Ord Gi* statistic (Ord and Getis, 1995) is defined as:

X w. (d)x,
G :Z] J J (4)

DY
j Y

Where W, are the elements of the contiguity matrix for distance d. This matrix
assigns a spatial weight for each point pair; a binary classification dependent on whether
the point is within a distance d of i. The Gi* statistic obtains in each observation point i
a measure of spatial clustering that includes the observation and depends on the distance
of the neighboring points. This statistic has been used to locate and identify local autoco-
rrelations in research fields, including remote sensing (Wulder and Boots, 1998), ecology
(Diniz et al., 2003), criminology (Ratcliffe and McCullagh, 1998), and sociology (Unwin,
1996; Amrhein and Reynolds, 1997). However, these techniques are normally not used in

geomorphology.
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4. HI ANALYSIS

4.1. Extraction of HI values

We have obtained HI values for the catchment area of the Genil river for two diffe-
rent DEMs of 10 and 90 m resolution, and additionally for one DEM of 90 m resolution
obtained by resampling the 10 m resolution model. The 10 m resolution DEM was provided
by the Junta de Andalucia regional government. This DEM was generated from 1:20,000
(B&W) Aerial Photographs (previously corrected and orientated with the aid of several
Topographic Control Points) obtained in a photogrammetric flight (years 2001-2002) for
the entire Andalucia region. This model is geo-referenced on to a Universal Transverse
Mercator projection using European Datum 1950 (zone 30). The 90 m resolution DEM is
based on Shuttle Radar Topography Mission (SRTM) 3-arc-second digital elevation data.
These data were re-projected to the same system as the 10 m model for consistency. All the
models were pit-filled using AcrGis 9.1 generic tools in order to fill possible voids.

Most of the present-day incised channels within the Granada basin have a hecto-
metric scale and are rarely wider than 1 km. Therefore, we consider that a kilometric-scale
analysis grid can efficiently record the topographic characteristics of the area. In order to
analyze the scale influence in HI value distribution we used different-size analysis grids for
both DEMs. We calculated HI values for 500 m, 1km, and 2km analysis grids with the 10 m
DEM and for 1km and 2km for the 90 m DEM. For the third regridded 90 m DEM we used
only an analysis grid-size of 1 km. We used ArcGis 9.1 software to perform zonal statistics
for each cell of the analysis grids using the elevation data of the DEMs. The HI values in
the six cases follow a normal distribution with a mean average slightly under 0.5 (Fig. 5).

Square with low HI

Square with high HI

Figure 4. Schematic illustration showing how HI values estimated for regular squares can present high variation
depending only on the square location (modified from Keller and Pinter, 2002).
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DEM 10m - Analysis grid Tkm

DEM 10m - Analysis grid 500m

Frequency

Frequency

HI Values
I 0,00-027 [ 035-041 047-052 [ 057-0,65
B 027-035 | | 041-047 052-057 [l 065- 1,00

Main Rivers [ | Genil Watershed |_ _ Sedimentary Granada Basin

Figure 5. HI distributions using two different elevation models of 10 and 90 m and for different analysis grids si-
zes. There are no clear spatial patterns in the raw data, but the distributions with different DEMs using the same

analysis grid size are similar.
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Figure 6. HI values versus relief amplitude and versus mean altitudes for the five considered cases. There are no
clear relations between HI and these two parameters.
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Figure 6. (Continuation).

The spatial distribution in each case does not offer a clear view of grouped values because
of patial dependency of HI values

The HI values could be spatially dependent due to the relative topographic position
of the squares within the basin (Chen et al., 2003). In order to test whether the HI values
have such a dependency, we calculated two representative factors—the mean elevation
and the relief amplitude (maximum elevation — minimum elevation) for each square. The
squares located in the head of a catchment will be characterized by high mean elevation
together with high relief amplitude (since in the upper parts the low order streams have
steeper gradients, see Figure 8 in Chen et al., 2003).

Figure 6 shows HI versus mean elevation and HI versus relief amplitude for the five
considered cases. In all the plots, the HI values are distributed around the HI mean, but
there is significant scattering indicating that both factors are highly variable. Both graphics
seem to be biased by the high number of low—medium values. However, when HI values
are binned in fixed-intervals on the horizontal axis and averaged, a better correlation is visi-
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T 050+
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Lithological Class
Rock Type Class

Soft sedimentary Rocks (muds, clays, marls and
loose sediments

Mixed sedimentary rocks (Limestone-sandy,

and quarzites)

limestone-shaly, marlstones and limy-dolostones) 2
Hard sedimentary Rocks (Conglomerates, 3
sandstones, limestones, and dolostones)

Metamorphic Rocks (Marbles, schists, gneisses, 4

Figure 7. a) Scheme showing the selection of
valid cells for the lithological analysis. In the
three cells the main lithology is sandstone, but it
is only representative enough for cells where
this majority represents more than 80% of the
rock type. b) Mean HI values, obtained from the
10m DEM and the analysis grid of 1 km, for
each lithologic group (lithology descriptions are
found in the table below). The error bars repre-
sent the standard deviations for the HI mean va-
lues for each lithologic group.

ble. In the plots of HI versus relief amplitude we see averaged HI values in relief-amplitude

intervals of 50 m. The averaged values follow almost a straight line indicating that HI

values are not dependent of this factor. These findings correlate with the results obtained

by Walcott and Summerfield (2008) for several basin and sub-basins of southern Africa. In

the plots of HI versus mean altitude we have averaged HI values in mean altitude intervals

of 150 m because the horizontal scale is nearly three times larger. The averaged values

present in these plots show a more complex pattern for the larger grid sizes (1 and 2 km).

Nevertheless, there are no clear correlations between the two parameters as the averaged

values distribute around the mean HI values. Therefore, we can conclude that there is no

clear dependency between the HI values and the position of the squares within the Genil

watershed.
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Figure 8. Getis-Ord*-statistic estimation for the HI values in the five cases. Clear clusters of high and low values
are visible in all the cases but better defined when the considered analysis grid is smaller. The figure shows how
the clusters of high values are related with the footwall of active normal faults. The main hot-spots are labeled in

the first HI distribution. .
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Figure 8. (Continuation)

EM Analysis Grid N ] E(l) Z )
10m 0.5km 6514 | 0.005951 -0.000061 [ 62.965218 | 0.000
10m 1km 405 0.020737 -0.000249 | 41.196878 | 0.000
10m 2km 114 0.027486 -0.000898 | 20.704706 | 0.000
90m 1km 405 0.010346 -0.000249 | 27.519481 | 0.000
90m 2km 114 0.023184 -0.000898 17.566103 | 0.000
90m R 1km 405 0.018331 -0.000247 | 36.874131 | 0.000

Table 1. Results of the global autocorrelation tests using Moran statistic for the considered cases. N, number of HI
values; I, Moran index for the data set, E(I), expected Moran for a random distribution, Z, significance of Moran
index, p, probability that the data distribution could be generated randomly.

4.2. Lithological influence on HI value distribution

Due to the large size of the area (nearly 4,000 km?) and the great variability in li-
thology, we did not perform a detailed analysis of the erodibility, but performed a relative
rock classification instead. We correlate the lithology with the HI values obtained for the 1
km analysis grid using the 10 m DEM. This lithologic analysis was carried out on the basis
of 1:50,000 geologic maps, reclassifying and simplifying the different lithologies in five
lithological classes in accordance with the rock type.
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We computed the main lithology for each 1 km square of the Genil watershed grid—
that is, the lithology that appears most often—and calculated its percentage with respect
to the square. In order to avoid squares with mixed lithologies, we took into account only
those squares in which the main lithology represents more than 80% of the square (Fig.
7a). Only 1,787 squares out of the 4,050 in the grid fulfill this condition. For each lithology
group, the mean and the standard deviation of the HI values was obtained. Figure 7b shows
the distribution of HI values in each of these lithology classes. Although slight, the mean
values present a positive correlation between high HI values and hard-rock type. This fact
agrees with the work of Hurtrez and Lucazeau (1999), however, the error bars (standard
deviations for each HI mean value) are too high to consider a clear positive correlation wi-
thin the data. Moreover, this influence is not enough to explain great variations in relative
high or low HI values.

4.3. Autocorrelation analysis for the HI values

We have computed Moran’s I statistic (Moran, 1950) in order to detect autocorrela-
tion patterns in the data distributions. For each data dis