N
N

N

HAL

open science

Holocene landscape evolution in the Baza Basin
(SE-Spain) as indicated by fluvial dynamics of the
Galera River

D Wolf, F' J Garcia-Tortosa, C Richter, Julie Dabkowski, C B Roettig, D Faust

» To cite this version:

D Wolf, F J Garcia-Tortosa, C Richter, Julie Dabkowski, C B Roettig, et al.. Holocene landscape evo-
lution in the Baza Basin (SE-Spain) as indicated by fluvial dynamics of the Galera River. Quaternary

Science Advances, 2021, 10.1016/j.qsa.2021.100030 . hal-03365989

HAL Id: hal-03365989
https://hal.science/hal-03365989v1
Submitted on 5 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03365989v1
https://hal.archives-ouvertes.fr

Quaternary Science Advances 4 (2021) 100030

i

Contents lists available at ScienceDirect

QUATERNARY SCIENCE
ADVAN«

Quaternary Science Advances

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/quaternary-science-advances

Check for

Holocene landscape evolution in the Baza Basin (SE-Spain) as indicated by  [&&s
fluvial dynamics of the Galera River

D. Wolf®", F.J. Garcfa-Tortosa ", C. Richter?, J. Dabkowski ¢, C.B. Roettig“, D. Faust *

2 Technische Universitat Dresden, Helmholtzstr. 10, 01069, Dresden, Germany

Y Universidad de Jaén, Campus Las Lagunillas, 23071, Jaén, Spain

¢ CNRS, Laboratoire de Géographie Physique: environnements quaternaires et actuels (UMR 8591 Paris 1 Panthéon-Sorbonne, UPEC), 1 place A. Briand, FR-92195,
Meudon CEDEX, France

ARTICLE INFO ABSTRACT

Keywords:

Western mediterranean
Granada geopark
Quaternary

Tufa deposits

River incision
Divergence phenomenon

The concrete relationships between fluvial system behavior and potential influencing factors that are, among
others, climate forcing, tectonics, and human activity are a key issue in geomorphological research. In this re-
gard, especially the Iberian Peninsula is an area of great interest because its landscapes are highly sensitive
towards climate changes and anthropogenic impact. Nowadays, the Iberian Peninsula reveals a strongly het-
erogeneous and spatially fragmented climate configuration. This should give rise to disparate behavior of fluvial
geomorphic systems considering that climate is generally assumed the most important trigger of fluvial dy-
namics. In fact, river systems located in more humid and more arid regions in Iberia often reveal deviating
patterns of Holocene floodplain evolution. This raises the question of whether these patterns were actually
caused by a different climate history or if, alternatively, other factors might have been responsible. In this study,
we investigated the Holocene floodplain evolution of the Galera River that is located in the upland of Eastern
Andalucia (SE-Spain) named Baza Basin. A combination of detailed stratigraphic profile logging and close-
meshed radiocarbon dating revealed that Holocene river dynamics generally followed the regional climatic
development, which proves the Galera floodplain record to be a valuable archive of Holocene landscape evo-
lution. However, we demonstrate that fluvial dynamics of the Galera system are hardly comparable to other river
systems in Iberia even if the climate evolution was not so different. Our results suggest that in river systems with
different basic conditions and catchment-specific configurations, similar climatic influences may lead to devi-
ating fluvial process regimes (divergence phenomenon) because of substantial imprints of other parameters such
as geological substratum, relief composition, tectonics, or human interventions.

1. Introduction

Today as in the past, the Iberian Peninsula reveals highly heteroge-
neous climate and environmental conditions demonstrating strong
spatial variations (Vicente-Serrano et al., 2006; Queralt et al., 2009;
Hidalgo-Munoz et al., 2011; Pérez-Obiol et al., 2011; Lillios et al., 2016;
Tarroso et al., 2016; Morellon et al., 2018). This means that climate
relevant data in high spatial resolution is needed for reconstructing and
understanding underlying mechanisms of the climate system and
resulting earth surface dynamics. The most humid parts of the Iberian
Peninsula exhibit generally good preservation conditions for environ-
mental archives and are therefore often linked to a higher spatial density
of palaeoenvironmental information (e.g. Martinez-Cortizas et al., 2009;

Carrion et al., 2010). In contrast, arid to semiarid zones such as the
Guadix-Baza-Basin (GBB) in SE-Spain show a certain paucity in terres-
trial archives providing continuous records for the Holocene period. In
such regions, a strong natural pressure on ecosystems originated from
recurring drought periods during the Holocene (Carrion et al., 2003;
Gil-Romera et al., 2010; Bellin et al., 2013) that were massively rein-
forced by human land use measures starting as early as 5 ka cal BP
(Carrion et al., 2010) or even earlier (Carrion et al., 2007). The millennia
lasting impact of both droughts and degradation due to human land use
resulted in progressive deforestation and large-scale erosion dynamics
(Bellin et al., 2011; Garcia-Alix et al., 2013) that even led to the for-
mation of badlands in different areas (Torri et al., 2000; Nadal-Romero
and Garcia-Ruiz, 2018). In these strongly dissected landscapes,
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environmental archives are largely absent and mostly limited to adja-
cent mountain regions (e.g. Carrion, 2002, 2007; Anderson et al., 2011;
Mesa-Fernandez et al., 2018) or cave records (e.g. Carrion et al., 1999;
Budsky et al., 2019). From this follows that there is a high demand for
studies of climate-sensitive terrestrial archives in order to understand
past climate dynamics and predict future system changes due to global
warming, especially in these dry regions in SE-Iberia.

Remedy may arise from fluvial sediment sequences in floodplain
areas that represent palaeoenvironmental archives with an almost
ubiquitous distribution even in the dry areas of semiarid and arid SE-
Iberia. Owing to their relief positions, floodplain deposits are less
affected by surface erosion. Moreover, they generally provide a clear
indication of landscape evolution within the catchment (Wolf and Faust,
2015). The great value of floodplain deposits for palaeoenvironmental
reconstructions has been shown in many cases (Blum and Tornqvist,
2000; Macklin et al., 2012), also on the Iberian Peninsula (e.g. Schulte,
2002; Benito et al., 2008; Carmona and Ruiz, 2011; Wolf and Faust,
2015). However, several aspects should be considered before inter-
preting floodplain records in terms of climatic conditions (see review by
Faust and Wolf, 2017). As a prerequisite, a reliable standard stratigraphy
is based on a number of profile sections that help identifying common
sedimentation patterns as well as singularities. Furthermore, an appro-
priate age model is based on a cautious handling of sufficient dating
realized on material suitable for avoiding age-overestimation. Finally, a
reliable interpretation requires an ample consideration of characteristics
of the river catchment since every fluvial system has a never-recurring
individuality. This is related to the non-repetitive spatial constellation

Quaternary Science Advances 4 (2021) 100030

of a catchment area, which always varies greatly in terms of size, relief
configuration, basic geological structure and tectonic features,
geomorphological diversity, precipitation and runoff regime, connec-
tivity of sub-systems, vegetation dynamics and land-use history (Antoine
et al., 2000; Vandenberghe, 2003; Faust and Wolf, 2017).

Based on excellent outcrop conditions, the floodplain of the Galera
River turned out to be an outstanding palaeoenvironmental archive for
studying Holocene landscape evolution within the Baza Basin (Fig. 1)
that we consider to be of supra-regional importance even beyond SE-
Spain. In order to exploit this floodplain record and in view of the
above-mentioned suggestions, this study encompasses the following
objectives.

(1) A standard stratigraphy will be derived based on eight individual
profile sections;

(2) a highly resolved chronology will be based on extensive radio-
carbon dating;

(3) a critical evaluation of the results will be realized against the
background of detailed catchment analyses for providing a reli-
able record for climate and environmental reconstruction.

2. Geographical setting

The Galera River is located in the heartland of the recently estab-
lished UNESCO-Geopark of Granada (Fig. 1). It is a tributary to the
Guardal River named downstream Guadiana Menor River. The Guadi-
ana Menor River is the main river of a huge river network draining the
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Fig. 1. Map of the study area within the Baza Basin (eastern part of Guadix-Baza Basin) with indication of geomorphological and lithological units. The Galera river
system is generally a sub-catchment of the Guadalquivir Basin, but due to its position within the eastern Andalusian uplands, it climatically belongs already to the
drier southeastern part of Iberia. The lower right inset shows the general situation of the Guadix-Baza Basin (GBB) in Iberia. Moreover, mean values of annual
precipitation are shown (adapted from Iberian Climate Atlas, 2011).
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Guadix-Baza Basin (GBB). The Baza Sub-basin is situated in the eastern
part of the GBB that is the largest of the late Neogene inland basins of the
Betic Cordillera (Gibert et al., 2007). It is delimited by the Sierra de
Cazorla, Sierra de Castril, Sierra Seca y Sierra de la Sagra in the north
and by a couple of mountain ranges (Sierra de Baza, Sierra de los Fila-
bres, Sierra de Lucar, Sierra de Orce, Sierra de Maria) in the south and
south-east (Fig. 1). While Triassic metamorphic rocks dominate the
southern mountains, the northern ranges are mainly composed of
Jurassic and Cretaceous limestone, dolomites and marls. The Baza
Sub-basin itself was filled with up to 2.000-3.000 m thick lacustrine
sediments since the late Miocene (Alfaro et al., 2008). Along the lower
Galera River with an elevation of about 830 m a.s.l., the basin infill is
characterized by early Quaternary deposits such as limestone and white
calcareous sandstone as well as gypsiferous marl that was evaporated in
the former center of the depression (Pena, 1985; Garcia-Aguilar et al.,
2014).

The relief configuration in the study area is dominantly determined
by the dissection of the basin infill by the fluvial drainage network. The
date of fluvial capture of the GBB by the Guadalquivir river system
(transition from endorheic to exorheic conditions) and thus, the begin-
ning of the incision of the fluvial network is a widely debated issue.
Scientific assumptions for the time of this capture range between the
early to mid-Quaternary (Gibert et al., 2007; Scott et al., 2007; Gar-
cia-Tortosa et al. 2008a, 2008b) until the late Quaternary (Ortiz et al.,
2004; Garcia-Tortosa et al. 2008a, 2008b, 2008b; Perez-Pena et al.,
2009; Oms et al., 2011) period. However, incision should have started
before 220 ka according to dating of the Alictin de las Torres travertine
formation in the western part of the GBB (Prado-Pérez et al., 2013). The
progress of fluvial dissection as well as the fluvial sedimentation history
of the Baza Basin have hardly been investigated so far. The recent Galera
river channel is cut about 100 m deep into the surface of the formerly
endorheic glacis. A couple of different Pleistocene fluvial terrace levels
are observable in the study area that were not systematically mapped or
dated yet. The youngest valley fill and terraces that relate to the Holo-
cene period are the research objects of this study (Fig. 2).

Tectonic development played an important role for the depositional
conditions during the endorheic phase (Haberland et al., 2017; Gibert
et al., 2007; Garcia-Aguilar et al., 2013) and also determines erosional
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processes in the subsequent exorheic phase (Garcia-Tortosa et al., 2011).
The widespread GBB is divided into an elevated western part and a
relatively sunken eastern sub-basin by the north-south trending Baza
Fault (Fig. 1) (Garcia-Tortosa, 2008; Garcia-Tortosa et al., 2011).

The study area is characterized by a cold semiarid steppic climate
with a mean annual precipitation of 423 mm and an average annual
temperature of 14.4 °C in recent times. However, a marked seasonality
prevails with cold and moist winters (monthly mean of 5°C and
~45 mm prec.) and hot and dry summers (monthly mean of 24 °C and
~6mm prec.). Based on anthracological studies, Rodriguez-Ariza
(1992) found that semiarid meso-mediterranean plant associations and
especially dense kermes oak woods (Quercus coccifera) would dominate
the natural vegetation in the area, while gypsum substrates would be
characterized by a mosaic of oak groves, Aleppo pines (Pinus halepensis),
and tree-less areas. Floodplain areas and valley floors are nowadays
intensely used for agriculture. The potential natural vegetation has been
strongly modified due to human land use during the middle to late
Holocene period. In combination with the soft and highly erodible
substrate, this turned the central Baza Sub-Basin into a strongly
dissected landscape that is highly vulnerable to the effects of erosion
processes and sediment relocation. According to archaeological find-
ings, the Galera river catchment was intensively used for agricultural
purposes already 4.1 ka ago in the course of the El-Algar culture (Lull
et al., 2013) when oak woods and pine forests were cleared for culti-
vation purposes (Rodriguez-Ariza, 1992). Latest 2.5 to 2.1 ka ago with
the onset of the Iberian Period, vegetation types reached a predomi-
nantly unnatural state with a large increase of cereal production that
reduced natural vegetation to smaller occurrences of degraded shrubs
(‘matorrales’).

3. Methods
3.1. Field-work

The main effort of this study relates to fieldwork and profile de-
scriptions. In a first phase, an up to 13 m high terrace body was iden-

tified and mapped all over the study area. This terrace takes up large
parts of the recent valley floor and shows a very characteristic
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appearance including a thick sequence of fluvial tufa deposits. The
geological substratum that frames the valley of the Galera River is
composed of laminated calcareous and gypseous marl deposits with thin
blackish layers containing clay and lignite (Gibert et al., 2007). These
layers assumedly refer to a high phytoplankton productivity and anoxic
conditions during formation times (Garcia-Aguilar et al., 2014). With
this appearance, the late Pliocene/early Quaternary lacustrine (endo-
rheic) deposits look somewhat similar to the Holocene fluvial and al-
luvial deposits, but are, on closer examination, clearly distinguishable
by a more compacted and consolidated character as well as a plethora of
well-formed gypsum crystals. In the lower stretch of the Galera River,
the Holocene terrace body slowly merges into an erosional terrace that
was carved from the marl substratum and that shows nearly the same
elevation like the surface of the Holocene deposits. Thus, a careful
mapping was indispensable for gathering a reliable distribution of Ho-
locene deposits in the study area. Wide areas of the Galera Valley be-
tween the towns of Galera and Castilléjar (Fig. 2) were vastly shaped by
the construction of cultivated field terraces that often mask the real
distribution of fluvial terraces and produced substantial erosion un-
conformities within the sedimentary sections. Sites with a proven
occurrence of Holocene deposits were surveyed with a GPS device
forming the basis for the map in Fig. 2. Eight profile sections were
studied (Fig. 3) at suitable locations (in terms of accessibility and
completeness of the sections) between Galera and Castilléjar (Fig. 2).
Profile logging included the differentiation of sedimentary units and soil
horizons, and the documentation of colors, textures, sediment struc-
tures, as well as fossil remnants such as gastropod shells, leaf imprints
and root channels.

3.2. Analytical work

The profile sections GA-I, GA-II. GA-IV and GA-VIII (Fig. 3) were
sampled for lab analyses in order to gain an overview of general sedi-
ment characteristics and soil forming intensities. Sampling was oriented
towards sedimentary units and palaeosol horizons for obtaining a
representative dataset for all sedimentary units.

Several analyses were realized in the laboratory of the Department of
Physical Geography at the Technische Universitat Dresden, Germany: i)
Texture analyses were conducted by pipette method after Kohn and wet
sieve techniques (Schlichting et al., 1995) after dispersing with sodium
pyrophosphate. Because the samples contained certain quantities of
gypsum that disrupted the settling process in the sample cylinder by
flocculation, all samples passed through a repeated cycle of dissolution
and centrifugation until measured electrical conductivity fell below a
value of 400 pS cm™> (Frenkel et al., 1986). Considering the high con-
tents of calcium carbonate, selected samples were measured twice in
order to analyze e.g., the share of silicate clay fraction against the
content of clay-sized carbonates. One run was implemented without
decalcification, another run was realized after carbonates were dis-
solved by using 10% HCL. In addition, the electrical conductivity was
used as a further evidence for the presence of soluble salts (primarily
gypsum). ii) Soil organic matter was measured via suspension and cat-
alytic oxidation (TOC-VCPN/DIN ISO 16904). iii) Carbonate content
was determined by measuring the carbon dioxide gas volume after
adding hydrochloric acid in a Scheibler apparatus (Schlichting et al.,
1995).

3.3. Radiocarbon dating

For assessing the temporal resolution of different sedimentation and
stability periods, radiocarbon dating was carried out on 29 samples of
insitu and reworked charcoal fragments and 1 sample of a gastropod
shell. The measurements on the charcoal samples were performed by the
AMS Mc laboratory in Miami (Beta, United States), and the shell sample
was measured in the GNS Science Center in Lower Hutt, New Zealand.
The age model of the Galera River sediment record was compiled based

Quaternary Science Advances 4 (2021) 100030

on Bayesian age modeling using the software OxCal 4.3.2 (Bronk Ram-
sey, 2017) with the IntCaL 13 calibration curve (Reimer et al., 2013).
The mean of the 2¢ probability interval is denoted in Table 1, while the
implementation of the chronostratigraphic correlation is provided in
chapter 4.3.

4. Results and interpretations
4.1. Stratigraphic characterization of the Galera floodplain record

The accumulation of Holocene deposits in the Galera Valley followed
a prior period of severe river incision. This incision was linked to a
deepening of more than 10 m according to the vertical distance between
fluvial terrace remains of presumably late Pleistocene river gravels (SU-
1) and lowest Holocene deposits at the valley bottom. Since datable
material is largely absent from these gravels, age estimation for the
beginning of the incision period is not available yet. The Holocene de-
posits cover consolidated early-to mid-Quaternary endorheic basement
rocks with lacustrine facies. Apart from SU-7 and SU-10 that relate to
colluvial deposits, all other Holocene sediment units refer to a fluvial
origin.

SU-2: The base of the Holocene sequence is formed by fluvial de-
posits up to 8 m thick that are characterized by alternating sandy and
loamy layers (Fig. 4B) with sandy layers referring to sand contents of
more than 50 percent (Fig. 5). Above coarse sands and gravels (section
GA-VII, Fig. 3), fine laminated clayey and silty laminae (e.g. sections GA-
I, GA-III, GA-VII) indicate the presence of surface rinsing (Fig. 4F). In
other parts of this unit, coarse-grained channel-fills evidence strong
channel activity including erosion and sedimentation processes (see
section GA-1, Fig. 5). Analytical results point to low organic carbon
contents (0.1-0.4 percent) without any hints for periods of surface sta-
bility and soil formation. Calcium carbonate contents between 40 and 50
percent (Figs. 5 and 6) reflect the widespread occurrence of carbonate
rocks within the closer catchment area. However, sand contents of more
than 30 percent after decalcification show a long transport within the
river channel as sands assumedly originated from Palaeozoic units of the
framing mountain ranges. An interesting finding belongs to the two-fold
realization of texture analysis, once with and once without prior
decalcification (Fig. 5). While the sand fraction contains still high pro-
portions of silicate minerals, the major part of the clay content, that rises
up to more than 40 percent, consists of carbonate. This clearly illustrates
that clay contents should be interpreted in terms of sedimentation pro-
cesses rather than pedogenesis.

In various depths of SU-2, concentrations of discrete charcoal frag-
ments evidence high fire activity with short distance relocation of
charred materials. As a further peculiarity, micro-scale folding struc-
tures (few centimeters in diameter) resulted from the effect of seismic
activities on water-saturated cohesive floodplain sediments (photograph
in Fig. 4F). The whole unit is characterized by hydromorphic features,
including leached segments, iron stains and strips as well as massive iron
precipitations caused by aerenchym-roots that provide oxygen in
anaerobe conditions.

SU-3: This unit reflects a slowdown of fluvial sedimentation dy-
namics. It consists of a couple of clayey sediment layers that alternate
with thin sand layers, together forming a succession of fining-up se-
quences (section GA-I, Fig. 5). In general, more than 80 percent of the
contained clay consists of calcium carbonate. There are plenty of char-
coal fragments included in this unit as well as many iron-coated root
channels (see photograph in Fig. 4C, lower part). The deposits of SU-3
demonstrate an appearance of typical high-flood deposits, while a
slight increase of the organic content may suggest incipient soil forma-
tion processes linked to certain surface stability (see section GA-III,
Fig. 3). In certain sections (e.g. GA-II), the upper part of SU-3 already
intermeshes with relocated or in situ tufa deposits.
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Table 1
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Analytical data for radiocarbon dating obtained from the Galera River system: Sample codes, material characteristics, radiocarbon ages and mean of the calibrated

ages, significance of the date, and respective sediment unit.

Profile Lab no. Material 4G age yrs BP Calibrated age BP (20) Significance Sediment unit
GA-I Beta-404764 charred material 6100 + 30 7020 + 130 active formation SU-4
GA-1 Beta-485046 charred material 6580 + 30 7495 + 66 active formation SU-4
GA-I Beta-404762 charred material 7420 + 30 8258 +78 start formation SU-4
GA-I Beta-485045 charred material 7530 £ 40 8311 +100 stagnant sedimentation SU-3
GA-1 Beta-485044 charred material 7630 + 40 8456 + 81 start sedimentation SU-3
GA-I Beta-485043 charred material 8410 + 30 9418 +98 active sedimentation SU-2
GA-I Beta-378613" charred material 8800 + 40 9900 + 220 age overestimation SU-2
GA-1 Beta-404760 charred material 8460 + 30 9488 + 38 active sedimentation SU-2
GA-I Beta-499012 charred material 8230 £50 9215+ 186 active sedimentation SU-2
GA-II Beta-485036 charred material 4170+ 30 4698 +123 start colluviation SU-7
GA-II Beta-499008 charred material 4320+ 30 4902 + 62 stagnant sedimentation SU-6
GA-II Beta-486033 charred material 5090 + 40 5831 + 88 active sedimentation SU-5
GA-II Beta-485029 charred material 5400 + 30 6204 + 83 stagnant formation SuU-4
GA-II Beta-485028 charred material 6270 + 30 7213 +53 active formation SU-4
GA-II Beta-485031 charred material 6660 + 30 7533 +52 active formation SU-4
GA-II Beta-499007 charred material 7630 + 40 8456 + 81 stagnant sedimentation SU-3
GA-1II Beta-485026 charred material 7620 + 40 8442 +77 stagnant sedimentation SU-3
GA-II Beta-485027" charred material 6460 + 30 7374 +57 age underestimation SU-3
GA-II Beta-485037 charred material 8920 + 30 10053 +136 active sedimentation SU-2
GA-1IL Beta-485040 charred material 5370 + 30 6147 +£131 stagnant formation SuU-4
GA-III Beta-485039 charred material 6720 + 40 7587 +£77 start formation SU-4
GA-IIT Beta-499010 charred material 8290 + 30 9283 + 142 active sedimentation SU-2
GA-IV Beta-485041 charred material 7430 + 30 8259 +74 active formation SU-4
GA-V NZA 61388 gastropod shell 6807 + 33 7638 + 48 active formation SU-4
GA-VI Beta-485024 charred material 4950 + 30 5671 + 65 active colluviation SU-7
GA-VI Beta-485025 charred material 4830 + 30 5560 + 84 active colluviation SU-7
GA-VI Beta-485022" charred material 5900 + 30 6724 + 62 age overestimation SuU-6
GA-VI Beta-485023 charred material 5230 + 30 6045 + 129 start sedimentation SU-5
GA-VII Beta-485038 charred material 9160 + 30 10323 +83 start sedimentation SU-2
GA-VIII Beta-485035 charred material 770+ 30 701 £33 active sedimentation SU-9
GA-VIII Beta-499009 charred material 550 + 30 578 +62 active sedimentation SU-9
GA-VIII Beta-485034 charred material 2220 +30 2238 + 86 active sedimentation SU-8

2 Not included into age model due to age over- or underestimation.

SU-4: A radical shift of sedimentation behavior was observed in SU-4,
leading over to the formation of massive strata of paludal type tufa
deposits (Pedley, 2009) with a thickness partly exceeding 5m. In gen-
eral, in situ formed tufa layers are characterized by a phytoherm fabric
with densely packed and vertically aligned carbonate tubes (see
photograph in Fig. 4D). These layers alternate with tufa layers charac-
terized by a predominance of a microbially precipitated lime mud with
admixed carbonate debris as well as rolled and partly patinated tube
fragments. Moreover, numerous up to 30 cm thick grayish clay layers are
interposed reflecting short periods of fine-sediment supply and deposi-
tion under presumably high-flood conditions. Carbonate contents reach
values between 60 and 90 percent, depending on the admixture of sili-
cate sediments (Fig. 5). Partly, massive iron strains can be recognized
and charred plant material can be found inside the carbonate tubes.
Discrete, up to five cm thick organic layers appear especially in the
lower part of SU-4 (see photograph in Fig. 4C, upper part). Another
peculiarity of SU-4 is the abundance of a wide variety of fossil gastropod
shells in the sediments. Here, a clear dominance of aquatic species is
reflected with just a small proportion of terrestrial species. A detailed
analysis of gastropod associations is currently in progress.

SU-5: The upper end of the tufa unit generally consists of a dark grey
clayey sediment, bearing lenses of carbonate tubes and plenty of char-
coal fragments. Carbonate contents of up to 60 percent (section GA-VI,
Fig. 7) indicate that calcareous marls are likely to be the main source
of these deposits. However, nearly 30 percent of the clay in GA-IV
consists of non-calcareous material that, together with increased
organic carbon content of up to 0.8 percent, may indicate pedogenic
processes. However, since none of the other sections shows comparable
patterns, we do currently rather not expect severe pedogenesis in SU-5.

SU-6: This unit is up to 3m thick and marks a further strong shift in

fluvial dynamics. The loamy ochre-colored material shows clear fluvial
bedding structures with a continuous appearance of dark grayish-brown
lenses (see photograph in Fig. 4E, lower part) full of white carbonate
fragments and secondary carbonate precipitations. Thus, SU-6 consists
of typical flood loam and indicates a return to more intense fluvial
sedimentation dynamics including a higher supply of sediments from the
catchment slopes. In both sections, GA-II and GA-IIL, SU-6 ends up with a
relatively well-developed palaeosoil (see photograph in Fig. 4E, middle
part) as evidenced by a gradual increase in darker colors and higher
organic carbon contents (~0.7 percent in GA-IL, Fig. 6). In section GA-III,
incorporated angular detritus may show a renewed relocation of the
respective sediments (Fig. 3). An important feature is the absence of SU-
6 downstream the narrow part linked to GA-III (Fig. 2) that may suggest
that respective sediments have not been accumulated in that lowermost
part of the Galera Valley.

SU-7: The previously described sediment succession is almost ubig-
uitously covered by colluvial slope deposits showing dark and light pale
grey colors (see photograph in Fig. 4E, upper part) and an admixture of
angular or rounded clasts. Since these deposits resulted from slope
erosion processes, the thickness of SU-7 is highest in distal floodplain
positions close to the foot slopes and thins out towards the center of the
floodplain. Clay contents are usually around 20 percent (after decalci-
fication) and organic carbon contents belong to the highest ones in the
whole sections (Figs. 6 and 7). Both indicate the incorporation of eroded
soil material from the catchment slopes. A special case is expressed in
section GA-VI, where the river channel apparently cut through SU-6 and
accumulated a layer rich in small gravels afterwards (Fig. 7). Between
these gravels and the upper part of SU-7 at the top of the section, at least
one palaeosol was developed as indicated by a dark-brown color and a
gradual increase of clay and organic carbon in the upper part.

The last three units SU-8 to SU-10 belong to a younger Holocene
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Fig. 4. Visual impressions of the Galera floodplain record. A) View of the Galera River Valley with 13 m deep incised early to mid-Holocene tufa terrace. B) Layered
structure of the fluvial sediment unit SU-2 in GA-VIIL. ¢) Transition from clayey high-flood deposits of SU-3 towards calcareous tufa deposits of SU-4. Note the thin
blackish layers rich in organic carbon and different iron compounds in the lower part of SU-4 (photo taken from section GA-I). D) Typical vertical arrangement of
calcareous tubes in an in-situ tufa deposit (section GA-I). E) Transition of alternating sandy (ochre) and loamy (grey-brown) layers of the fluvial deposit SU-6 towards
homogeneous greyish colluvial deposits of SU-7. In the uppermost part of SU-6 (spade blade), a dark humic palaeosol developed (photo taken from section GA-II). F)
Small-scale folding structures in a laminated part of SU-2, presumably caused by seismic activity (section GA-I).

terrace body and were only observed in section GA-VIII (Fig. 8).

SU-8: This unit is characterized by many rounded to sub-angular
gravels with diameters up to 30 cm and numerous gastropod shells
and carbonate tube fragments (Fig. 8). Moreover, there are huge iron or
manganese-bearing concretions with a length of up to 80 cm. Accord-
ingly, this sediment unit must have formed in a highly dynamic fluvial
regime in a former river channel. It forms the base of a younger Holo-
cene river terrace and marks an important turnaround of river behavior
leading over from incision towards accumulation.

SU-9: The overlying part of the younger Holocene terrace is
composed of grayish loamy deposits in the lower half and an alternation
of grayish loams and ochre-colored sand layers in the upper half (Fig. 8).
The loams continuously show white and soft carbonate enrichments,
while the general calcium carbonate content amounts to 40 to 50
percent.

SU-10: A dark-grey colluvial deposit with admixed rounded clasts
(Fig. 8) tops the young Holocene terrace. According to recent utilization
of the terrace surfaces, these colluvial deposits were mainly formed by
human land-use practices and the cultivation of field terraces.

4.2. Occurrence and distribution of the early to mid-Holocene Galera
‘tufa-terrace’

The particular value of the Galera floodplain record is demonstrated
by a chronologically highly resolved reflection of early to mid-Holocene

landscape dynamics in the central Baza Basin. In this regard, an up to
17 m thick terrace-body (see photograph, Fig. 4a) represents the most
characteristic feature of this floodplain record. Apart from fluvial and
colluvial sediment units, this sequence includes an up to 5m thick unit
of fluvial tufa deposits. Fluvial tufa is a calcareous deposit that pre-
cipitates from carbonate-rich waters due to physicochemical processes
and the activity of in-stream cyanobacteria, mosses and algae (Pedley,
1990; Capezzuoli et al., 2014). A prerequisite for tufa formation is
intense carbonate dissolution in aquifers of calcareous bedrock. In
general, tufas are linked to warm and especially humid environmental
conditions in Mediterranean regions (Sancho et al., 2015; Pedley, 2009).

The mapping of the fluvial tufa unit revealed that the thickest de-
posits appear between the towns of Galera (that is located at the
confluence of the rivers Galera and Orce) and Castilléjar (that is located
at the confluence of the Huéscar River in the Guardal River) (Fig. 2).
Downstream Castilléjar we could not find remains of Holocene flood-
plain deposits forming distinct terrace levels. Upstream Galera the
amount of river incision strongly decreases and the fluvial tufas seem-
ingly run out in a huge sediment cover of the Huéscar river valley.
Within the valley of the Orce River, no Holocene tufa deposits could be
identified so far.

Referring to the inner structure of the tufa-terrace, the cross-sections
in Fig. 9 (first and second section) show that the fluvial sediment units
(SU-2 to SU-6) appear with a more or less horizontal bedding across the
floodplain. However, it becomes obvious that the thickest deposits are
located in the central parts of the floodplain, while deposits are thinning
along the outer fringes. Moreover, the deposits are more elevated in
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these fringe areas leading to concave shaped valley floors instead of flat
floodplain surfaces. In the outermost segments of the valley floor, the
fluvial sediment units intermesh with colluvial deposits from the
catchment slopes. In general, the fluvial sequences are topped by a
succession of colluvial deposits (SU-7). This colluvial cover reaches a
thickness of up to 7 m in peripheral foot slope positions and thins out up
to a thickness of 1 m towards the floodplain center.

Another aspect relates to the appearance of the early to mid-
Holocene (tufa) terrace along the Galera river course. From the town
of Galera until about 500 m east of Cortijo del Cura (Fig. 2), the width of
this terrace is about 250-600 m and the modern river channel is running
around 16-18 m below the top of the tufa-terrace (Fig. 10) depending on
the preservation state of the sediment sequences. In general, the river
channel incised about 1.5-2m into the underlying substratum, i.e. the
endorheic bedrock. This means that the maximum thickness of the Ho-
locene sequence represented by the tufa-terrace is roughly 16-17 m. In
the area of Cortijo del Cura, the Holocene floodplain shows a strong
narrowing. Even if the whole valley becomes up to 500 m wide, a ~20 m
high erosional terrace that was carved out from the endorheic bedrock
during the Pleistocene period dominates the valley floor (Fig. 9, third
section). Here, the 14 m high tufa-terrace solely appears at the southern
side of the valley and apparently, Holocene sedimentation dynamics
were limited to a 150-200 m wide area (Fig. 10) and did not surpass the
height of the erosional terrace. As show by Garcia-Tortosa et al. (2011),
the Galera fault is directly running through the Galera valley in that
position (Fig. 2). Along that narrow passage, huge blocks and fallen
pillars of the framing marl substratum together with blocky debris cones
may testify strong tectonic activities (e.g. earthquakes) in the past.
Downstream this narrow passage, the Holocene valley floor widens
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again (Figs. 10 and 9, fourth section) leading to a sudden increase of
accommodation space that is evidenced by tufa deposits solely 5m
above the recent river channel. Here, the strongly anthropogenically
terraced surface does not allow identifying different natural terrace
levels. Moreover, other fluvial units above the tufa layer (SU-4) are
completely missing (Fig. 3, GA-IV).

4.3. Chronological information of the Galera floodplain record

In general, plenty of charcoal was found in the sections, however,
after cleaning and pretreatment of the samples, often just a very low
amount of carbon was left. In a couple of cases, the material for dating
was just before the critical mass limit. Anyway, 32 radiocarbon dates
shown in Table 1 were

obtained. Two samples, from sections GA-I (at a depth of 8.2 m) and
GA-VI (at a depth of 2.8 m) were removed due to age over-estimation as
indicated by bracketing age information. Another sample from section
GA-II (at a depth of 8.3 m) was removed because of a too young age (see
14¢_dates in Table 1).

The remaining 29 radiocarbon dates are largely consistent as illus-
trated in a Bayesian model in Fig. 11 that forms the basis for the tem-
poral classification of Galera River floodplain dynamics in the same
figure. According to dating results, fluvial sedimentation in the early
Holocene (SU-2) took place between ~10.3 and ~8.7 ka cal BP, and was
followed by the accumulation of the clayey deposits of SU-3 until ~8.3
ka cal BP. In section GA-II (Fig. 6), tufa was already formed before 8.4 ka
and section GA-IV (Fig. 3) indicates tufa formation in an earlier phase,
too. We interpret the synchronous formation of fine-grained high-flood
deposits and incipient tufa layers as corresponding to a kind of
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Fig. 8. Profile sketch of late Holocene section GA-VIII with *C dating information as well as results of analytical work. For legend, see Fig. 5.

transitional or stabilization phase leading over from initially highly
energetic sedimentation processes towards stable surface conditions
with almost absent sediment contribution from the catchment slopes.
After tufa formation started latest around 8.3 ka cal BP, the built-up of
the up to 5m thick tufa sequences lasted until ~6.1 ka cal BP. The
subsequent accumulation of grayish clays between ~6.1 and ~5.7 ka cal
BP in SU-5 marks a further transitional phase that introduced another
period of stronger fluvial sedimentation processes that started around
5.7 and ended around 4.8 ka cal BP (SU-6). The colluvial deposits on top
of the sequences revealed an age of 4.7 ka cal BP, but accumulated partly
already around ~5.6 ka cal BP. Here, we assume that according to the
respective position within the river valley, in certain more distal places
colluviation started a bit earlier, while in other places fluvial dynamics
were still dominating. After 4.7 ka cal BP, no indications of fluvial
sedimentation in the tufa terrace were found anymore, which suggests
lacking inundation and the beginning of severe river incision presum-
ably coeval with colluviation processes. Afterwards, the deepening of
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the river reached values of up to 15m and stopped sometime before
~2.3 ka cal BP as indicated by channel deposits (SU-8) at the base of a
younger Holocene sediment body (GA-VIIL, Fig. 8). This more than 5m
thick sequence accumulated until ~0.7 to ~0.6 ka cal BP (SU-9) and was
finally covered by another colluvial deposit (SU-10). During the youn-
gest Holocene period, renewed river incision took place until the
channel reached the underlying endorheic bedrock again.

5. Discussion

As mentioned in the introduction, archive features resulting from
fluvial processes cannot always be assigned to specific causes without
doubt. In case of the Galera River, we have been able to describe the
chronological sequence of erosion and sedimentation phases in the
previous sections. In the discussion, we will focus on possible formation
processes of the sediment archive and try to identify dominant influ-
encing factors.
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5.1. Interpretation of morphodynamics during the Holocene

5.1.1. Early Holocene river incision (11-10.3 ka)

The Early Holocene as well as the end of the last glacial period have
been characterized by a strong incision phase that led to a down-cutting
by assumedly more than 10 m (Fig. 9, first section). No information is
available regarding the beginning of river incision, but it ended some-
time before 10.3 ka cal BP when the system switched to aggradation
(Fig. 11). Causes for river incision may be manifold (e.g., environmental
forcing, base level lowering, tectonic uplift, etc., see Faust and Wolf,
2017), however, a general relation between incision and Pleistocene
cold-stage episodes has been shown for European river systems (Gibbard
and Lewin, 2009). Thus, climate changes were considered the main
drivers for deep valley incision during the Pleistocene. In Iberian river
systems, late Pleistocene incision often related to sea-level lowering
(Schulte et al., 2008; Vis et al., 2008; Wolf et al., 2014) that is unlikely to
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apply to the Galera River very far from the Atlantic as ultimate base
level. Nevertheless, it is a crucial question for an appropriate interpre-
tation of Galera River behavior whether incision periods have been
predominantly controlled by downstream factors (the base level of
erosion, and thus the dynamics of the Guardal River) or by upstream
factors (influence of climate and climatically controlled changes in
discharge and sediment supply, see Blum and Tornqvist, 2000). So far,
there are no information from the Guardal Valley concerning late
Pleistocene and Holocene incision and aggradation periods. A study on
sedimentary sequences of the Guadiana Menor that drains the GBB to
the Guadalquivir Valley suggests river incision of 45-70m within a
period between 24 and 5.6 ka cal. BP (Garcia-Garcia et al., 2016).
Considering a distance of more than 70 km between both study sites
implying several crossing fault lines and knick-points in the valley
gradient, as well as concomitant time lags due to regressive bed erosion
(e.g. Kolb et al., 2016), a direct transferability of the results may be
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and a knick-point in the modern river gradient.

questionable. However, we assume that large parts of the GBB drainage
network may have been characterized by incision rather than aggrada-
tion during the fading Late Glacial period. Moreover, incision in the
Galera Valley would not be possible without incision of the Guardal
River as immediate receiving stream. Principally, river incision should
be accompanied by high runoff and low sediment supply e.g., due to
protecting vegetation cover in areas without permafrost (Lane, 1955;
Langbein and Schumm, 1958), although fluvial reactions on climate
conditions may be highly variable and depend e.g., on different catch-
ment properties (Vandenberghe, 2003). Climate-sensitive pollen ar-
chives from the wider region suggest a generally cold and dry climate
with periglacial conditions in the Segura Mountains between 20 and 12
ka cal BP (Siles; Carrion, 2002) and a late glacial warming towards
Mediterranean conditions between 12 and 10 ka cal BP. Pollen data from
the Alboran Sea suggest cold and arid conditions linked to a high
abundance of semi-desert taxa and low arboreal pollen concentrations
during MIS 2 (Fletcher et al., 2008). Pollen-based reconstructions of
mean annual temperature and precipitation revealed lowest values for
both parameters between 17.5 and 15 ka cal BP (Fletcher et al., 2010).
This was followed by a strong increase of Mediterranean forest around
15 ka (start of Bolling-Allergd interstadial) in line with a strong increase
of precipitation (Combourieu Nebout et al., 2009; Fletcher et al., 2010),
increasing northern hemisphere insolation as well as decreasing global
ice volume. A brief return of aridity and colder conditions was observed
for the Younger Dryas (Fletcher et al., 2008). Also a 513C record of a
flowstone from the Victoria Cave, ~130km east of our study area,
revealed higher precipitation between 15 and 10 ka (except for the
Younger Dryas) that might have promoted denser vegetation cover in
that region (Budsky et al., 2019, Fig. 12D). Riverine supply to the
Western Mediterranean Sea was moderately high between 15 and 20 ka,

13

but indicates a strong increase around 13.5 ka (Rodrigo-Gamiz et al.
2011, 2013, 2013; Martinez-Ruiz et al., 2015). From this it follows that
Galera river incision took place (i) in line with strong aridity and cold-
ness until 15 ka and during the Younger Dryas, or (ii) accompanied by
increasing temperature and precipitation between 15 and ~10 ka. While
the first case would indicate highest precipitation variability with high
magnitude runoff events leading to erosion and bedrock incision, the
latter would point towards incision due to more balanced rainfall pro-
moting denser vegetation cover, lower catchment erosion/sediment
supply, and thus a lower sediment-load-ratio.

5.1.2. Early Holocene floodplain aggradation (10.3-8.2 ka)

Following the incision period, river behavior experienced a major
change around 10.3 ka cal BP towards massive aggradation of an
interbedded sequence of silty and sandy deposits (SU-2) up to 8 m thick
(Fig. 3). The interbedding indicates high sediment supply to the flood-
plain with frequent variations of river discharge. Channel structures
testify highly intense channel dynamics, while lacking coarse-grained
channel deposits may evidence a rapidly aggrading floodplain area.
All these features refer to a strong change in runoff patterns during the
early Holocene involving a higher runoff variability and a tendency
towards more frequent flooding events. This, together with a higher
erosion efficiency due to opened vegetation cover points to a lower
frequency of more intense precipitation events that, in turn, may suggest
a dryer climate and an increased seasonality. This interpretation is in
good agreement with isotope records of Victoria cave (Budsky et al.,
2019, Fig. 12D) as well as a higher proportion of xerophytic vegetation
in the Segura Mountains (Siles, Villaverde and Canada records) (Carrion
et al. 2001, 2010; Carrion, 2002) (Fig. 12B). In a wider context, this
might be related to higher northern hemisphere solar summer insolation
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during the early Holocene (Berger, 1978; Harrison et al., 1992). Even if
charcoal is a common feature in fluvial sequences, the vast abundance of
charcoal layers within SU-2 (Figs. 3 and 5) suggests a relation to
increased fire dynamics during the early Holocene. In this regard, this
finding is likewise consistent with a high charcoal accumulation rate in
the Canada and Siles sequences (Gil-Romera et al., 2010) pointing to a
strong fire activity during a presumably dry climatic phase (Carrion,
2002). In summary, the Galera floodplain record reflects the general
landscape dynamics during the early Holocene (10.3—-~8.7 ka cal BP) in
SE-Spain, showing that dry climate conditions and/or high seasonality
led to sparse vegetation cover, intensified catchment erosion, strength-
ened flooding dynamics, and finally intense floodplain aggradation. As
an important factor from a fluvial perspective, already the shift in pre-
cipitation distribution towards stronger seasonal patterns should have
outweighed a pure decrease of annual precipitation amounts in terms of
geomorphic efficiency (Eybergen and Imeson, 1989; Lavee et al., 1998;
Faust and Wolf, 2017).

From ~8.7 until 8.3 ka cal BP, a transitional phase towards more
stable landscape conditions is indicated by several layers of clayey de-
posits (SU-3) testifying reduced flow velocities at inundated floodplain
areas. The almost negligible proportion of silicate sand fractions

15

together with the high content of carbonate clays (Fig. 5) point to
dominating short distance transport with the main source being the
adjacent marl slopes instead of more distant areas in the catchment. This
may point to a certain slowdown of sediment dynamics across the
catchment due to decreasing rainfall variability and stabilizing plant
cover. A plenty of charcoal fragments was found in SU-3 with black coal
coatings tracing former surface levels (Fig. 5). During the same time, an
early Holocene maximum in micro-charcoal occurs in all studied se-
quences in the Segura Mountains showing a high fire incidence
contemporaneously with a desiccation event in Siles (Carrion, 2002),
which suggests that fires have been climatically induced. However, the
Galera record indicates a certain calming of river dynamics including
incipient soil formation processes linked to surface stability (see section
GA-], Fig. 5) and an intermesh with relocated or in-situ tufa deposits (e.
g. GA-IL, Fig. 6). Thus, the abundance of charcoal in SU-3 might also
relate to a gradual increase of fuel availability in the course of increas-
ingly wetter climate conditions. This is supported e.g. by a serious
reduction of xerophytic vegetation and a strong increase of pines and
limnological indicators observed for Canada de la Cruz (Carrion et al.,
2001; Gil-Romera et al., 2010) in the Segura Mountains. Likewise in
Siles, xerophytes are in decline in that period and mesophytes show a
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weak first enrichment (Carrion, 2002) predicting already an end of the
early Holocene aridity period.

5.1.3. Mid-Holocene tufa formation (8.3-~6 ka)

Latest at 8.3 ka cal BP another strong change of morphodynamic
conditions took place that initiated continuous tufa formation testifying
a high degree of landscape stability within the catchment. Thick strata of
phytoherm facies characterized by cushion-like stem incrustations that
developed on grasses or semi-aquatic vegetation (Fig. 4D) witness a
sluggish drainage along the valley floor (see Pedley, 2009). The domi-
nance of calcium carbonate in these layers (Fig. 5) reflects prevailing
sediment retention on catchment slopes, which in turn indicates a strong
expansion of forest vegetation cover (Gonzalez-Amuchastegui and
Serrano, 2015; Sancho et al., 2015; Aranbarri et al., 2016; Dabkowski,
2020). An increased soil CO, production under forest vegetation led to
increased CaCOs solution in the aquifers and the discharge of chemically
active groundwater (Sancho et al., 2015). Finally, tufa formed after CO5
outgassing in the paludal system as well as CO5 uptake through cyano-
bacterial photosynthesis (Arenas et al., 2014). Regarding the climatic
context of tufa formation, higher water availability and warmer tem-
peratures that support CO5 outgassing of the river discharge suggest the
prevalence of warm and humid conditions (Pedley, 2009;
Gonzalez-Amuchastegui and Serrano, 2015) that are typically found for
the Atlantic period in Iberia. This is consistent with the so-called tufa
maximum that has been documented in many different parts of the
Western Mediterranean (Duran 1996 Martin-Algarraet al., 2003; Pedley,
2009; Aranbarri et al., 2016; Dabkowski, 2020). A comparison with
regional climate sensitive archives shows a good agreement between
tufa formations in the Galera Valley, vegetation increase in the area of
Victoria cave (indicated by more negative 5'3C-values; Budsky et al.,
2019, Fig. 12D) and a replacement of xerophytes and Pseudoschizaea by
mesophytes in Siles (Carrion, 2002) (Fig. 12B).

A closer look to Fig. 12 reveals that the beginning of tufa formation
preceded the strong rise of mesophytes in Siles by around 0.8 ka, which
is beyond the uncertainties of radiocarbon dating. Therefore, we expect
that for different reasons the tufa system was somehow more sensitive
towards incipient climate changes as compared to the vegetation system
at Siles. This is even more obvious when considering that the calming of
river dynamics already started at about 8.7 ka cal BP with the formation
of SU-4. Tufa systems are exceptionally fragile and respond quickly to
dynamic changes (Pentecost, 1995; Andrews, 2006; Dabkowski, 2014;
Gonzalez-Amuchastegui and Serrano, 2015). Probably, already smallest
changes of runoff and discharge patterns could have initiated serious
changes of river behavior in the Galera Valley, while the upper catch-
ments especially in the mountains remained less affected. However, the
proportion of xerophytes at Siles culminated already at about 8.3 ka
simultaneously with the onset of tufa formation and gradually decreased
until ~7.3 ka. Apparently, this gradual change in mountain areas was
countered by earlier and more abrupt dynamic changes in the central
Baza Basin. Perhaps, this earlier response could be linked to the different
altitudes of the study sites and related precipitation patterns that led to
more pronounced changes of vegetation and runoff patterns within the
lower situated basin.

Additional palaeoenvironmental indications are provided by an
accumulation of blackish layers rich in clay, organic material and iron
compounds that were mostly formed in a period before 7.5 ka cal BP in
the lower part of the tufa sequence (SU-4) (Figs. 4C and 5). Since these
layers can be found in wide horizontal dimensions along the whole
floodplain, we assume them to represent flooding events during which
eroded surface material was accumulated in the valley floor probably
following extended wildfires (see Gonzalez-Amuchastegui and Serrano,
2015). A higher accumulation of charcoal particles and thus, a higher
fire activity was likewise documented for Siles at 8 ka with a strong
decrease around 7.5 ka, fitting very well with the increase in mesophytes
and deciduous oaks in the region (Gil-Romera et al., 2010). If moreover
information from Victoria cave (Budsky et al., 2019, Fig. 12B) is
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included, a regional palaeoenvironmental pattern emerges pointing to
already moister conditions between 8.2 and 7.5 ka that were interrupted
by dry spells. After 7.5 ka, the wettest conditions during the Holocene
have been achieved (see e.g. Yanes et al., 2011) including strongest
spread of vegetation cover, lowest fire incidence, most pronounced tufa
formation in the Galera floodplain and thus, lowered seasonality.

Another question relates to the fact that no other vast meteogene tufa
deposits were found in Holocene river valleys of the Baza Basin, so far.
We assume that this is mainly caused by the uniqueness of the geo-
constellation in the Galera river catchment area and especially the im-
mediate study area. In particular, we assume that the geological sub-
stratum plays a dominant role here, which consists of Pliocene and
Pleistocene limestone and marls (Fig. 1) that show high contents of
calcite or dolomite (Gibert et al., 2007). With calcite proportions higher
than 60 percent in middle Pleistocene deposits or even 79 percent in late
Pliocene strata (Garcia-Aguilar et al., 2014) these substrates appear to
be effective suppliers of calcium carbonate enabling tufa formation
within the incised river valley. Perhaps, the geological fracture zone
linked to the Galera Fault, which runs parallel to the Galera river valley
(Garcia-Tortosa et al., 2011), contributed to the emergence of numerous
springs that yielded carbonate-enriched waters to the discharge. A
similar combination between bedrock-derived chemistry of spring water
and the location of springs as determined by bedrock structure were
identified as main factors for tufa formation in the Frailes system west of
the GBB (Garcia-Garcia et al., 2013b).

5.1.4. Tufa decline around 6 ka and mid-Holocene floodplain aggradation
(until ~4.8 ka)

According to radiocarbon dating, the formation of tufa in the Galera
Valley declined abruptly around 6 ka, which is consistent with the so-
called ‘Late Holocene Tufa Decline’ observed in Western Europe, espe-
cially in fluvial tufa (Goudie et al., 1993; Dabkowski, 2020). Two
different reasons are usually given to explain such a decline: the first
relates to climatic changes especially in terms of the establishment of
drier conditions that abolished sedimentary environments suitable for
tufa precipitation (e.g. Pedley, 2009; Dominguez-Villar et al., 2012;
Aranbarri et al., 2016). The second specifies that the tufa decline was
mostly driven by human activity linked to deforestation and clearance of
natural systems (e.g. Pedley, 2009; Gonzalez-Amuchastegui and
Serrano, 2015). As a general relation, the degradation of vegetation
cover on catchment slopes causes higher runoff and soil erosion. That,
together with reduced biological activity, alters the soil conditions in
terms of released COs fluxes to the aquifers and leads to decreased cal-
cium carbonate supply to the drainage (Dabkowski, 2020, see references
within). Moreover, an increased supply of detrital material to the
drainage facilitates physical erosion of tufas in the course of extreme
hydrological events (Sancho et al., 2015).

However, the Galera floodplain record offers a different picture of
landscape dynamics since tufas are covered by a series of different
fluvial deposits without any indication of incision or erosion in between
(Fig. 3). With increased organic carbon contents and very high pro-
portions of calcium carbonate (Fig. 7), the dark grey and clayey material
of SU-5 directly above the tufa sequence indicates incipient surface
erosion on adjacent catchment slopes and the translocation of soil ma-
terial to the floodplain. This phase took place around 6 to 5.8 ka cal BP
and was partly interrupted by phases of floodplain stability as indicated
by temporary tufa formation in proximal floodplain positions together
with features of intense root penetration throughout SU-5 and the up-
permost part of the tufa layer (SU-4) (see Fig. 3). Subsequently, the
deposition of several meters of flood loam (SU-6) until ~4.9 ka cal BP
evidences the return to fluvial sedimentation dynamics characterized by
greater flood-frequency and a higher degree of catchment connectivity
as e.g. shown by higher shares in the silicate sand fraction.

In summary, we see a “mirror” of the early Holocene units SU-2 and
SU-3 and conclude that this gradual transition from stability towards
higher erosion and fluvial sedimentation dynamics most likely suggests
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climate forcing instead of sudden anthropogenic changes in the catch-
ment. That means that in contrast to other Holocene tufa records on the
Iberian Peninsula, where tufa decline was directly followed by incision,
the fluvial sediment cover overlying the Galera tufa sequence appears to
be another indication of increasing aridity between 6 and ~5 ka (see
also Wolf and Faust, 2015 or Faust and Wolf, 2017). This aridification
that is also clearly reflected by vegetation and fire dynamics in the
Segura Mountains (Carrion, 2002; Gil-Romera et al., 2010) initiated a
decrease in forest area, a decline of tufa formation and an increasing
destabilization of slopes within the Galera river catchment. A climatic
transition period leading over from humid conditions during the
Atlantic period towards much more arid conditions after ~5.5 ka has
been documented for many areas of SE-Spain and the Mediterranean
region (Carrion, 2002; Carrion et al., 2003; Jalut et al., 2009; Anderson
et al., 2011; Jiménez-Moreno and Anderson, 2012; Bellin et al., 2013;
Lillios et al., 2016; Tarroso et al., 2016; Schirrmacher et al., 2020)
(Fig. 12).

5.1.5. Colluviation and river incision during the middle to late Holocene
(4.8-2.8 ka)

After flood loam deposition stopped in the Galera Valley by 4.9 to 4.7
ka cal BP, a brief phase of surface stability is indicated by the formation
of a humic floodplain soil in sections GA-II and GA-III (Figs. 3 and 6).
The covering colluvial deposits in GA-II point towards a sedimentation
period around 4.7 ka cal BP and can be linked to slopes largely cleared of
vegetation. As visible in section GA-VI, colluvial deposits date already
back to 5.6 ka (Fig. 7) suggesting that processes of flood loam deposition
and colluvial deposition took place simultaneously, which is not sur-
prising since slope erosion is the main sediment supplier to floodplains.
Regarding the palaeoenvironmental context, such intense colluviation
processes can be interpreted as further evidence for arid conditions
promoting thinning of vegetation cover and soil erosion (Eybergen and
Imeson, 1989; Desprat et al., 2003; Vicente-Serrano et al., 2006;
Ruiz-Sinoga and Romero Diaz, 2010). Alternatively, changes in human
land-use practises or intensified agricultural activity may likewise be
able to initiate vegetation clearing and soil erosion processes.

The final replacement of fluvial sedimentation by colluviation that
occurred latest at 4.7 ka cal BP (Fig. 11) marks an important turnaround
of river dynamics towards lacking floodplain inundation and incipient
river entrenchment. Our results document a subsequent period of
tremendous river incision of 15m and partially even up to 17 m until
~2.3 ka cal BP when renewed aggradation set in. From a purely climatic
perspective, fluvial incision during the Holocene is generally linked to
continuous discharge with low sediment load and a high capacity of
stream erosion (Lane, 1955; Wolman and Miller, 1960; Bull, 1997). This
is often found for climatically favourable phases with more humid
conditions promoting denser vegetation cover and sediment retention
on catchment slopes (Sancho et al., 2008; Wolf et al., 2013; Sarti et al.,
2015; Faust and Wolf, 2017). However, according to regional palae-
oenvironmental archives in SE-Spain, this incision fell in a period of
increasing aridification (Carrion, 2003; Jalut et al., 2009;
Jiménez-Moreno et al., 2012; Ramos-Roman et al., 2018) (Fig. 12),
which strongly contradicts common concepts of climatically controlled
river incision and might refer to different influencing factors. Among the
causes of river incision especially tectonic impact or base level lowering
are of major importance (Schumm, 1993; Blum and Tornqvist, 2000;
Tornqvist, 2007; Wolf et al., 2014; Vis et al., 2010; von Suchodoletz
et al., 2016; Wolf and Faust, 2016; Viveen et al., 2019; Wen et al., 2020).
Furthermore, human activity may strongly alter river behavior (Hook,
2006). In order to approach a possible scenario for mid-to late Holocene
river incision including the main factors that may have influenced
floodplain dynamics, we will give an overview of mid-to late Holocene
climate evolution, regional vegetation changes, human interventions as
well as tectonic processes in section 5.2.
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5.1.6. Late Holocene cut-and-fill terrace

After mid-to late Holocene river incision dissected the complete
Holocene sequence, a turnaround of river behavior at about 2.3 ka cal BP
(Fig. 11) led to the accumulation of a loamy gravel-bearing channel
deposit (SU-8). The general change towards deposition is further illus-
trated by an at least 4.5m thick sequence of loamy deposits with
intercalated sand layers that was accumulated after a certain hiatus in a
period around 0.6 ka cal BP. Calcium carbonate contents above 40
percent and organic contents around 0.6 percent (Fig. 8) indicate that
respective sediments originated from soil erosion on adjacent marl
surfaces. Palaeoenvironmental archives from the Baza Basin suggest that
after a phase characterized by post-Argaric depopulation (Fig. 12F), a
new push of agricultural activities set in with the Iberian culture be-
tween 3.2 and 2.2 ka. Accompanying features after 2.6 ka were forest
regression, mesophyte depletion, a higher microcharcoal concentration
as well as clearing activities in the mountains (Carrion et al., 2007).
Apparently, this sedimentation period appears as a regional phenome-
non as evidenced by aggradation in the Vinalopé Valley nearby Alicante
between 2.5 and 2.4 ka (Ferrer Garcia, 2018), in the Guadalentin
Depression between 2.7 and 2.2 ka (Silva et al., 2008), in the Librilla
Basin around 2.6 ka (Calmel-Avila, 2002), in the Turia Valley between
2.8 and 2.3 ka (Carmona and Ruiz, 2011) and by increased soil erosion
in the Vera Basin between 2.65 and 2.15 ka (Van der Leeuw, 1998).
Palaeoenvironmental archives from the region report generally more
humid conditions between ~2.5 and 1.8 ka linked to the Iberian Roman
Humid Period (Faust et al., 2004; Martin-Puertas et al., 2010;
Jiménez-Moreno et al., 2013; Ramos-Roman et al.,, 2016; Mesa--
Fernandez et al., 2018; Gazques et al., 2020) (Fig. 12C). Carrion (2002)
found a strong decrease of xerophytes and microcharcoal (~2.4-2 ka)
accompanied by the advent of anthropogenic indicators in the Segura
Mountains (Fig. 12E), and Carmona and Ruiz (2011) link a general
tendency of aggrading valley floors in that period with enhanced erosion
due to human activities and expanding agriculture. Under natural con-
ditions, more humid conditions should favour the stabilization of
catchment slopes and valley floors. That means that a change from
incision to aggradation in the Galera Valley around 2.3 ka could indicate
a surplus of precipitation amount under still high precipitation vari-
ability entailing an increasing sediment supply to the drainage systems.
Alternatively, an intensification of agricultural activities would have
strongly increased sediment supply.

Likewise, the sedimentation period around 0.6 ka cal BP (SU-9)
(Figs. 8 and 11) finds its analogues in different river valleys in SE-Spain
(Calmel-Avila 2002, 2014, 2014; Baartman et al., 2011; Carmona and
Ruiz, 2011; Garcia-Garcia et al., 2013a). The current chronological
resolution that is solely based on one reliable date does not allow a very
precise temporal classification of this sedimentation period in the Galera
Valley. In the moment, we assume that it could be placed into the Little
Ice Age, a period that is reflected by a sequence of catastrophic flood
events and severe droughts in the region (Camuffo et al., 2003; Nieto--
Moreno et al., 2011; Ramos-Roman et al., 2016) especially during the
14th century (Grove, 2001; Calmel-Avila, 2014). However, since like-
wise human induced devastations after the Reconquista may have sup-
ported erosion and sedimentation dynamics (Calmel-Avila, 2014), the
deposition of SU-9 appears to be once more a product of both climatic
deterioration and human land-use changes.

5.2. Possible influencing factors for mid-to late Holocene incision of the
Galera River

As derived above, tremendous river incision in a period in between
4.7 and ~2.3 ka cal BP can be related with strongly arid climate con-
ditions. This contradicts the common concept of incision in line with
humidity leading to lower sediment-load-ratios. In the following, we
discuss possible scenarios for this incision against the background of
regional characteristics and developments.
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5.2.1. Climate development in SE-Spain

It has been frequently shown that climate appears to be a main
driving force of Holocene floodplain dynamics (e.g., Macklin et al.,
2012; Fletcher and Zielhofer, 2013; Wolf and Faust, 2015). In order to
verify as to whether climate conditions likewise controlled mid-to late
Holocene Galera river dynamics, we consulted independent
climate-sensitive archive information. Most of the available information
on climate development in the study region comes from palynological
records that all demonstrate a strong climate change towards drier
conditions between 6 and 5 ka (Carrion, 2003; Carrion et al., 2007;
Jiménez-Moreno et al., 2012; Lillos et al., 2016) simultaneously with the
fluvial deposition of SU-6 (Fig. 12). Very arid conditions were found
after 4.6 to 4.7 ka, e.g. in the Sierra Nevada (Jiménez-Moreno et al.,
2012) or in Padul (Rdmos-Roman et al., 2018). For the early to
mid-Holocene, Padul demonstrates continuously high percentages of
Mediterranean forest (Fig. 12C) interrupted by dry spells that illustrates
its position very close to the coast of the Mediterranean Sea windward to
the Sierra Nevada. However, since 5 ka likewise this site experienced a
strong gradual aridification until modern times. Rodriguez-Estrella et al.
(2011) documented an aridity crisis in the coastal area of Murcia be-
tween 4.33 and 3.95 ka that led to the formation of a deposit of halite
more than 1 m thick in a lagoon environment. According to Carrion et al.
(2007), the climate change that is demonstrated e.g., by lake desiccation
since 5.9 ka in the Sierra de Gador or 4.8 ka in the Sierra de Baza, clearly
induced a vegetation change in the whole region. This change is evi-
denced by a higher incidence of xerophytes since 5.4 and 5.5 ka in the
Sierras de Baza (Fig. 12A) and Gador, and finally the establishment of
sclerophyllous forest at about 3.8-3.9 ka. Likewise, the fire activity
intensified after 6 ka and reached a high level around 4 ka (Carrion et al.,
2007; Gil-Romera et al., 2010). Apparently, this higher fire incidence
that can be related to drier climate conditions, also had a strong impact
on vegetation changes (Carrion, 2003; Gil-Romera et al., 2010) although
a human influence on fire dynamics must be considered (Carrion, 2003;
Garcia-Alix et al., 2013).

5.2.2. Anthropogenic activity in SE-Iberia

Beside climate forcing, also anthropogenic influence may strongly
alter river behavior and floodplain development. This generally happens
through changes in runoff patterns or sediment supply. Both may be
strongly controlled by different land use practices, provided that land
use intensity exceeds a certain threshold value for being reflected in
landscape dynamics (Faust and Wolf, 2017). In case of SE-Iberia, there is
still an open debate regarding the time at which human activities started
to exercise a first serious impact on the landscape. So far, no clear evi-
dence for Neolithic agriculture was found in SE-Spain (Carrion et al.,
2007; Chapman, 2008), thus a human influence on vegetation dynamics
seems improbable until 5.7 ka (Carrion, 2003). During the Copper Age
that is regionally represented by the “Los Millares” culture (5.2-4.2 ka,
Chapman, 2008), first evidence of metallurgy appeared (Lull, 2010) and
more indications for agricultural production were found. It is expected
that small settlements (<1 ha) were dominating and that a number of
smaller mobile groups lived along river valleys (Lull, 2010), where they
introduced dry farming along water courses (Chapman, 2008). Pre-
sumably, a versatile subsistence helped to maintain intact ecosystems
(Lull, 2010) that is reflected e.g., by the absence of substantial alteration
of vegetation in mountain areas (Carrion et al., 2007). After Copper Age
societies entered a state of crisis around 4.5 ka (Lull, 2014), the “El
Algar” culture developed in the Bronze Age between 4.2 and 3.5 ka (Lull,
2013) and soon reached the so far highest economic level in Iberia. This
process related to a multiplication of the population (Castro et al., 1998;
see also Fig. 12F) and an intensification of agriculture (Lull, 2013). After
3.7 ka, uniform husbandry strategies were implemented regardless of
local environmental conditions. On marl surfaces, extensive dry farming
was conducted, dominated by barley monocultures (Chapman, 2008)
that, due to low yields and high land consumption, entailed large-scale
deforestation and land clearance as well as ongoing soil degradation
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(Lull, 2013). Finally, the over-exploitation, perhaps in combination with
increasing aridity, is assumed to have caused the Argaric collapse at 3.5
ka (Carrion et al., 2007).

For the immediate study area, a number of Argaric settlements have
been documented on hilltops between Galera and Castillejar as well as
east of Galera (Moreno Oronato and Haro Navarro, 2008), with the most
important being Castelléon Alto located 1 km upstream of GA-I section
(see Fig. 2). The presence of El Argar in the Galera Valley dates back to
4.05 ka (Lull, 2014) but information on direct interactions between
humans and the landscape of the Galera Valley e.g. in terms of agri-
cultural practises are rare. According to Rodriguez-Ariza (1992), a
well-developed forest composition during the Copper Age gave way to a
dominance of fire-resistant Pinus halepensis, an indicator species for
forest degradation during the Argaric period. Despite a later develop-
ment towards open shrub lands, rich riparian forests in the valley bot-
toms were interpreted as potential conservation measures against high
floods.

5.2.3. Tectonic impacts

As described above, the whole Baza Basin is a tectonically active
zone. Especially the narrow steep-flanked Galera Valley that is running
along a prominent fault line (Galera fault, Garcia-Tortosa et al., 2011)
(Fig. 1) is prone to tectonic influences such as seismicity and concomi-
tant rock fall. Soft-sediment deformation in the fine laminated lower
part of SU-2 (Fig. 4F) assumedly indicate the effects of seismic events on
water-saturated cohesive floodplain sediments (seismites). Effects of
larger dimension may have resulted from rock fall or even the collapse of
whole valley flanks, while remnants of the latter are still visible in form
of huge blocks and debris cones along a very narrow part of the valley
(Fig. 10). Such processes may have resulted in a succession of valley
damming and dissection.

5.2.4. Scenario for mid-Holocene river incision

It follows from all these considerations that the decline of tufa for-
mation in the Galera Valley around 6 ka as well as the subsequent for-
mation of the fluvial sediment units SU-5 and SU-6 until 4.8 ka cal BP
(Fig. 11) were most probably unaffected by human activities. This
strengthens our climatic interpretation of an increasing dryness that led
to landscape destabilization around 6 ka and flood loam deposition af-
terwards. Unfortunately, we are not able to specify the time frame for
the massive incision between 4.7 and 2.3 ka cal BP more precisely and it
is unclear whether it started already during or even before the Argaric
period. Generally, Argaric settlements were erected in elevated shel-
tered positions in direct proximity to cultivation areas in fertile valley
bottoms (Moreno Oronato and Haro Navarro, 2008; Lull, 2010).
Therefore, we assume that in the Argaric period, the Galera River was
not yet strongly incised and water was still easily accessible.

Four different scenarios for mid-to late Holocene river incision in the
Galera Valley can be suggested:

(1) Incision caused by human activity. It is uncertain whether the
Argaric people actively implemented measures that influenced
natural river behavior. While Capman (2008) argue the con-
struction of water channels was a characteristic feature of hus-
bandry during the Argaric period, Carrion et al. (2007) see no
clear indications for irrigation. In turn, Rodriguez-Ariza (1992)
suspect an intensive agriculture based on irrigation in such an
arid zone with water control and hydraulic work by means of
irrigation channels, canals, and cisterns being indispensable ele-
ments. A similar behavior is reported by Gilmann and Thornes
(1985) from the Antas River catchment around 4 ka. Regarding
the effects of such hydraulic measures, Huang et al. (2014)
demonstrate that channel adjustments to human disturbances are
predominantly expressed through channel incision and channel
narrowing. Likewise channel straightening and embankment will
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initiate the conversion of wide unstable river courses into single
deep and narrow channels (Hooke, 2006).

However, could such irrigation measures initiate severe river
incision?

The likelihood that such a channelized river will incise also depends
on the sediment-load ratio and thus, the availability of sediments
(Hooke, 2006). In this context Macklin et al. (2013) state, e.g., that
deforestation will cause higher surface runoff, but might relate to lower
sediment delivery as compared to phases of extensive ploughing of
exposed soils. In view of the large catchment of the Galera River, the
high utilization pressure during the Argaric period (Fig. 12F) and the
increasing climate aridity (Fig. 12), it is difficult to see how sediment
supply could be reduced during that period. Therefore, we assume that
human activities alone would not have been able to initiate such strong
river incision.

(2) Incision caused by high-energy flooding events. A corresponding
scenario is presented by Lespez et al. (2011) who studied fluvial
dynamics in the semi-desert area of Mali in West Africa. They
found dramatic incision rates caused by catastrophic high-energy
floods within dry events and linked this to the sudden surplus of
runoff relative to sediment supply. Similarly, in the upper Segura
River, Garcia-Garcia et al. (2013a) found a change from aggra-
dation towards incision at ~4 ka, which they link to higher
aridity that caused a torrential fluvial regime including extreme
flood events leading to continuous channel deepening. As a final
example, also Daniels and Knox (2005) provide a similar expla-
nation for region-wide river incision in the semi-arid Great Plains
during the last millennium. They see a strong increase of runoff
related to a reduction of vegetation cover and an increased
emergence of extreme flood events as the main driving factors for
river incision in arid environments. However, in case of the
Galera River we are doubtful regarding the significance of
extreme flood events. In most parts of the Galera Valley, the
incision formed a gorge within the soft floodplain deposits, not
exceeding 150 m in width. We expect that highly erosive extreme
flooding events would have cleared out floodplain deposits in a
much wider dimension and not just along a closely confined
channel belt.

(3) Incision caused by changed runoff patterns due to climatic aridifica-
tion. As shown above, a higher sediment supply due to human
activities and arid climate conditions may be compensated by
high peak flows that temporarily reverse the load ratio. If, in
contrast to high-energy floods, one considers a situation, in which
flood flows are confined to a deepened channel-belt without the
possibility to inundate floodplain areas, deep and powerful dis-
charges would initiate bed erosion. As a result, frequent lower
magnitude runoff events could lead to ongoing river incision.
This incision further accelerates as soon as the incising river
channel is completely detached from the floodplain converting
this former floodplain into a terrace. In that way, lacking over-
bank flow would prevent serious sediment supply through
floodplain erosion (Blum et al., 1994; Hooke, 2006; Macklin
etal., 2013). A similar case is demonstrated by Blum et al. (1994)
who show that frequent moderate to high-magnitude floods in
the upper Colorado River catchment in North America initiated
late Holocene floodplain aggradation. In contrast, river incision
and floodplain abandonment took place in the course of
decreased flood magnitudes following a shift towards drier cli-
matic conditions. However, since generally aridification comes
along with increasing rainfall variability and magnitude of runoff
events, such a scenario would imply that utmost aridity led to an
attenuation of the discharge peaks.
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(4) Incision caused by tectonic impacts. A conceivable scenario linked
to tectonic activity would be that large parts of the framing soft
rocks collapsed after seismic shaking and dammed the whole
valley floor. This may have led to a blocking effect and a subse-
quent flattening of the river gradient further upstream. For
instance, Garcia-Garcia et al. (2013b) document a similar rela-
tionship between valley-damming and tufa formation for the
Frailes tufa, although in a Pleistocene context. We do not expect
that such a damming was the main cause for tufa formation in the
Galera Valley, because these tufa deposits represent a clear
climate signal. Moreover, we found tufa likewise downstream the
position of the potential damming (section GA-IV, Figs. 3 and 10),
which indicates tufa formation all along the valley. However, as
visible in Fig. 10, flood loams of SU-6 run out in the range of the
narrow passage close by Cortijo del Cura and we found no indi-
cation of these sediments further downstream. Fig. 10 likewise
demonstrates that this narrow passage is linked to a general
knickpoint in the modern Galera River gradient (gradient of
8.8 m’km ! upstream and 6.3 m’km ! downstream) and a local
flattening and steepening in form of a convex bulging. Perhaps,
this configuration marks the concurrence of very solid rocks of
the endorheic basement, and tectonic movements along the
Galera fault, that together with landslides of rock boulders may
have produced a temporarily effective barrier. In such a case,
SU-6 might represent a prograding backfilling that would be
expectable behind such a valley damming. A subsequent gradual
cutting through the barrier would mean a base level lowering and
could initiate far-reaching incision into the upstream sedimen-
tary infill.

In summary, we found some hints that tectonic impacts may have
influenced floodplain dynamics especially along the narrow passage at
Cortijo del Cura (Figs. 2 and 9), however, such relations are very difficult
to prove. Furthermore, there are no information on aggradation and
incision dynamics from the receiving Guardal River that defines the base
level for Galera River dynamics. But what we see is that the river incised
during a long-lasting period of climatic aridity (Fig. 12). The first part of
this arid period was still characterized by floodplain aggradation, while
around 4.8 ka floodplain aggradation ceased and the valley bottom
stabilized. We assume that this tipping point was controlled by an
increased aridity that, in contrast to the common view that increasing
rainfall variability implies increasing flood magnitudes, led to
decreasing peak-flows and finally less frequent low-magnitude runoff
events. At a certain point, a further threshold crossing took place and the
river started to incise. At present, it is hardly possible to find out the real
trigger for the onset of incision. On the one hand, a tectonically related
valley damming and downstream increase of the flow velocity may have
initiated incision and back cutting of the river. This may have been
additionally reinforced by the narrowness of this valley section that led
to a more concentrated water flow (jet effect) (Figs. 9 and 10). Perhaps,
already the general constriction of the valley width at the confluence of
the huge Huéscar floodplain into the narrow Galera floodplain (Fig. 10)
was associated with a more erosive discharge, especially since the ma-
jority of sediments should have been deposited upstream this bottleneck.
On the other hand, human activities e.g. in form of flow concentration
measures may have reinforced the natural erosive power that emanated
from the changed discharge patterns. Anyway, we assume that mid-to
late Holocene incision of the Galera River was rather caused by a
combination of different factors instead of only one (see also Huang
et al., 2014). Regarding the consequences of river incision for anthro-
pogenic utilization purposes Huang et al. (2014) emphasise the negative
effects of a lower ground water table as well as a lower level of stream
flow, that finally makes gravity flow water extraction for irrigation
impossible. We can just assume that the apparently earlier abandonment
of Castellon Alto at about 3.65 ka BP (Lull, 2013) and thus ~200 years
earlier than other Argaric settlements may have been related to an
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Fig. 13. Summary of late Pleistocene and Holocene floodplain dynamics of a) the Guadalquivir River in SW-Spain, b) The Jarama River in central Spain, c) the
Guadalete River in SW-Spain, and d) the Galera River in SE-Spain. Furthermore, phases are indicated, when similar floodplain dynamics (stability — green; sedi-
mentation — red; incision - black) overlap in the Galera and the Jarama systems (e), as well as the Galera and the Guadalete systems (f). The comparison between
Galera and Jarama river dynamics reveals rather inconsistencies, apart from a short time span between 7 and 5 ka, while the comparison between Galera and
Guadalete River dynamics reveals a slightly higher degree of consistency, especially during the early to mid-Holocene. However, since 5.5 ka floodplain dynamics
strongly deviate again. Data of a), b), and ¢) are taken from Wolf and Faust (2015).

advanced incision state of the Galera River.

5.3. Fluvial dynamics of the Galera River in an Iberian context

A comparison between fluvial dynamics of the Galera River and
further Atlantic influenced river systems in Iberia (Jarama River in
central Spain; Guadalete River in SW Spain; Guadalquivir River in SW
Spain; Wolf and Faust, 2015) shows just a low degree of similarity in
terms of sedimentation, incision, or stability periods. As visible in
Fig. 13, certain conformities exist between the Galera and Guadalete
rivers, both situated in Andalucfa. River incision overlap between ~12.7
and ~11 ka contemporaneous with the cold and arid Younger Dryas,
albeit sea level lowering also strongly controlled incision in the Gua-
dalete system. Fluvial sedimentation was found in both systems during
the early Holocene (~10 ka) that, in each system, could be linked to arid
climate conditions. The same applies to sedimentation periods after 6 ka
and around 2.3 ka (Wolf et al., 2014; Wolf and Faust, 2015).

Apparently, floodplain stability without serious flooding dynamics
have been a common feature in Iberia around 7 to 6 ka pointing to supra-
regional landscape stability on the Iberian Peninsula during the Atlantic
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period. All other periods reveal rather differences than similarities
(Fig. 13). Between 8 and 7 ka, stability in the Galera system was
accompanied by sedimentation in the Atlantic influenced part of Iberia.
During the phase of strong river incision in the Galera Valley in a period
after 5 ka, all other river systems, including the Guadalquivir River,
revealed floodplain sedimentation (Fig. 13). For the youngest part of the
Holocene, the resolution of dynamic patterns is very low for the Galera
system, but so far, there are barely any similarities.

Our compilation of palaeoenvironmental information in Fig. 12
shows that Galera floodplain dynamics during the early and middle
Holocene were apparently strongly influenced by the general climatic
evolution in the region. However, likewise in the other river systems,
fluvial dynamics were primarily controlled by climate conditions (Wolf
and Faust, 2015). Therefore, the lack of similarities between fluvial
dynamic patterns of the Galera River and the other studied rivers in
Iberia may allow following conclusions to be drawn:

(1) The current climate situation is different between the compared
river systems with lower mean annual precipitation in the Galera
system and stronger seasonal differences due to a higher altitude
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and continentality. Also in former periods of the Holocene,
climate conditions have been partly different, that may explain
deviating patterns of fluvial dynamics.

(2) An even more striking finding is that deviating fluvial dynamic
patterns resulted from a different reaction of the river systems
despite seemingly similar climatic conditions. These different
reactions can be attributed to a strong imprint of local to regional
non-climatic factors such as tectonic activity, relief configuration,
the character of the geological substratum, or human land use
practices. For example, between 7 and ~6 ka, the Jarama and
Guadalete river systems were characterized by floodplain stabil-
ity and soil formation. As a rule, morphodynamically stable
phases are more likely to be accompanied by river incision due to
a lower load-ratio and higher transport capacity. However, these
relations were not reflected in the Galera Valley, where the whole
valley floor underwent tufa formation during a morphodynamic
stable phase that led to the built-up of an up to 5m thick tufa
sequence (Fig. 11) due to the occurrence of calcareous bedrock in
and around the Baza Basin (Fig. 1). As discussed above, we as-
sume that similar to soil formation in the other river systems
likewise this tufa formation was dominantly controlled by humid
and warm climatic conditions. This finally means an illustrative
example that the same causes (humid conditions) may lead to
different process regimes and sedimentary features (Faust and
Wolf, 2017), also known as the divergence phenomenon
(Schumm, 1991; Philipps, 2014).

Considerable dichotomy is likewise reflected by river dynamics after
5 ka. While the circum-Mediterranean aridification around 5 ka (Jalut
et al., 2009; Roberts et al., 2011) caused serious floodplain aggradation
in the Guadalete and Jarama river systems (as well as in the Gua-
dalquivir as the final receiving stream to the Galera River, Wolf and
Faust, 2015), the response of the Galera system was heavy incision
(Fig. 11). Here we provided a scenario that might explain river incision
under very arid conditions due to moderated precipitation events,
attenuated runoff peaks, reduced sediment supply, and a higher capacity
of streambed erosion. Additionally, we found major influence of tec-
tonics and relief configuration, and possibly human interventions.
However, we clearly see that fluvial dynamics are not just a simple
reflection of the climatic configuration. Instead, a number of different
factors that especially arise from different catchment characteristics
influence river behavior and floodplain dynamics. Of course, this ham-
pers a straightforward interpretation of fluvial dynamic features without
deeper knowledge of all the physical conditions of a catchment area. But
it further extents the potential range of river and floodplain responses to
a wide variety of mutually reinforcing factors, and thus enables an even
more detailed reconstruction of palaeoenvironmental conditions and
landscape evolution.

6. Conclusions

We compiled a detailed stratigraphic floodplain record for the Galera
river system within the Baza Basin in SE-Spain. Our results demonstrate
that river behavior and floodplain dynamics experienced several strong
changes during the Holocene that enable a detailed reconstruction of
landscape evolution in the region. After the Galera River incised about
10 m into older gravel and endorheic bedrock during the late Pleisto-
cene/early Holocene, several meters of sandy to loamy deposits accu-
mulated until ~8.7 ka evidencing unstable landscape conditions during
an early Holocene aridity period. Following a transitional stabilization
phase, catchment stability under warm and humid climatic conditions
initiated the formation of a thick tufa sequence between 8.3 and ~6 ka
during the Atlantic period. At 6 ka, tufa formation declined and gave
way to another phase of highly dynamic fluvial sedimentation that we
interpret as an evidence for increasing destabilization of catchment
slopes in line with the mid-Holocene circum-Mediterranean
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aridification. After flood loam deposition stopped at 4.8 ka, the flood-
plain was dominated by the accumulation of colluvial slope deposits
indicating a further increase of aridity. A strong turnaround of river
behavior took place between 4.7 and 2.3 ka, when the river incised
deeply into its sediments until it reached the endorheic bedrock again.
Other archive information point to ongoing environmental aridification
during that time. Since common concepts of fluvial geomorphology fail
to explain such a scenario, we provide an explanation that invokes a
general lowering of flood magnitudes and sediment supply to the
drainage system as main causes for river incision under arid climate
conditions. However, we also assume a major impact of non-climatic
factors such as tectonics, relief configuration, and human activities
during the Argaric period for triggering the river’s decoupling from
active floodplain processes. River incision turned into floodplain
aggradation after 2.3 ka again, while a thick fluvial sediment body was
accumulated around 0.6 ka ago, simultaneously with climatic deterio-
ration during the Little Ice Age. For this late Holocene period, we expect
that fluvial aggradation was linked to a combination of highly variable
extreme flood events and increased land-use pressure due to the
expansion of agriculture.

A closer look to regional palaeoenvironmental archives shows that
Galera river dynamics followed a trend of climate development during
the Holocene period. However, certain dynamics such as the middle to
late Holocene incision seem to be controlled by catchment-specific
factors like geological substrate or specific land-use measures. A com-
parison of Galera river dynamics with other river systems in central and
SW-Iberia reveals a rather low level of conformity of fluvial dynamic
patterns. This was partly caused by deviating palaeo-climatic condi-
tions. However, in case of similar climate situations, we suggest that
deviating fluvial reactions (also referred to as divergence phenomenon)
mainly resulted from an additional imprint of catchment-specific fac-
tors. This shows that specific fluvial dynamics generally reflect climate
and environmental conditions within a river catchment, but if different
catchments are compared, these relations may not be straightforward
because the imprint of catchment-specific factors may even lead to
opposite geomorphological patterns. This should be considered when
interpreting floodplain records, especially in the Mediterranean region.
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