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Abstract: Non-glaciated mountain headwater catchments feature high-resolution geomorphic
archives, which provide important insight into erosive processes and sediment dynamics in
mountain ranges. As such the Valle de la Fueva catchments in the southern Pyrenees present
high-lying talus remnants, extensive denudation surfaces (pediments), deeply incised tributary
ravines, and low-lying fluvial-cut terraces. Based on geomorphic analyses and absolute dating
using terrestrial cosmogenic nuclides and optically stimulated luminescence, a (late stage) catchment
erosion model for the Valle de la Fueva was elaborated and indicates successive development stages
of (i) lasting pedimentation under cold-climate conditions during Marine Isotope Stages 4–2, (ii) rapid
fluvial dissection, sediment remobilization and downcutting of ravines in response to the last
major climate transition and establishing interglacial conditions, and (iii) late stage fluvial incision
after 3–4 ka due to regionally increased flood magnitudes, and/or intensification of agriculture
and forest management. Valle de la Fueva headwater catchment analysis indicated that the styles
and magnitudes of basin surface processes were directly correlated with the amplitude and nature
of paleoclimatic changes, modified by the interplay of environmental parameters. In contrast to
large-scale fluvial systems, mountain headwater catchments seemed to be less afflicted with temporal
and spatial averaging biases. They are thus useful targets for investigating direct climate change
effects, surface process coupling, and non-linear response mechanisms in Quaternary fluvial systems.
Keywords: catchment erosion; Holocene; cosmogenic nuclide dating; OSL; Pyrenees; geomorphology;
basin analysis

1. Introduction
A great deal of research has been carried out on the long-term evolution of drainage networks and
for understanding the coupling and feedback mechanisms between climate, tectonics, fluvial system
dynamics, and surface processes in general; e.g., [1–10]. It has been shown that fluvial systems tend
to produce extensive terrace staircases in response to eccentricity-driven Quaternary climate cycles
and related discharge fluctuations, superimposed on progressive valley downcutting in response to
long-term steady uplift; e.g., [8,11]. And yet, in detail relationships and feedback mechanisms may
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be non-linear and much more complex; e.g., [4,12,13]. Research on large-scale fluvial systems thus
entails some issues that need to be resolved. For instance, long-term fluvial incision rates derived
from the vertical spacing of terrace staircase systems are potentially misleading as to the actual
magnitudes of paleo-surface processes. This is because erosion rates that are calculated from vertical
(i.e., two-dimensional) incision scarps between adjacent terrace features are potentially afflicted with
spatial- and time-averaging biases—the latter of which increases with the age of terraces. This includes
potential time lags, for instance, between glacial headwater dynamics and downstream fluvial response.
The Cinca River in the southern Pyrenees is a typical example of an extensively glaciated mountain
catchment with prominent alluvial terraces staircases along its foreland reaches. Large-scale drainage
basins like the Cinca are often affected by repeated sediment reworking and allochthonous discharge
fluctuations, which may complicate the interpretation and reduce precision of absolute terrace dating.
Hence, the direct forcing and precise timing (i.e., onset, offset, and actual duration) of erosion and
aggradation phases in large-scale drainage systems is difficult to assess and reliable quantitative data
is needed.
To date, relatively little attention has been paid to the morphogenetic evolution of non-glaciated
headwater catchments in Mediterranean mountain ranges and their response mechanisms to external
forcing such as major climate transitions; e.g., [13–17]. This is surprising because non-glaciated
headwater catchments like the Valle de la Fueva feature is well preserved and high-resolution geomorphic
archives that reflect the (in situ) impact of local environmental and climatic changes on drainage basin
development [18]. It can only be explained by the fact that during the last glacial cycle most of the
Mediterranean mountain catchments were extensively glaciated; e.g., Cinca River [19,20].
And yet, headwater drainage basins are typical topographic features of many mountain ranges
whose sedimentary archives contain valuable information on the dynamics and magnitudes of
erosion–sedimentation processes in a mountain chain [21,22]. Syn- and postdepositional structures in
sediment outcrops like stratigraphy, soils, clast imbrication, refilled ice-wedges, and deformations,
may reveal the nature of erosion–sedimentation processes and disclose important environmental
changes related to, for instance, climate fluctuations and tectonic activity; e.g., [23–25]. On a larger
scale, mapping of basin topography and geomorphic features such as talus remnants, erosion surfaces,
and river terraces are geomorphic markers, which enable correlation of individual morphogenetic
complexes and drainage basin development stages [18]. Methodological advances in digital elevation
models and in absolute dating techniques like terrestrial cosmogenic nuclides (TCN), e.g., [26–28],
and optically stimulated luminescence (OSL), e.g., [29–31], now allow for high-resolution geomorphic
analyses and for establishing precise exposure and burial history of rocks and sediments in a wide range
of settings. In combination, absolute dating, digital terrain analysis, mapping, and field observations
enable the quantification of surface processes and time-dependent erosion models, the latter having
proved useful for assessing the magnitudes of erosion-sedimentation processes and their external,
climatic, and tectonic forcing [8,18,32–34].
With the goal of determining the direct drivers, feedback mechanisms, and timing in fluvial system
development, non-glaciated 10–100 km2 headwater catchments of the Cinca River (Figure 1) were
investigated as to the temporal and spatial scales and the external/internal parameters of successive
catchment erosion phases in response to climate change during the late stages of Marine Isotope Stage
(MIS) 2 and the establishing Holocene Interglacial. In extension to Stange et al. [18], this paper presents
catchment erosion rates, volumetric measurements and sediment budgets, as well as new TCN- and
OSL-derived chronological data for the most recent fluvial erosion phase in the Valle de la Fueva
headwater catchments in the southern central Pyrenees (Figure 1).
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Figure 1. Imagery of the Pyrenees region showing the location of the Valle de la Fueva drainage basin
Figure
Imagery
the river
Pyrenees
region showing the location of the Valle de la Fueva drainage
and
the 1.
course
of itsofmain
Río Cinca.
basin and the course of its main river Río Cinca.

2. Settings

2. Settings
Covering an area of c. 190 km2 , the Valle de la Fueva is a highly erodible drainage basin that is
2, the Valle
characterized
byan
intensely
and deep
(e.g., marl,
shale,drainage
slate, andbasin
sandstone),
Covering
area ofdeformed
c. 190 kmshallow
de lamarine
Fuevastrata
is a highly
erodible
that is
conglomerates,
and
synorogenic
debris
[18,35–38].
The
basin
is
confined
within
steep
structural
valley
characterized by intensely deformed shallow and deep marine strata (e.g., marl, shale, slate,
and
margins
composed
of erosion
resistant
limestone
and[18,35–38].
sandstoneThe
ridges
thatispractically
encircle
the
sandstone),
conglomerates,
and
synorogenic
debris
basin
confined within
steep
depression
[18,39].
The
Valle
de
la
Fueva
consists
of
two
major
catchments:
The
Valle
de
la
Fueva
Alta
structural valley margins composed of erosion resistant limestone and sandstone ridges that
(c.
100 km2encircle
) and the
de la Fueva
Baja The
(c. 90
km2de
), which
areconsists
separated
by amajor
degraded
central
practically
theValle
depression
[18,39].
Valle
la Fueva
of two
catchments:
2), which
drainage
(Figure
its2)crest
marked
possible
a previous
drainage
The Valledivide
de la Fueva
Alta2).(c.Along
100 km
and line,
the Valle
de lawind
Fuevagaps
Baja render
(c. 90 km
are separated
by
connection
between
the
Fueva
Alta
and
Fueva
Baja
catchments
[18].
Considering
internal
tributary
a degraded central drainage divide (Figure 2). Along its crest line, marked wind gaps render
drainage
thedrainage
Fueva Alta
and Fueva
Baja drainage
basins
further
divided
into five
to
possible adivides,
previous
connection
between
the Fueva
Altacan
andbeFueva
Baja
catchments
[18].
eight
subcatchments
afterdrainage
their principal
rivers
(FigureAlta
2). Creeks
and tributary
riversbasins
drain can
the
Considering
internalnamed
tributary
divides,
the Fueva
and Fueva
Baja drainage
Valle
de la Fueva
catchments
southwest
into thenamed
Embalseafter
de Mediano
(c. 500 mrivers
a.s.l.),(Figure
one of the
be further
divided
into five to the
eight
subcatchments
their principal
2).
largest
lakesrivers
in northern
Spain
thatderetains
andcatchments
regulates the
of the
Cinca
Creeks reservoir
and tributary
drain the
Valle
la Fueva
to discharge
the southwest
into
the River.
Embalse
Río Cinca
onemofa.s.l.),
the major
Pyrenees
streamslakes
and constitutes
drainage
leveland
of
de Mediano
(c. is500
one southern
of the largest
reservoir
in northerntheSpain
that base
retains
the
Valle de
Fueva. Inofproximity
the Valle de la Fueva headwater catchments, the Cinca valley
regulates
theladischarge
the Cincato
River.
presents
aggradational
and
prominent
staircase
cross-sections
dated as middle
to
Río extensive
Cinca is one
of the majorterraces
southern
Pyrenees
streams
and constitutes
the drainage
base level
late
Quaternary
[19].
On
the
eastern
flank
of
the
Cinca
valley,
La
Fueva
tributary
rivers
cut
prominent
of the Valle de la Fueva. In proximity to the Valle de la Fueva headwater catchments, the Cinca
outlet
the Mediano
anticlineterraces
that areand
relevant
to the base
levelcross-sections
history of the dated
Valle de
valley canyons
presentsinto
extensive
aggradational
prominent
staircase
as
la
Fuevato[18].
Longitudinal
stream
profile
analyses
that
Fueva
tributaries
middle
late Quaternary
[19].
On the
eastern
flank ofshowed
the Cinca
valley,
LaAlta
Fueva
tributary generally
rivers cut
have
concave-up
present,anticline
are base that
levelare
adjusted
toto
the
main
least
prominent
outlet profiles,
canyons which,
into theatMediano
relevant
the
baseriver
levelCinca,
historyatof
the
along
reaches. In thestream
Valle de
la Fueva
Baja, however,
changes
Valle their
de lalower-middle
Fueva [18]. Longitudinal
profile
analyses
showed prominent
that Fuevagradient
Alta tributaries
(or
stream have
profileconcave-up
knickpoints)
along the
outletatcanyon
indicate
thatlevel
Fuevaadjusted
Baja stream
profiles
in
generally
profiles,
which,
present,
are base
to the
mainare
river
disequilibrium
and not
(yet)
base level adjusted
profile
Cinca, at least along
their
lower-middle
reaches.toInthe
theCinca
Vallemain
de lariver
Fueva
Baja,[18].
however, prominent
gradient changes (or stream profile knickpoints) along the outlet canyon indicate that Fueva Baja
stream profiles are in disequilibrium and not (yet) base level adjusted to the Cinca main river profile
[18].

Quaternary 2019, 2, 17
Quaternary 2019, 2, x

4 of 20
4 of 20

Figure
2. 2.Geomorphological
study area
areashowing
showingthe
themorphogenetic
morphogenetic
units
Valle
Figure
Geomorphological map
map of the study
units
of of
thethe
Valle
de de
la la
Fueva,
sites, and
andthe
themain
maintributaries
tributariesand
and
drainage
divides.
Inset:
Fueva,locations
locationsofofTCN/OSL
TCN/OSL sampling
sampling sites,
drainage
divides.
Inset:
Topographic
cross-section(A–A’)
(A–A’)ofofthe
theFueva
Fueva Baja
Baja outlet canyon.
Topographic
cross-section
canyon.

Quaternary 2019, 2, 17

5 of 20

Across the Valle de la Fueva, remnants of high-lying talus plateaus and lateral talus slopes along
the basin margins denote the top basin fill surface before the onset of intense late-stage basin erosion
and fluvial dissection. To date, no age controls exist for talus formation in La Fueva, but talus plateaus
have actively been levelled during MIS 4–2 cold climate conditions [18]. The most striking geomorphic
features in the Valle de la Fueva are extensive residual erosion (denudation) surfaces. They are
commonly described as pediments or ‘mantled’ pediments (glacis), the latter having meter-thick cover
sediments preserved [40]. The (mantled) pediments are characterized by shallow sloping surfaces
of c. 0.5–4% and 2–8 m thick colluvial cover sediments over smoothed erosive bedrock interfaces of
the underlying marls and shales. Surface geometries and 10 Be exposure dating confirmed that the
most extensive pediments are correlated and that associated pediment-glacis complexes developed
under cold climate conditions of the last glacial cycle MIS 4–2 [18]. This includes that pedimentation
was supported by repeated snow-pack melting which repeatedly destabilized the pediment cover
sediments, and by periglacial processes which supplied the debris from the surrounding highs towards
the denudation plains. Around the Last Glacial Maximum (LGM), pediments became inactive and
were abandoned as actively eroding surfaces, the latest after c. 18 ka [18]. During the Holocene climate
transition intense fluvial dissection created a network of rills and gullies, which successively widened
and deepened to prominent tributary ravines (barrancos). The formation of barrancos in the Valle de la
Fueva is clearly climate triggered, but it seems to be out-of-phase with regard to the terrace chronology
and incision history of the main river Cinca (e.g., Quaternary terrace (‘Qt’) 9, c. 10 m a.f., 11 ± 1 ka; [19]).
In addition, Valle de la Fueva tributary barrancos feature low-lying fluvial-cut terraces situated at
2–4 m above the present floodplain (m a.f.). Terrace geometries and thicknesses are very heterogeneous
and complicate terrace correlations across the Valle de la Fueva. Overall, lateral terrace outcrops
are characterized by cover fines of variable thickness over mixed alluvial and colluvial material
(i.e., cobbles, gravel, debris flow deposits) underlain by fluvial-cut bedrock of marl, shale, and slate [18].
The heterogeneity of the terrace bulk sediments reflects that these terraces are not purely alluvial
in nature. Valley cross-sections and terrace feature geometries indicate that barranco formation in
the Valle the la Fueva involved at least one major and one minor late-stage incision/erosion phases.
The 2–4 m vertical scarps of low-lying fluvial-cut terraces situated within the narrow tributary valleys
thus naturally mark the latest incision event in the Valle de la Fueva, which can be observed across the
entire Valle de la Fueva drainage basin.
3. Methods
3.1. Digital Terrain Analysis
For elaborating a time-dependent catchment erosion model and determining the eroded sediment
volumes in the Valle de la Fueva, field observations and absolute age constraints were integrated
with established morpho-stratigraphic classifications [18]. Using built-in ESRI ArcGIS toolboxes,
feature polygons were produced and classified, and interpolated with a high-resolution digital
elevation model (i.e., Modelo Digital del Terreno (MDT) 5 m, Instituto Geográfico Nacional de España)
using the 3D-Analyst functional surface tool. In order to reconstruct the paleo-topographic catchment
development, fluvial-cut terraces and barranco shoulders that mark the brim of extensive pedimentation
surfaces were taken as feature elevation reference points for extrapolating paleo-basin surfaces using
ArcGIS 3D-Analyst and raster interpolation. From each reference paleo-surface (e.g., Figure 3)
an individual raster elevation model was produced with 3D-Analyst TopoToRaster. In a last step,
3D-Analyst cut-fill operations were carried out for determining NetGain and NetLoss volumes between
the different raster surfaces and the missing (i.e., eroded) sediment volumes were calculated. Being
based only on distinctly preserved topographic features, the resulting excavated volumes should be
regarded as minimum estimates.
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3.2. 10 Be Catchment Erosion Rates
3.2. 10Be Catchment Erosion Rates
In continuation of previously published TCN exposure dating on the main geomorphic talus and
In continuation of previously published TCN exposure dating on the main geomorphic talus
pediment units in the Valle de la Fueva [18], additional sediment samples were collected from catchment
and pediment units in the Valle de la Fueva [18], additional sediment samples were collected from
outlets for TCN-based catchment-scale erosion rates, and from low-lying terraces for establishing
catchment outlets for TCN-based catchment-scale erosion rates, and from low-lying terraces for
additional OSL age constraints for the latest erosion phase. Typical applications of in situ produced
establishing additional OSL age constraints for the latest erosion phase. Typical applications of in
terrestrial cosmogenic nuclide (TCN) dating are exposure and burial histories of rocks and sediments,
situ produced terrestrial cosmogenic nuclide (TCN) dating are exposure and burial histories of rocks
e.g., [27,41,42]. Recent advances in cosmogenic nuclide dating brought forth new applications such as
and sediments, e.g., [27,41,42]. Recent advances in cosmogenic nuclide dating brought forth new
TCN-derived catchment-wide erosion rates [43,44]: Mountain landscapes are progressively eroded
applications such as TCN-derived catchment-wide erosion rates [43,44]: Mountain landscapes are
and levelled towards a steady state where relief energy is minimal [45]. In this process, rocks are
progressively eroded and levelled towards a steady state where relief energy is minimal [45]. In this
eroded, new material is brought to the surface, and sediment is produced and transferred to adjacent
process, rocks are eroded, new material is brought to the surface, and sediment is produced and
topographic lows. Once material reaches (near) the surface, the permanent flux of cosmic rays triggers
transferred to adjacent topographic lows. Once material reaches (near) the surface, the permanent
nuclear reactions [27] and the built-up of radioactive (unstable) cosmogenic isotopes (e.g., 10 Beryllium)
flux of cosmic rays triggers nuclear reactions [27] and the built-up of radioactive (unstable)
in mineral grains like quartz.10The concentration of TCN inventories in surface sediments is a function of
cosmogenic isotopes (e.g., Beryllium) in mineral grains like quartz. The concentration of TCN
time and a number of site specific parameters such as topographic shielding, spatial scaling, production
inventories in surface sediments is a function of time and a number of site specific parameters such
rates, erosion, and radio-nuclide half-life [41].
as topographic shielding, spatial scaling, production rates, erosion, and radio-nuclide half-life [41].
Sediment samples were collected at suitable catchment outlets representing an aggregate of about
Sediment samples were collected at suitable catchment outlets representing an aggregate of
1 kg of in situ alluvial sand and gravel with variable but sufficient quartz proportions. Cosmogenic
about 1 kg of in situ alluvial sand and gravel with variable but sufficient quartz proportions.
catchment-wide (erosion) rates are based on the principle that the accumulation of cosmogenic nuclides
Cosmogenic catchment-wide (erosion) rates are based on the principle that the accumulation of
is proportional to the erosion rate [27] and that bedload sediment was thoroughly mixed by hillslope
cosmogenic nuclides is proportional to the erosion rate [27] and that bedload sediment was
and fluvial processes. Hence, mixed bedload samples are thought to integrate the various TCN
thoroughly mixed by hillslope and fluvial processes. Hence, mixed bedload samples are thought to
inventories from the entire (upstream) drainage basin area [46,47] and enable the calculation of spatially
integrate the various TCN inventories from the entire (upstream) drainage basin area [46,47] and
averaged (upstream) catchment erosion rates [27,44].
enable the calculation of spatially averaged (upstream) catchment erosion rates [27,44].
For testing this TCN application in the Valle de la Fueva and comparing this headwater catchment
For testing this TCN application in the Valle de la Fueva and comparing this headwater
with other drainage basin settings, two aggregate sediment samples were analyzed for the 10 Be analysis.
catchment with other drainage basin settings, two aggregate sediment samples were analyzed for
These
samples were collected from the present-day riverbed at the outlets of the Valle de la Fueva Baja
the 10Be analysis. These samples were collected from the present-day riverbed at the outlets of the
catchment and the Fueva Alta tributary subcatchment of Río Natiella (Figure 4). The latter site was
Valle de la Fueva Baja catchment and the Fueva Alta tributary subcatchment of Río Natiella (Figure
chosen because quartz-rich sediments are scarce across the Valle de la Fueva Alta. Only the Natiella
4). The latter site was chosen because quartz-rich sediments are scarce across the Valle de la Fueva
subcatchment features homogeneous quartz-bearing lithologies in the upstream catchment, providing
Alta. Only the Natiella subcatchment features homogeneous quartz-bearing lithologies in the
sufficient quartz-bearing bedload material for the 10 Be analysis at its outlet. TCN sample
processing was
upstream catchment, providing sufficient quartz-bearing bedload material for the 10Be analysis at its
outlet. TCN sample processing was done following state-of-the-art laboratory procedures of the
CosmoLab at Bremen University. Beryllium was extracted and isolated using single-step column
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was extracted and isolated using single-step column chromatography developed by Binnie et al. [48].
10 Be/9 Be ratios were measured at CologneAMS (AMS standards used: KN01–6-2 and KN01–5-3).
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Table 1. Bedload sampling sites (Figure 4) and reference locations used for 10
Be catchment wide
Table 1. Bedload sampling sites (Figure 4) and reference locations used for 10Be catchment wide
erosion rates that were calculated with CRONUS-Earth online calculator 2.3. Scaling scheme applied:
erosion rates that were calculated with CRONUS-Earth online calculator 2.3. Scaling scheme applied:
Stone
[51], modified from Lal [43].
Stone [51], modified from Lal [43].
Mean Latitude
Sample ID
Sampling Site
CatchmentMean Latitude
Sample
ID Sampling
Site Catchment
[dec. deg.]
[dec. deg.]
S-45
2408/2409
Fueva
Baja
42.36124
S-45
2408/2409
Fueva Baja
42.36124
Natiella
42.38569
S-48 S-48
3303 3303
Natiella
42.38569

Mean Longitude
Longitude
Mean
[dec. deg.]
[dec. deg.]
0.27722
0.27722
0.23082
0.23082

Mean
Elevation
Mean
Elevation
[m a.s.l.]

[m a.s.l.]

805805
714714

3.3. OSL Rock Surface Dating
For dating the youngest morpho-sedimentary units in the Valle de la Fueva, TCN
exposure/burial dating was not applicable due to unconstrained erosion/burial of terrace surfaces
and TCN burial dating age limits, e.g., [27,53]. Moreover, conventional OSL sediment dating was
hampered by insufficient quantities of quartz/feldspar in the matrix materials, and so OSL rock
surface dating, e.g., [31,54], was applied to cobble-sized sandstone, feldspathic and lithic arenite
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3.3. OSL Rock Surface Dating
For dating the youngest morpho-sedimentary units in the Valle de la Fueva, TCN exposure/burial
dating was not applicable due to unconstrained erosion/burial of terrace surfaces and TCN burial dating
age limits, e.g., [27,53]. Moreover, conventional OSL sediment dating was hampered by insufficient
quantities of quartz/feldspar in the matrix materials, and so OSL rock surface dating, e.g., [31,54],
was applied to cobble-sized sandstone, feldspathic and lithic arenite clasts from terrace sediment
outcrops. Six fluvial-cut terraces (codes 3301-06) were sampled in total. At each site up to seven clasts
(~15 cm across) were identified in the section, and the exposed surfaces were spray-painted black to
enable the identification of the buried surfaces in the laboratory (cf. Figure 4). The clasts were then
excavated and immediately placed in opaque plastic bags to minimize the light exposure. An additional
sediment sample (~300 g) was collected from around each of the clasts for radionuclide analysis.
In the laboratory the clasts were washed and 20 mm diameter cores were drilled from the
previously buried surfaces using a diamond-tipped water-cooled coring drill. Each core was then
cut into ~1.2 mm thick slices using a Buehler IsoMet low-speed saw equipped with a 0.3 mm thick
water-cooled diamond-tipped blade, giving a net slice spacing of ~1.5 mm. These slices were then
gently broken into small chips, and placed loose in 10 mm diameter stainless steel cups for luminescence
measurement. For those clasts identified as suitable for further measurement, an additional ~100 g
portion of each was pulverized, mixed with wax and cast in a cup-shaped mold for radionuclide
analysis by high resolution gamma spectrometry [55,56]. The sediment samples were dried, crushed,
and ignited at 400 ◦ C before casting in a similar manner. The luminescence signals from the rock
fragments were measured using a Risø TL/OSL reader model 15 or 20, each equipped with a calibrated
90 Sr/90 Y beta source delivering a dose rate to quartz of ~0.1 Gy/s [57]. Radioactivity measurements were
made using one of several high resolution gamma spectrometers calibrated against IAEA standards [56].
Radionuclide concentrations were converted into dry dose rates using the conversion factors given
in [58] and the effects of water in the surrounding sediment were accounted for based on the factors
given in [59]. The water content in the cobbles was assumed to be negligible. The contribution to dose
rate from cosmic rays is based on [60].
Preliminary measurement of OSL using blue stimulation indicated that no samples gave a
useful signal, and so all further measurements used infrared (IR) stimulation. The resulting signals
are presumed to derive from predominantly K-rich feldspars, although no mineral separation
was undertaken to test this (widely accepted) hypothesis. Initial measurements of IR stimulated
luminescence (IRSL) suggested that only the signal stimulated at or close to room temperature was
likely to have been reset in nature, and so the SAR measurement sequence [61,62] given in Table 2 was
adopted. Using this sequence, the ratio L0 /T0 was measured for each slice from each core.
Table 2. OSL analysis measurement protocol.
Step

Treatment

Measurement

1

Give regenerative dose, Di

-

2

Preheat to 250 ◦ C for 100 s

-

3

Stimulate at 50 ◦ C with IR for 200 s

Li

4

Give fixed test dose, DT

-

5

Preheat to 250 ◦ C for 100 s

-

6

Stimulate at 50 ◦ C with IR for 200 s

Ti

7

Stimulate at 290 ◦ C for 200 s

-

8

Return to step 1

-

Note: When i = 0 (natural measurement), Di = 0 Gy. Step 7 is to ensure the signal is reset to zero before beginning a
new cycle of measurement.
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4. Results
4.1. OSL Rock Surface Dating
In order to derive a luminescence age for a cobble: (i) We should be able to drill and then slice it,
(ii) its constituent quartz and/or feldspar minerals should be sensitive (i.e., give detectable luminescence
signal), and (iii) it’s surface should have been well-bleached prior to burial (i.e., should have a S–shaped
profile). We started off by targeting three cobbles per site and even if only one out of three passed
the first two criteria above, we went on to measure more cobbles from the same site. Unfortunately,
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Figure 5. Luminescence profiles from apparently well-bleached surfaces. The best fit of the model by
Figure 5. Luminescence profiles from apparently well-bleached surfaces. The best fit of the model by
Sohbati et al. [54] is shown as a solid line and the predicted latent luminescence profile at the time of
Sohbati et al. [54] is shown as a solid line and the predicted latent luminescence profile at the time of
burial is shown as a dashed line. The black and red dash-dot lines represent the laboratory and field
burial is shown as a dashed line. The black and red dash-dot lines represent the laboratory and field
saturation limits, respectively. The field-to-laboratory saturation ratios shown next to arrows provide
saturation limits, respectively. The field-to-laboratory saturation ratios shown next to arrows
an upper limit to fading and were used to correct the ages after Rades et al. [63].
provide an upper limit to fading and were used to correct the ages after Rades et al. [63].
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Table 3. Radionuclide concentrations and dry infinite matrix dose rates for selected samples.
Sample
Code
3304-02

238

U Bq/kg
10 ± 1

226

Ra Bq/kg

11.9 ± 0.2

232

Th Bq/kg

12.28 ± 0.16

40

K Bq/kg
84 ± 2

β Dose Rate,
Gy/ka
0.430 ± 0.010

γ Dose Rate,
Gy/ka
0.314 ± 0.010
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Table 3. Radionuclide concentrations and dry infinite matrix dose rates for selected samples.
Sample
Code
3304-02
3304-06
3305-05
Sed 4
Sed 5

238 U

Bq/kg

10 ± 1
19 ± 1
4±3
22 ± 5
14 ± 4

226 Ra

232 Th

Bq/kg

11.9 ± 0.2
19.3 ± 0.2
7.3 ± 0.3
20.9 ± 0.4
17.6 ± 0.3

Bq/kg

12.28 ± 0.16
5.57 ± 0.13
7.3 ± 0.3
25.1 ± 0.5
18.4 ± 0.3

40 K

Bq/kg

84 ± 2
52 ± 2
180 ± 6
373 ± 9
221 ± 6

β Dose Rate,
Gy/ka

γ Dose Rate,
Gy/ka

0.430 ± 0.010
0.387 ± 0.014
0.586 ± 0.016
1.319 ± 0.027
0.858 ± 0.019

0.314 ± 0.010
0.273 ± 0.016
0.291 ± 0.009
0.735 ± 0.020
0.514 ± 0.016

The sediment sample Sed 4 is associated with cobbles 3304-02 and 3304-06 and sediment sample Sed 5 comes from
the surrounding of cobble 3305-05.

For each surface slice, we assume the total beta dose rate is made up of the sum of 80% of the dose
rate from within the clast, and 20% of the dose rate from the surrounding sediment [64]. In the case of
the gamma dose rate we assumed that the sediment and the clast each contributed 50% to the total
based on visual inspection. Water content within the clasts was negligible, and that in the surrounding
sediment was taken as 5% on average. These values produced a small perturbation on the individual
dose rates of < 2%. Finally the cosmic ray dose rates were added to the total to give the total dose rates
presented in Table 4 below.
Table 4. Sample data, equivalent dose, dose rate estimates, and resulting luminescence ages.
Depth
[cm]

Dose [Gy]

n*

Apparent
Age [ka]

Dose Rate **
[Gy/ka]

Age Correction
Factor ***

Corrected
Age [ka]

3304-02 top

275

6.2 ± 0.3

12

2.8 ± 0.2

2.24 ± 0.08

0.75

3.7 ± 0.2

3304-02 bottom

275

7.4 ± 0.3

10

3.3 ± 0.2

2.24 ± 0.08

0.82

4 ± 0.2

Sample Code

3304-06 top

275

5.8 ± 0.3

6

2.4 ± 0.2

2.44 ± 0.09

0.89

2.6 ± 0.2

3304-06 side

275

34 ± 9

3

14 ± 4

2.44 ± 0.09

0.87

16 ± 4

3305-05 top

275

164 ± 11

14

74 ± 6

2.22 ± 0.08

0.75

96 ± 7

* ‘n’ is the number of individual measurements of dose used to derive the average given in column 3; ** the dose
rate data are derived from the individual radionuclide concentrations given in Table 2; *** Age correction factor
based on the fraction of signal remaining at field saturation [63].

Our data only supported the assumption of one exposure event followed by one burial event, for
each profile. The data of Figure 5 were thus fitted using the model developed by Freiesleben et al. [65].
From the predicted initial luminescence profiles it could be seen that it was likely that at least 1–2 mm
of each rock surface was fully reset at the time of burial. This gives us confidence that at least some of
the surface layers of these clasts should record the last burial time of the clast. Note that this was not
necessarily the last transport event, because it was possible for a previously light-exposed surface to be
moved and deposited in a turbid event without further daylight exposure.
The data of Figure 5 demonstrate that clasts 3304-2, 3304-6, and 3305-5 were exposed to sufficient
daylight to reset the latent luminescence in the surfaces of the clasts to zero. We therefore resampled
additional material from the outer 1.2 mm of each and measured the apparent doses recorded by these
slices using the protocol outlined in Table 1. These measurements gave the burial doses (equivalent
doses, De ) summarized in column 3 of Table 4. Dividing these apparent doses by the total dose rates in
column 6 gives the time since last daylight bleaching (column 5). It was immediately apparent that the
two surfaces of 3304-2 and one surface of 3304-6 gave comparable ages of 2.4 ka to 3.3 ka, whereas one
surface of 3304-6 was apparently last exposed to daylight ~14 ka ago. The only plausible explanation
for the age difference is that, during its last light (or surface) exposure, the lateral face of cobble 3304-06
remained buried within the mudflow matrix and the exposure event was of relatively short duration.
Cobble 3305(-5) from site 5 (i.e., pediment-glacis-complex) gave an apparent age of 74 ± 6 ka. This
OSL age is older than the existing 10 Be age constraints for the interpolated main glacis surface in the
upper Valle de la Fueva Baja (cf. Stange et al. [18]). We assumed that cobble 3305 was last exposed to
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daylight around 74 ± 6 ka and subsequently buried within a mudflow matrix without any significant
light exposure.
It is important to realize that, from a methodological perspective, these are well-defined OSL ages,
which are not the arbitrary result of poor bleaching. The profiles of Figure 5 give us confidence that the
grains on these surfaces were fully reset immediately prior to absorbing the most recent burial dose.
However, since ages are based on the relatively unstable IR50 signal, age corrections were applied
(cf. column 8, Table 4) after Rades et al. [63], by comparing the field saturated signal (from the inner
parts of the profiles in Figure 5) with a laboratory saturated signal of 2 kGy for which the time since
irradiation is too short for instability to affect the signal.
4.2. TCN Catchment Erosion Rates
Using parameters and sample data presented in Tables 1 and 5, 10 Be concentrations were measured
from Quartz in bedload samples collected at the outlets of the Valle de la Fueva Baja and of the Natiella
subcatchments (Figure 2). Our calculations yielded 10 Be catchment erosion (denudation) rates ranging
from 47–96 mm kyr−1 (Table 5). These catchment denudation rates are in line with previously published
data sets for non-glaciated drainage basins in central Europe (e.g., 10–100 mm kyr−1 on 10–100 kyr
time scales; [44]), considering that they reflect late- to postglacial catchment erosion on 10–20 kyr
timescales. These timescales are based on the “apparent” 10 Be exposure ages, i.e., 10 ± 1.1 ka for
Natiella and 20 ± 2.1 ka for Fueva Baja outlet samples, respectively. And yet, it is obvious that the
Natiella catchment erosion rate (96 ± 9.8 mm kyr−1 ) is about twice the rate obtained for the Valle de la
Fueva Baja (47.3 ± 4.4 mm kyr−1 ). A brief review of parameter assumptions may help to resolve this
apparent discrepancy. Valid assumptions are that the denudation time scale is smaller than the time
scale for 10 Be radioactive decay (i.e., ε > 0.3 mm kyr−1 ; [44]) and that sediment storage in the Valle de la
Fueva is minimal, considering the only 5% in-channel sediment storage in the adjacent highly erodible
Isábena catchment (e.g., [16]). Moreover, Fueva Baja and Fueva Alta catchments naturally share the
same spatial scaling and climatic setting (e.g., precipitation, vegetation, etc.), and approximately the
same geological setting.
Table 5. Bedload sediment sample data and AMS results used for producing 10 Be catchment wide
erosion rates with CRONUS-Earth online calculator 2.3. Scaling scheme applied: Lal [43]/Stone [51].
Samples were spiked with SCHARLAU Be standard solution 1000 mg/L.
Sample
ID

Qtz. Mass
Dissolved [g]

Mass 9 Be
Carrier [g]

10 Be/9 Be

Conc. 10 Be
[at g−1 ]

Uncert. 10 Be
[at g−1 ]

Erosion Rate
[g cm−2 yr−1 ]

Erosion Rate
[mm kyr−1 ]

Uncert.
[mm kyr−1 ]

S-45

11.8056

3.022 × 10−4

6.975 × 10−14

116,762.7

5044.15

0.00947

47.35

4.42

S-48

8.9154

3.022 × 10−4

2.744 × 10−14

59,118.64

3440.70

0.01920

96.02

9.79

Factors that potentially explain the inconsistent catchment-wide erosion rates are differences
in basin topography (e.g., local relief, hillslope gradients, [66,67]), non-uniform distribution of
quartz-bearing lithologies, and the catchments’ base level history and sediment residence time, i.e.,
the “apparent” exposure age of the sediment source rock. For comparison with von Blanckenburg’s [44]
compilation of world-wide denudation rates in non-glaciated areas, topographic relief was calculated
as mean catchment altitude minus minimum altitude, i.e., 258 m and 152 m for Fueva Baja and Natiella,
respectively. It turns out that the Fueva Baja catchment denudation rate (47.3 ± 4.4 mm kyr−1 ) represents
a typical example of a middle European mountain catchment whereas the Natiella subcatchment
(96 ± 9.8 mm kyr−1 ) plots between middle European and alpine catchments. To which extent individual
catchment size and local relief represents an important scaling factor in the Valle de la Fueva has not
been clarified due to the limited number of samples and because bedload material in the remaining
(sub-) catchments was not suitable for 10 Be analyses due to the lack of quartz. Besides local differences
in basin slope and relief [66,67], the catchments’ different base level histories and sediment residence
times may exert a principle control on the inconsistent catchment erosion rates. The Natiella catchment
is an open lateral tributary catchment of the Río de la Nata that drains the Valle de la Fueva Alta and
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is directly base level connected to the main river Cinca. In the Valle de la Fueva Baja, however, late
stage fluvial incision and sediment transfer towards the Cinca is controlled (and potentially delayed)
by a narrow outlet canyon with prominent bedrock knickpoints [18]. This implies that the sediment
residence time in the Fueva Baja could be significantly longer than in the smaller and steeper Natiella
subcatchment. Moreover, as for the Natiella catchment, base level lowering at the Fueva Alta outlet
would have much more immediate effects, triggering rapid fluvial incision and sediment transfer to
the Río de la Nata and Cinca River, respectively (Figure 2). This reasoning is in accordance with the
“apparent” exposure ages and 10 Be concentrations measured in the outlet bedload samples (Table 5).
Hence, it can be inferred that on a 10–20 kyr timescale sediment routing and internal sediment residence
time in the Valle de la Fueva are non-uniform.
4.3. Eroded Sediment Volumes
As inferred from 10 Be exposure data, morphogenetic relationships, and the resulting paleo-topographic
reconstructions [18], post-LGM erosion and sediment fluxes in both the Valle de la Fueva Alta (c. 100 km2 )
and in Valle de la Fueva Baja (c. 90 km2 ) were calculated from the missing (eroded) volumes with respect to
the reconstructed Late-MIS 2 paleo-topography (i.e., the total excavated volume under the pediments). With
the aid of field maps, absolute dating, and digital terrain analyses, topographic reconstructions were
carried out in ArcGIS. Starting from interpolated polygon and point data, feature outline vertices from
isolated remnant hills, pediments, and prominent barranco cut-bank cliffs (Figure 2), were extrapolated
in order to produce interconnected Late-MIS 2 paleo-surfaces across the Valle de la Fueva (Figure 3).
GIS-based raster calculations yielded missing (eroded) sediment volumes of 1.5463 km3 on an area
of 47.43 km2 for the Valle de la Fueva Alta, and 1.7411 km3 on 52.01 km2 for the Valle de la Fueva Baja,
i.e., c. 3.3 km3 sediment loss on c. 100 km2 in total under the pediments. This corresponds to relatively
consistent eroded sediment thicknesses of 32.60 m for the Valle de la Fueva Alta and 33.48 m for the
Valle de la Fueva Baja. The reported eroded sediment thicknesses are spread out over areas affected
by significant erosion as shown in Figure 5. This includes incised reaches, degraded slopes and
pediment domains, and badland areas. Accepting the established abandonment of pediment surfaces
and the onset of fluvial dissection around 18 ka [18], eroded thicknesses can be converted into Late
MIS 2–Holocene erosion rates of 1811 mm kyr−1 for the Valle de la Fueva Alta and 1860 mm kyr−1
for the Valle de la Fueva Baja. Excavated volumes and deduced erosion rates obtained for the Valle
de la Fueva, however, can only serve as a first approximation due to uncertainties associated with
the reconstructed Fueva Baja paleo-topography. Uncertainties include unconstrained initial cover
sediment thicknesses, limited chronological control points, and potential inaccuracies owed to the
scarce elevation reference points in the lower Fueva Baja catchment where only a few pediment
remnants are preserved (Figure 2). Since quantification of uncertainties related to unpreserved
sediments and features is difficult and largely speculative, the calculated missing volumes should
be regarded as minimum estimates. Figure 6 shows the extent of areas affected by erosion since
the rapid abandonment of extensive pedimentation plains (cf. black shades) after the Last Glacial
Maximum; e.g., [18]. ‘Eroded domains’ hereby refer to areas characterized by volume net loss between
the present-day DEM and the extrapolated paleo-topography. The principal late stage erosion phases
were tentatively reconstructed based on TCN/OSL age constraints and morphogenetic classifications
of syn/late-glacial glacis-pediment-units, Holocene badlands and degraded slopes, and late-Holocene
terraces [18]. While early Holocene erosion phases are not well established (cf., grey shades), new OSL
dating of the lowermost terraces in the Valle de la Fueva enable a first confinement of the magnitudes
of late Holocene fluvial erosion (cf. Figure 6, pink shades). Eroded volumes were calculated at 0.01 km3
on an area of 4.6 km2 since approximately 4 ka, i.e., 2.17 m eroded thickness and an associated erosion
rate of 543.5 mm kyr−1 . The orders of magnitudes in difference between late Holocene erosion and
the total volumes excavated since Late-MIS 2 indicate that most of the sediment was excavated and
transferred to the main channel Cinca in response to the last major climate transition and establishing
Holocene interglacial conditions.
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5. Discussion
Despite the limited number of successful OSL samples, corrected ages (Table 4) serve as a first
approximation of the age of late stage tributary terraces in the Valle de la Fueva. The three consistent
sediment burial ages obtained for the fluvial-cut terrace at sampling site 3 (Figure 2, Table 4) gave
us confidence that the latest fluvial downcutting episode recorded by the Fueva tributary terraces
(2–4 m a.f.; Figure 4) happened relatively recently, after 3–4 ka. Furthermore, the last (lateral) light
exposure of clast 3304-06 left (Table 4) was measured as 16 ± 4 ka, giving some additional evidence for
surface erosion and sediment transport at that time, e.g., [18]. Similar conclusions could be drawn
from clast 3305-05 top (Table 4; location 4, Figure 2), which was last exposed to daylight at 96 ± 7 ka,
around the onset of the last cold climate cycle. OSL ages thus extend the established 10 Be chronology
of Stange et al. [18] and provide additional chronological constraints on the latest incision phase in the
ravines of Valle de la Fueva Alta after 3–4 ka.
With respect to radiometric terrace chronology of the main river Cinca [19], the latest fluvial
incision phase recorded by the lower terraces scarps in the ravines of Valle de la Fueva is linked
presumably to the downcutting of the youngest Quaternary terrace of the Cinca, i.e., ‘Qt’ 10, c. 0.8 ka [19].
This indicates that base level lowering at the Río Cinca is a major driver of incision in the tributary
rivers, at least in the base level adjusted Valle de la Fueva Alta [18], and yet, since OSL rock surface ages
actually denote the timing of sediment transport and burial prior to the formation of the fluvial-cut
terrace features, substantial sediment routing and bulk deposition in the Valle de la Fueva must have
happened earlier, at or before 3–4 ka.
This supports our previous findings that headwater catchment archives provide a much more
detailed picture on surface process response to environmental changes than it is recorded in large
scale fluvial systems like the Cinca River. The reason is that surface processes in the Valle de la Fueva
headwater catchments are caused directly by in situ runoff and discharge fluctuations in response
to local precipitation and environmental conditions [18]. This includes that changes in vegetation
cover constitute an important parameter for sediment routing and erosion in the basin. Regional
palynological data from the southern Pyrenees denote expansive steppe communities under cold and
dry climatic conditions until approximately 15 ka [68–70]. Surface levelling and denudation in the
Valle de la Fueva, e.g., formation of pediments and glacis cover sediments, Ref. [18], was thus facilitated
by an open vegetation cover. During the Bölling-Allerød-Interstadial, grass and steppe taxa declined
and birch and pine trees became more abundant [68]. The expansion of forest communities during
early Holocene warming in turn enhanced the resistance of the catchment to surface denudation and
significantly delimited erosion pathways in the Valle de la Fueva, forcing linear fluvial erosion along
the gullies and ravines. In this process large volumes of sediment were excavated and subsequently
aggraded in the lower catchment areas. This is in line with López-Tarazón et al. [16] who investigated
recent sediment transport in the adjacent highly erodible Isábena catchment and found that sediment
storage increases towards the lower catchment areas. The isolated, flat-topped remnant hills and
planation surfaces in the upper catchments, instead, remained protected from further degradation
due to rapid expansion of stabilizing, dense forest communities on the shallow (mantled) pediment
slopes. Around 4500–3900 cal yr BP [71], a significant decrease in arboreal pollen was recorded in
the sedimentary sequence from Base de la Mora Lake which is situated at 1914 m a.s.l., about 10 km
NE of the Valle de la Fueva. This period coincides with the mid Holocene “Thermal Maximum”
(7500–4000 cal yr BP), which is marked by increased forest fires and intense flood episodes in the
western Mediterranean region [72,73]. This provides a plausible explanation for Holocene sediment
(re-) mobilization and erosion in the Valle de la Fueva and corroborates the OSL burial ages presented
in this paper. Late stage fluvial downcutting and terrace formation in the Valle de la Fueva after
3–4 ka may in turn be linked to a climate-triggered increase in regional flood magnitudes between
3000–2000 cal yr BP [73], and/or to growing anthropogenic pressure, intensification of agriculture,
and forest management after 1700 yr BP [74].
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Considering the orders of magnitudes in difference between late Holocene erosion and the total
(minimum) volumes excavated since Late-MIS 2 (cf. Section 4.3), one gets a glance of the profound
landscape changes and dramatic erosion phases that occurred in the course of the last major climate
transition at the onset of the Holocene. Although the timing of individual events remain uncertain,
associated erosion waves must have rapidly propagated across the highly erodible Fueva headwater
catchments once the extensive pediment-glacis were undermined and an initial network of rills and
gullies was established [18]. Post-LGM sediment fluxes of in the 190 km2 Valle de la Fueva drainage
basin (i.e., > 3.3 km3 ) and in the several subcatchments (cf. 4.3) are consistent with previous findings of
a strong correlation between sediment flux and mountain catchment size [28] indicating that intra-basin
sediment storage is generally low and sediment is delivered quickly to the main river. This is in line
with previous research on the adjacent highly erodible Isábena catchment in the southern Pyrenees
where in-channel sediment storage is only about 5% [16].
10 Be catchment denudation rates in the Valle de la Fueva were relatively low for a highly
erodible drainage basin. Since 10 Be was measured from quartz, they are only valid for homogeneous
quartz-bearing lithologies within the catchments. This was the case for the upstream catchment areas
of the Valle de la Fueva Baja and the Natiella subcatchments, which was chosen as target catchments.
However, taking into account the generally large proportion of highly erodible sediments and marls
across the lower catchment areas, 10 Be catchment erosion rates were likely underestimated and should
be regarded as minimum estimates. Nevertheless, they were comparable to arid region drainage basins
and plot around the median of global drainage basin (10 Be) denudation rates (i.e., 54 m My−1 , [67]).
Regionally, they represented a typical example of Iberian mountain catchments with denudation rates
having the same order of magnitude as in the northern Pyrenees (e.g., 100 mm kyr−1 , [75]) and in
catchments of the Betic mountain chain (e.g., 14–246 mm kyr−1 , [66]). In addition, averaged 10 Be
catchment denudation rates of 0.014 g cm−2 yr−1 (cf. Table 5) for the Valle de la Fueva have the
same order of magnitude as the modern mean sediment yield in the adjacent Isábena catchment of
0.058 g cm−2 yr−1 [16]. Since sediment yield typically increases with catchment size, the much larger
Isábena basin area (445 km2 ) compared to the 190 km2 of La Fueva, explains the much higher sediment
delivery of the Isábena catchment with respect to the Valle de la Fueva. The measured 10 Be catchment
denudation rates thus clearly reflect a present-day situation with limited informative value as to the
magnitudes of sediment fluxes during erosion phases in response to the last major climate transition
and the early Holocene.
Instead, eroded sediment volumes derived from paleo-topographic reconstructions give useful
insight into the magnitudes and variability of sediment fluxes over time, even though their accuracy
may be deficient depending on the preservation of geomorphic features and associated age controls.
Volumetric calculations for the excavated sediments in the Valle de la Fueva main catchments yield
comparable values of 32.60 m and 33.48 m eroded sediment thickness for the Fueva Alta and Fueva
Baja catchments since the abandonment of pediment surfaces at the end of MIS 2. This corresponds to
erosion rates of 1811 mm kyr−1 and 1860 mm kyr−1 , respectively, which is about 20–40 times higher
than the 10 Be catchment-wide erosion rates (cf. Table 5). With regard to the existing physical evidence
and spatial-temporal constraints for the volumetric erosion rates, they represented a much better
approximation of the actual magnitudes of erosion phases in the course of the major climate transition
at the end of MIS 2. As for the calculations of late Holocene eroded sediment thickness (i.e., 2.17 m on
~4 kyr) and respective erosion rates (543.5 mm kyr−1 ), rates were in good agreement with recent values
from the adjacent Isábena catchment [16,17], and they depicted reasonable values for Mediterranean
highly erodible mountain catchments [17,66,75]. We therefore conclude that catchment erosion rates
based on time-dependent paleo-topographic reconstructions and absolute dating adequately reflect the
magnitudes of paleo-environmental changes, whereas 10 Be catchment erosion rates are more useful for
longer averaging time scales and steadily eroding landscapes.
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6. Conclusions
This study has shown that mountain headwater catchments were excellent terrains for investigating
the direct effects of climate change on surface processes and landscape evolution. In combination,
morphogenetic mapping, DEM-based paleo-topographic reconstructions, and absolute exposure/burial
dating of rocks and sediment sequences were a useful tool set for assessing and quantifying erosion
processes in intramontane drainage basins. Most strikingly, non-glaciated mountain catchments like
the Valle de la Fueva had distinct cold- and warm-climate geomorphic features preserved whose
morphogenetic development reflects contrasting paleo-environmental conditions, even across major
climate transitions.
Considering previously published 10 Be exposure ages of Stange et al. [18], a (late stage) catchment
erosion model for the Valle de la Fueva comprised of the following development stages: (i) Formation
of extensive pediment-glacis complexes and lasting surface denudation under cold-climate conditions
from MIS 4–2, (ii) rapid fluvial dissection and downcutting of ravines during the last major climate
transition and establishing interglacial conditions, (iii) substantial sediment routing towards the basin
depo centers caused by intense flood episodes and frequent forest fires in response to the mid Holocene
“Thermal Maximum”, and (iv) late stage fluvial incision after 3–4 ka due to climate-triggered increased
flood magnitudes in the region and/or intensification of agriculture and forest management.
The analysis of topography, erosion patterns and sediment fluxes in the Valle de la Fueva
indicated that the styles and magnitudes of surface processes in headwater catchments were directly
correlated with the amplitude and nature of climate change, modified by the specific interplay
of environmental parameters like, for instance, bedrock and surface lithology, local precipitation,
base level lowering, vegetation dynamics, and land use. In contrast to large-scale fluvial systems,
mountain headwater catchments were much less afflicted with temporal and spatial averaging
biases, allochthonous discharge, and sediment input. Methodologically, erosion rates based on
paleo-topographic reconstructions combined with absolute dating were proven to produce better
approximations of the actual magnitudes of late-stage erosion phases than averaged catchment-wide
10 Be erosion rates. Our study has shown, that non-glaciated headwater catchments were useful targets
for investigating environmental changes and direct surface process response to major climate change
and extreme climatic events. By nature, climate regimes are characterized by long-term cyclicity
and short-term non-linearity, the latter of which has been shown to be a major factor in landscape
development in the southern Pyrenees. Despite being somewhat underrepresented in fluvial system
research, non-glaciated mountain headwater catchments like the Valle de la Fueva provide important
insight into the direct coupling and non-linearity of surface processes in Quaternary fluvial systems.
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