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A B S T R A C T   

Extreme floods are anticipated to become more frequent in a future warmer climate. However, the long-term 
alterations in flood patterns across different regions of Europe remain unclear. In this study, we present a 
15,000-year record of extreme floods in the Duero River, located in the southwestern Atlantic region. We ana
lysed slackwater flood sediments, quantified the discharge and timing of individual flood beds over millennial 
time scales, and identified their potential climate influences. The composite record includes at least 62 floods 
grouped into ten flood-rich periods (with an average duration of 230 years). A high-frequency phase of moderate- 
magnitude floods (>10 events) occurred at ~11.6–11.5 ka, following a period of reduced flood activity during 
the Younger Dryas. Similar clusters of Early Holocene floods (10.8–10.3 ka, 9.5 ka) coincided with or preceded 
meltwater pulses from the North Atlantic. The absence of palaeoflood records with discharges exceeding 6100 
m3/s during the Mid-Holocene suggests a decline in winter hydro-meteorological extremes. High flood magni
tudes were recorded during transition periods toward cooler and wetter conditions at 4.4, 2.3, 0.5, and 0.11 ka 
with discharges ranging from 7600 to 10,000 m3/s. These periods were interpreted as indicative of a southward 
shift in cyclone tracks in Europe driven by negative phases of the North Atlantic Oscillation (NAO). Conversely, 
flood magnitudes decreased during past warmer climate conditions (1.7 ka, 0.9 ka, and the present), although 
flood frequency remained high. The current decline in flood frequency reflects an increase in flood regulation due 
to dams, but it is also consistent with the prevailing positive trend in the NAO observed over the last 40 years.   

1. Introduction 

Climate change is expected to modify future flood patterns on a 
global scale, though regional and local projections remain highly un
certain (Jiménez Cisneros et al., 2014; Kundzewicz et al., 2014). This 
uncertainty is amplified when it comes to rare and extreme floods, as 
their infrequency often exceeds the duration of instrumental hydrolog
ical records (Baker et al., 2022). Notably, recent unprecedented cata
strophic floods are now referred to as super-extreme floods in the 
context of climate change. For instance, the exceptional flood on the 

River Ahr in Germany in July 2021 was four to five times larger than the 
largest recorded flood since 1946 (Mohr et al., 2022). However, the 
magnitude and spatial extent of the 2021 flood were similar to the 
pre-instrumental July 1804 flood, as estimated from historical markers 
(Roggenkamp and Herget, 2014, 2022). 

Hence, the perception of an extraordinary flood event depends on the 
temporal scale and socio-economic impacts, with the latter often asso
ciated with increased human settlement density in flood-prone areas in 
recent decades. The 2021 flood serves as an illustration of the impor
tance of understanding extreme event patterns from a long-term 
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perspective, beyond their multi-decadal variations. In this regard, in
formation gleaned from past floods has become a crucial source of data 
for quantifying the connections between extreme event patterns, long- 
term frequency analysis, natural climate variability, and, therefore, for 
anticipating future climate change impacts (Baker et al., 2022). 

Long-term palaeoflood datasets can be derived from a variety of 
natural archives, including lake sediments (e.g., Corella et al., 2016; 
Schillereff et al., 2016; Wilhelm et al., 2019; Corella et al., 2021), spe
leothems (e.g., Denniston and Luetscher, 2017; Feinberg et al., 2019; 
Gonzalez-Lemos et al., 2015), botanical evidence (Yanosky and Jarrett, 
2002; Ballesteros-Cánovas et al., 2015), and fluvial deposits (Baker, 
1987; Greenbaum et al., 2014). Sedimentary records from lakes, spe
leothems, or botanical evidence can provide continuous flood records, 
although they certainly pose challenges when attempting to derive 
quantitative discharge data for specific floods (Ben Dor et al., 2018; 
Noren et al., 2002; Wilhelm et al., 2018) or when they are limited in time 
to the last few centuries (Wilhelm et al., 2019). In contrast, flood beds 
deposited in bedrock fluvial reaches with stable and confined geometries 
are well-suited for quantitative long-term flood discharge estimates 
based on stage-discharge relationships (Baker and Kochel, 1988; Benito 
et al., 2020). However, fluvial palaeoflood records can exhibit bias to
ward recent times due to erosion caused by rare and extreme floods 
(Baker, 2008; Lewin and Macklin, 2003). 

A major limitation in palaeoflood hydrology studies lies in the 
preservation of long-term depositional evidence. In confined rivers, 
flood deposits typically occur in discontinuous overbank sequences 
(benches), sediment pockets on slopes and within rock shelters with a 
limited number of flood beds. Furthermore, the preservation of flood 
sediments in fluvial systems depends on the climatic, geological and 
physiographic regional context which in turn influences the type of the 
information and the temporal extent of the record (O’Connor et al., 
2002). As a result, only in a few rivers worldwide have been documented 
continuous and homogeneous flood records spanning the last glacial 
termination and current interglacial period (e.g., Benito et al., 2003b; 
Ely et al., 1996; Enzel, 1992; Li and Huang, 2017; Liu et al., 2015; 
Sridhar, 2007; Yang et al., 2000; Zhou et al., 2016). Reconstructing 
hydrological extremes within specific river basins provides a foundation 
for a robust and consistent characterisation of flood responses to 
climate, both temporally and spatially. Such analogues play a critical 
role in understanding recent and future flood patterns in the context of 
global change (Benito et al., 2021; Baker et al., 2022). 

The analysis of extensive fluvial databases has enabled the recon
struction of long-term Holocene fluvial dynamics in Europe (Macklin 
et al., 2006; Jones et al., 2015). Through meta-analyses, the spatial and 
temporal distribution of flood-rich periods has been attributed to 
changes in atmospheric circulation patterns (e.g., Benito et al., 2015b). 
In the southwestern European region, existing flood records suggest that 
flood-rich periods coincided with transitions to cooler and wetter con
ditions, leading to a southward shift of westerlies (Benito et al., 2015c). 
These atmospheric conditions are primarily influenced by the North 
Atlantic Oscillation (NAO), which relates to the distribution of high and 
low sea level pressure between the Azores and Iceland (Hurrell, 1995). 
During winter, a negative NAO phase signifies a reduced pressure dif
ference between the Icelandic low and the Azores high, resulting in 
weaker westerly winds and a southward shift of cyclonic tracks towards 
the Iberian Peninsula (Salgueiro et al., 2013; Trigo et al., 2004a). This 
negative NAO phase typically coincides with the occurrence of winter 
blocking episodes in the North Atlantic, featuring a pronounced surface 
air temperature anomaly characterized by a “warm ocean/cold land” 
pattern (Shabbar et al., 2001; Trigo et al., 2004b). In contrast, a positive 
NAO phase implies stronger westerly winds and a cyclonic circulation 
that brings wetter conditions to northern Europe and drier weather to 
southwestern Europe (Trigo, 2006). The variability in NAO explains the 

spatial distribution of precipitation, seasonal river discharge, and flood 
occurrence across much of western Europe (Hurrell, 1995; Stanev and 
Peneva, 2001; Rimbu et al., 2002; Trigo et al., 2004a; Lorenzo-Lacruz 
et al., 2011; Benito et al., 2015b,c). 

Previous studies have identified persistent modes of NAO phase 
(positive or negative) on decadal, interdecadal, centennial, and even 
millennial time scales (e.g., Hurrell, 1995; Visbeck et al., 2001; Trouet 
et al., 2009; Baker et al., 2015). Various forcing mechanisms have been 
proposed to explain this non-stationarity, including changes in the 
meridional pressure gradient (Zveryaev, 2006), the strength of the 
thermohaline circulation (Thornalley et al., 2009), variations in solar 
activity (Gimeno et al., 2003), and meltwater pulses and their feedback 
with the NAO (Olsen et al., 2012). These longer-term variations in the 
NAO have significant implications for climate and weather patterns in 
the North Atlantic region and beyond (see section 5.4). 

While analyses based on fluvial metadata have provided valuable 
insights into long-term flood-climate relationships in Europe (e.g., 
Macklin et al., 2006; Benito et al., 2015c), they suffer from discontinuity 
and temporal constraints, leaving a gap in our understanding of 
multi-decadal to centennial flood responses to climate in large river 
basins. Therefore, local records of extreme floods within large river 
catchments are essential to identify changes in weather patterns that 
lead to floods over multiple natural climate cycles, such as extratropical 
cyclones and atmospheric rivers. This knowledge would provide a high 
level of confidence in predicting which climate modes might trigger 
catastrophic floods in near-future scenarios. 

In this context, we present a 15,000-year record of extreme floods in 
one of the largest river catchments in southern Europe, the Duero/Douro 
River. Our study includes the reconstruction of peak discharge and the 
timing of individual flood events over millennial time scales. We com
plemented sedimentary evidence from slackwater flood deposits (SWDs) 
with available pre-instrumental data covering the last 500 years, 
including flood marks and descriptive accounts of past flood levels 
(Iberduero, 1953, 1956; Silva and Oliveira, 2002; Benito et al., 2021). 
Building upon this analysis, we aim to contribute to the ongoing dis
cussion on flood-climate relationships by addressing the following 
research questions:  

(a) What is the impact of centennial-scale climate variability (warm/ 
cold) on flood magnitude and frequency?  

(b) What are the potential paleoclimate drivers, and how do they 
influence centennial to millennial flood patterns?  

(c) Can we use past hydroclimatic periods during the Holocene as 
analogues for near-future scenarios within the context of a 
warming climate? 

2. Study area 

2.1. Duero River catchment 

The Duero is one of the three major rivers of the Iberian Peninsula 
flowing east-west for 897 km from the Spanish plateau into the Atlantic 
Ocean at Porto (Portugal). It is the largest river in the Iberian Peninsula 
in terms of catchment area (98,074 km2), of which 78,859 km2 are in 
Spain (~80%) and 19,215 km2 in Portugal (Fig. 1). Most of the rainfall is 
produced by Atlantic frontal depressions from November to April. On 
the western side, the orographic effect and the influence of the ocean on 
the climate produce an average annual rainfall of 1175 mm in the lower 
Douro (Portugal). In the Spanish Duero basin, the mean annual rainfall 
is 580 mm, with a high inter-annual variation of 350 mm–800 mm 
(+/− 40%). Similarly, the maximum daily rainfall on the Portuguese 
Douro catchment can reach 200 mm, while in the Spanish Duero it varies 
between 60 and 100 mm. 
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Geologically, the Duero catchment comprises two regions. The 
eastern (Spanish) sector is formed by detrital and evaporitic rocks cor
responding to the Cenozoic continental basin (~50,000 km2, Alonso-
Zarza et al., 2002). This basement is covered partially by Quaternary 
alluvial fans and fluvial terraces, with a stair-like landscape resulting 
from episodic river incision after the onset of the exoreic basin condi
tions (Martin Serrano, 1991; Rodríguez-Rodríguez et al., 2020). The 
western sector (Spanish-Portuguese fringe and Portuguese domain) is 
composed of Palaeozoic metamorphic and granitic basement rocks, 
where the river network is entrenched, forming confined fluvial valleys. 
Downstream of Zamora, the Duero River flows along a 120 km long 
canyon deeply incised up to 500 m into the adjacent peneplain, a 
polygenic erosional surface dated to the end of the Miocene (Marino 
Alfonso et al., 2018). The Duero River bedrock canyon forms the 
boundary between Spain and Portugal for 112 km and the Duero/Douro 
International Natural Park, also known as Los Arribes in Spain (Fig. 1). 
The confluences of three major tributaries, the Esla, Tormes and Agueda 
rivers, are located along this international stretch. 

The incision of the Arribes canyon has been interpreted as a dia
chronous process (Martin-Serrano, 1991) that started during the Late 
Miocene-Early Pliocene in a post-orogenic context, when the Cenozoic 
continental basin became connected to the Atlantic Ocean (Santisteban 
et al., 1996). An examination of longitudinal profiles within the Duero 
drainage network (Struth et al., 2019) reveals a significant knickpoint at 
655 m above sea level (a.s.l.) at the entrance to the Arribes canyon. This 
knickpoint divides the catchment into a mid-lower western section with 
minor knickpoints (proto-Duero) and an upper eastern section that ex
tends over the Cenozoic sedimentary infill. 

According to Antón et al. (2012), the bottom 200–300 m of fluvial 
incision in the lower Arribes canyon occurred at an average rate of 2–3 
m/ka over the last ~100 ka, as determined by cosmogenic exposure 
dating. Note that cosmogenic exposure dating assumes no post-fluvial 
erosion of the dated surfaces, so the calculated exposure age repre
sents a minimum age, and the incision rate reflects a maximum rate 
(Schaller et al., 2016). Downstream of the Arribes canyon (at Pocinho, 
see Fig. 1), Cunha et al. (2019) derived a mean incision rate of 1.40 m/ka 
based on two OSL dates from the younger T1 alluvial terrace (~13 ka). 
In the Tormes River, within the Cenozoic basin in Salamanca, Goy et al. 
(2019) calculated incision rates of 0.08 and 0.25 m/ka for the Late 
Pleistocene and Holocene periods, respectively. In section 5.1, we 
describe the evidence for channel incision within our study reach, and 
discuss about the implication of the river incision in the palaeoflood 
discharge estimates. 

2.2. Modern flood hydrology 

Duero River floods typically are associated with persistent winter 
rainfall (days to weeks), combined with snowmelt from tributaries 
draining the high mountain reliefs of the Gredos (Central System) and 
the Cantabrian Mountains. The contrasting rainfall patterns between the 
Spanish Duero and the Portuguese catchment sectors give rise to large 
differences in the flood hydrographs and flood peaks along the inter
national Duero/Douro reach, producing a clear inflection point at the 
lower stations (Fig. 2b). For example, the 1962-flood recorded a peak of 
15,700 m3/s at Régua, Portugal (Silva and Oliveira, 2002), whereas at 
Zamora (Villachica station, Spain), just upstream of the Duero gorge, the 

Fig. 1. a) Location map of the Duero River catchment within the Iberian Peninsula and the other major river basins draining to the Atlantic Ocean. b) Relief map of 
the NW Iberian Peninsula and the boundary of the Duero catchment, the main river network and cities. The rectangle shows the location of (c). c) Hillshade map of 
the international section of the Duero/Douro River along the border between Spain and Portugal. The study reaches are located (1) downstream of the Bemposta dam 
and (2) downstream of the Saucelle dam. Also shown are the locations of gauge stations and sites with important hydroclimatic proxy records, Lake Sanabria 
(Jambrina-Enríquez et al., 2014, 2016) and marine core MD95-2040 at the Iberian margin (de Abreu et al., 2003). 
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discharge was only 1730 m3/s (Benito et al., 2021). The peak discharges 
of the Duero, recorded at Porto and Régua, are among the highest ab
solute largest discharges of European rivers (Benito et al., 2015a; Pardé, 
1967). High discharge is explained by a combination of factors, 
including the advection of humid air masses penetrating inland, 
mountainous relief that reduces the concentration time, and impervious 
geology (igneous and metamorphic rocks). In contrast, the Duero River 
in Spain flows through an open valley with a well-developed floodplain 
and underlying detrital carbonate lithology. Thus, there is a significant 
contrast in flood volume between these regions, with peak flows 
increasing along the International Douro/Duero River canyon where 
several major tributaries (Esla, Huebra and Tormes) converge. In the 
upper International Duero sector, the maximum flood discharges in the 
instrumental record (1917–2022) from Puente del Pino (Spain), 
Miranda do Douro and Sendim (Portugal) were 6960 m3/s in 1939 and 
7300 m3/s in 1962 (Fig. 2a). A previous large historical flood occurred 
in 1909 with an estimated discharge of 7700 m3/s. 

2.3. Documentary floods 

The most complete historical flood archives of the Duero River have 
been documented in the urban areas of Zamora (Spain), Régua, Vila 
Nova de Gaia and Porto (Portugal). In Zamora, 69 flood events have 
been documented for the period 1511–1871 (Benito et al., 2021). The 
temporal distribution of floods shows a number of periods of increased 
flood frequency, namely during 1600–1640, 1730–1750, 1770–1790 
and 1880–1910. In the 20th century (gauge records spanning 
1917–2023), the frequency of extraordinary floods increased in the 
period 1935–1966. In Zamora, the largest floods of the last 500 years 
occurred in 1860 (3450 m3/s), 1597 (3200 m3/s), and 1739 (2700 
m3/s). These flood discharges were greater than those recorded in the 
early gauge readings (Porvenir station, largest in 1895–2380 m3/s) and 
in the Carrascal (Zamora) gauging station (largest in 1960–2360 m3/s). 

In the lower Douro River in Portugal documentary floods have been 
reported mainly in Régua and Porto (Aires et al., 2000; Alcoforado et al., 
2021; Amorim et al., 2017; Loureiro, 1904). In Régua, Silva and Oliveira 
(2002) compiled flood levels and estimated discharges of extreme floods 
since 1727, the largest one occurred in 1739 with a discharge of 18,000 
m3/s. In Porto the 1739 flood was estimated at 19,000 m3/s (Daveau, 
1988). The second and the third largest recorded floods are those of Dec. 
1909–16,700 m3/s and the Jan. 1962–15,700 m3/s, respectively, with 
flood depths of 20–25 m in Régua and 10–12 m in Porto (Daveau, 1978; 
Silva and Oliveira, 2002). Flood-rich periods have been identified in the 
periods 1770–1790 and 1850–1880, dominated by generally wet winter 
years (Alcoforado et al., 2021; Amorim et al., 2017). 

2.4. Synoptic weather conditions linked to extreme precipitation and 
flooding 

Synoptic weather patterns leading to extreme rainfall in the Duero 
catchment are closely linked to the presence of an intense cyclonic 
anomaly, which typically extends into the mid-Atlantic Ocean (Cortesi 
et al., 2013). The cyclonic trajectory toward southern Atlantic Europe 
tends to occur during negative phases of the North Atlantic Oscillation 
(Lorenzo-Lacruz et al., 2011; Trigo, 2006), as well as during winter 
blocking episodes that alter the jet stream and the location of maximum 
cyclonic activity (Trigo et al., 2004a). Additionally, many of the most 
substantial peak flows observed in Iberian Atlantic catchments are 
associated with the influence of intense atmospheric rivers (ARs). These 
are transient and narrow corridors, approximately 300 km wide, 
responsible for transporting poleward water vapor ahead of the cold 
front of an extratropical cyclone (e.g., Ballesteros-Cánovas et al., 2019; 
Liberato et al., 2013; Ramos et al., 2015; Trigo et al., 2014). For 
instance, catastrophic floods such as those in December 1909 in the 
Duero River (Benito et al., 2021; Pereira et al., 2016) and December 
1876 in the Guadiana River (Trigo et al., 2014) were triggered by epi
sodes of atmospheric rivers over the North Atlantic sector. 

2.5. Study reaches 

The international reach of Duero-Douro River is characterized by a 3 
m/km channel slope to connect the Cenozoic Duero Basin with the 
Portuguese lowlands. This bedrock canyon contains seven dams built 
between 1940 and 1960. We selected two study reaches in the Inter
national Duero River located between the dam wall and the tail of the 
downstream reservoir (Fig. 1). 

The 7 km long Bemposta reach is located between the Bemposta dam 
(Portugal) and the tail of the Aldeadavila reservoir, next to Vilariño 
(Spain). In this reach, the Duero River drains a catchment area of 70,960 
km2. Here, the Duero River valley is cut into the bedrock, forming an 
escarped canyon with a depth of ~200-m and a width of 45–135 m. The 
Bemposta reach is constricted in its most downstream sector, creating a 
backwater effect on the upstream valley expansions. 

Slackwater flood deposits have accumulated in these canyon ex
pansions, including the widest one at the Tormes River confluence, with 
space for deposition and long-term preservation conditions for these 
sedimentary features. The slopes of the Duero valley are cultivated, with 
olive trees on the Portuguese side, whereas the Spanish slopes are mostly 
covered with shrubs and scattered trees. Nevertheless, in the past the 
Spanish region was also known for the extensive cultivation of vinyards 
on gentle slopes and olive trees on steep slopes (Morán-Tejeda et al., 

Fig. 2. a) Annual daily maximum discharges (1917–2022) of the Duero River upstream of the Tormes River confluence compiled from Puente del Pino, Miranda and 
Sendim gauge stations (see locations in Fig. 1). b) Hydrographs of the 1962-flood at different gauge stations along the river. Note the sharp increase in flood peak and 
volume in Miranda at the Duero/Douro gorge and along the downstream locations (Pocinho, Régua and Porto) (after Daveau, 1988). 
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2012). 
The Saucelle reach is 1.3 km long and is located between Saucelle 

(Spain) and Freixo (Portugal), 400 m downstream of the confluence of 
the Huebra and Duero rivers (Fig. 1). Here the Duero River drains a 
catchment area of 75,031 km2, and the river channel is 150 m wide, 
entrenched in a 300 m deep bedrock canyon. Most of the palaeoflood 
sediments are deposited on the left margin (Spanish side), forming a 
narrow bench in the lee side of a granite outcrop. 

3. Data sources and methods 

3.1. Documentary and historical gauged records 

A compilation of the largest documentary floods was obtained from 
published datasets, namely at Zamora (Benito et al., 2021), Régua (Silva 
and Oliveira, 2002) and Porto (Alcoforado et al., 2021; Amorim et al., 
2017; Daveau, 1978). In the study reaches, flood water levels were 
documented from technical reports related to the Saucelle and 
Aldeadávila dams (Iberduero, 1953, 1956). The epigraphic marks (flood 
levels) and description of the areas affected by flooding from these re
ports allow estimation of a relative magnitude of the largest historical 
floods and/or the peak discharge for specific floods at the study sites. 

3.2. Palaeoflood stratigraphy 

Aerial photography and field reconnaissance allowed the identifi
cation of the best sections for detailed stratigraphic and sedimentolog
ical descriptions to compile palaeoflood records. Slackwater flood 

deposits were preserved in stratigraphic sequences within benches on 
the valley sides the elevations of which were used as palaeostage in
dicators (Kochel and Baker, 1982). Detailed stratigraphic description 
and sampling for geochronological and textural analysis were carried 
out on 13 stratigraphic profiles along the Bemposta reach, and two 
profiles in the Saucelle reach. The descriptions were made for wide 
exposures, mostly excavated by backhoe or by shovel. Individual flood 
units were recognised by a variety of sedimentological indicators (Baker 
and Kochel, 1988; Benito et al., 2020) separating flood units, namely 
clay laminae at the top of a flood bed, erosive contacts, bioturbation 
indicating the exposure of a sedimentary surface, buried paleosols, clast 
from the slope, and changes in sediment colour. Sedimentary flow 
structures have been described in the flood-beds to elucidate the local 
flow dynamics during a particular flow event. 

3.2.1. Palaeoflood chronology 
The palaeoflood chronology was established from 37 Optically 

Stimulated Luminescence (OSL) dated sand samples (Table 1) and one 
radiocarbon date obtained for individual flood units. OSL dating ana
lyses were carried out in two laboratories: (1) the Radioisotope Unit of 
the University of Seville, and (2) the OSL dating facilities of the Uni
versity of Cologne. Samples were collected in the field using PVC tubes 
to avoid exposure of the sediment to light. The AMS 14C dating was 
carried out at the Spanish Accelerator Centre in Seville (CNA). Radio
carbon ages were calibrated to calendar ages using Oxcal 4.4 software 
(Ramsey, 2001) based on the IntCal20 calibration data set (Reimer et al., 
2020). 

Quartz grains with a size range of 180–250 μm were extracted from 

Table 1 
Summary of total dose rates, estimated equivalent doses derived from the OSL measurements and the resulting ages. Geographical coordinates and sampling depth of 
each sample are also given. Abbreviations used in the text: Cicutina (Ci), Dos Olivos (Do), Enebro (En), Fox (Fo), Morera (Mo), Muga (Mu), Tabanera (Ta), Teso (Te), 
Tormes (To), Vilariño (Vi).  

Sample Longitude Latitude Depth (m) Dose rate (Gy/ka) Equivalent dose (Gy) Age (ka) 

MUGA-1 − 6.478788 41.292863 2.7 3.43 ± 0.10 47.4 ± 1.5 13.8 ± 0.6 
MUGA-3 − 6.478788 41.292863 2.1 3.51 ± 0.10 29.3 ± 1.3 8.4 ± 0.4 
MUGA-5 − 6.478788 41.292863 1.3 3.13 ± 0.09 7.4 ± 0.3 2.4 ± 0.1 
TORMES-1 − 6.478347 41.293229 3.45 2.69 ± 0.08 31.3 ± 0.6 11.6 ± 0.4 
TORMES-5 − 6.478347 41.293229 2.85 2.42 ± 0.07 27.8 ± 0.8 11.5 ± 0.5 
TORMES-7 − 6.478347 41.293229 2.3 2.39 ± 0.08 22.6 ± 0.7 9.5 ± 0.4 
TORMES-12 − 6.478347 41.293229 1.65 2.17 ± 0.06 20.5 ± 0.7 9.5 ± 0.4 
TORMES-14 − 6.478347 41.293229 1.3 2.48 ± 0.07 22.8 ± 0.6 9.2 ± 0.4 
TORMES-17 − 6.478347 41.293229 0.8 2.98 ± 0.09 13.2 ± 0.5 4.4 ± 0.2 
TORMES-22 − 6.478347 41.293229 0.4 3.08 ± 0.15 6.6 ± 0.5 2.1 ± 0.2 
TABANERA-2 − 6.478657 41.293153 4.6 2.41 ± 0.09 35.9 ± 1.0 14.9 ± 0.7 
TABANERA-5 − 6.478657 41.293153 3.5 2.45 ± 0.09 30.9 ± 1.2 12.6 ± 0.7 
TABABANERA-12 − 6.478657 41.293153 2.1 3.08 ± 0.12 35.6 ± 1.1 11.5 ± 0.6 
CICUTINA-3 − 6.478499 41.293218 3.7 3.02 ± 0.13 35.0 ± 0.9 11.6 ± 0.6 
CICUTINA-7 − 6.478499 41.293218 2.4 2.69 ± 0.12 33.5 ± 1.6 12.4 ± 0.8 
CICUCUTINA-12 − 6.478499 41.293218 1.2 2.76 ± 0.10 32.7 ± 1.9 11.8 ± 0.8 
CICUTINA-16 − 6.478499 41.293218 0.5 3.32 ± 0.16 34.9 ± 1.3 10.5 ± 0.6 
FOX-1 − 6.485053 41.281784 2.5 3.84 ± 0.12 39.6 ± 2.3 10.3 ± 0.7 
FOX-6 − 6.485053 41.281784 0.6 3.20 ± 0.14 9.3 ± 0.6 2.9 ± 0.2 
ENEBRO-6 − 6.492020 41.288314 1.7 2.45 ± 0.11 3.2 ± 0.1 1.31 ± 0.07 
ENEBRO-12 − 6.492020 41.288314 2 3.13 ± 0.10 3.2 ± 0.2 1.02 ± 0.07 
ENEBRO-14 − 6.492020 41.288314 1.7 2.82 ± 0.12 2.7 ± 0.1 0.95 ± 0.05 
ENEBRO-17 − 6.492020 41.288314 1.2 3.56 ± 0.16 2.7 ± 0.1 0.77 ± 0.04 
ENEBRO-19 − 6.492020 41.288314 1 3.59 ± 0.15 1.9 ± 0.1 0.53 ± 0.03 
ENEBRO-21 − 6.492020 41.288314 0.7 3.85 ± 0.13 1.9 ± 0.1 0.50 ± 0.03 
TESO 2-1 − 6.492828 41.287276 0.7 3.83 ± 0.18 6.9 ± 0.2 1.8 ± 0.1 
VILARIÑO-3 − 6.480720 41.277510 1.2 3.02 ± 0.10 1.67 ± 0.09 0.55 ± 0.04 
DOS OLIVOS-1 − 6.814657 41.033465 0.5 3.59 ± 0.15 1.15 ± 0.08 0.32 ± 0.02 
DOS OLIVOS-2 − 6.814657 41.033465 0.6 3.78 ± 0.16 1.44 ± 0.06 0.38 ± 0.02 
DOS OLIVOS-3 − 6.814657 41.033465 1.2 3.44 ± 0.14 2.82 ± 0.13 0.82 ± 0.05 
DOS OLIVOS-4 − 6.814657 41.033465 1.5 2.85 ± 0.11 2.64 ± 0.07 0.93 ± 0.04 
DOS OLIVOS-5 − 6.814657 41.033465 1.8 3.09 ± 0.13 3.20 ± 0.11 1.04 ± 0.06 
MORERA-4 − 6.814021 41.033991 0.6 3.65 ± 0.15 1.91 ± 0.05 0.52 ± 0.03 
MORERA-6 − 6.814021 41.033991 1 2.52 ± 0.10 2.91 ± 0.08 1.16 ± 0.06 
MORERA-8 − 6.814021 41.033991 2 2.88 ± 0.12 4.31 ± 0.11 1.50 ± 0.07 
MORERA-11 − 6.814021 41.033991 2.8 3.04 ± 0.13 5.37 ± 0.11 1.77 ± 0.08 
MORERA-12 − 6.814021 41.033991 3.2 2.85 ± 0.12 6.37 ± 0.18 2.23 ± 0.11  
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the selected samples for OSL measurements. The doses accumulated 
during the burial time (equivalent doses) were measured in 40–70 small 
aliquots of several grains from each sample. These aliquots, each con
taining <20 grains, had sufficient resolution to detect extrinsic effects 
such as incomplete bleaching (Medialdea et al., 2014). Luminescence 
measurements were performed using an automated Risø OSL/TL reader 
(TL-DA 20) with a calibrated 90Sr/90Y beta source. Dose recovery tests 
were used to determine the most appropriate measurement settings and 
to verify the suitability of the method to accurately recover a given dose 
(Medialdea et al., 2014). Equivalent doses were estimated from the dose 
distributions using the Central Age Model (Galbraith et al., 1999). Data 
were reduced to limit the scatter in the dose distributions by removing 
outliers after 1.5 times the interquartile range determined for the box 

plots (Tukey, 1977). The dose populations were normally distributed, 
except for samples DOL-1 and DOL-2, which show a tail of high doses. 
This tail is most likely an indication of incomplete bleaching of the 
quartz grains. In these two samples we applied an IEU (Internal-External 
Uncertainty Criterion) minimum age approach (Thomsen et al., 2007). 

Beta and gamma dose rates were obtained from the radionuclide 
activity concentration derived from high-resolution gamma spectrom
etry measured in ~100 g of bulk material from the sediment matrix of 
each sample. The contribution of cosmic radiation was calculated ac
cording to a variable burial depth (Prescott and Hutton, 1994). Final 
dose rates were calculated using DRAC (Dose rate and age calculator; 
Durcan et al., 2015). Sampling depths, total dose rates to an infinite 
matrix, and the derived age estimates are shown in Table 1. 

Fig. 3. Orthophotograph of the Bemposta reach (year 2017) showing the locations of the stratigraphic profiles described in the text and the valley cross-sections used 
in the one-dimensional hydraulic model (HEC-RAS). The cross sections are presented on the 2 m grid DTM generated from Lidar data (provided by the Spanish 
National Geographic Institute (IGN; https://www.ign.es, last accessed: 4 May 2023) in ArcGIS. The water depths correspond to a modelled discharge of 11,000 m3/s. 
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3.2.2. Discharge estimation 
The estimation of paleoflood discharges is based on the premise that 

(1) the elevation of the top of a flood unit represents the minimum flood 
stage reached by the flood, and (2) the topographic changes of the study 
reach are minimal. In order to quantify the uncertainties in the esti
mation of peak discharge associated with long-term incision at the study 
site, we carried out a detailed field inspection to identify strath surfaces 
cut into the bedrock. Assuming that these strath surfaces represent the 
former bed level of the river channel, probably during the Holocene, we 
used the bathymetric survey to quantify the excess cross-sectional area 
and its effect on peak discharge. 

The palaeoflood stage of each flood stratigraphic unit was used to 
estimate the minimum discharge through hydraulic modelling. The 
computations were performed using the one-dimensional hydraulic - 
HEC-GeoRAS v.5 model (Hydrologic Engineering Center, 2010). The 
terrain topography was reconstructed from a 2-m grid produced from 
LiDAR data provided by the Spanish National Geographic Institute (IGN; 

https://www.ign.es). The topography of the river bed and banks was 
obtained from field bathymetric surveys and topographic maps (1:2000) 
included in the Aldeadávila dam engineering project report (Iberduero, 
1956). The topographic maps were digitised on the basis of identified 
reference points with known coordinates. Bathymetric points from 21 
cross sections (~350 m apart) were interpolated and integrated with the 
LiDAR DTM using the Spatial Analyst tools in ArcGIS v.10. The 
HEC-GeoRAS model consisted of 70 cross sections along the Duero River 
and six cross sections in the Tormes River (Fig. 3). The initial Manning’s 
n values used in the modelling were assigned from land use map classes 
(Corine Land Cover map) according to the methodological guide of the 
Spanish Flood Inundation Hazard Map (MMA, 2011). The initial n values 
were validated based on field water surface elevations of known gauged 
discharges, including the height of the 2001 flood. Manning’s n values 
were set to 0.0312 for the channel, 0.0562 for the exposed bedrock 
(rough), 0.0480 for the scattered vegetated surface and 0.0650 for the 
densely vegetated surface. A sensitivity test was carried out for a 25% 

Fig. 4. Photographs from the upper Bemposta reach. a) View towards the Duero-Tormes confluence with SWD bench surfaces and location of stratigraphic profiles. 
Note that the highest flood sediments reach 30 m above the river level. b) Sequence of 19 flood beds in the Cicutina profile and depths of OSL dating samples. Note 
the OSL age of 11.6 ka underneath ages of 12.4 ka and 11.8 ka, suggesting incomplete bleaching of the later samples. c) Detailed section of sandy flood beds in the 
Tormes profile, consisting of two sub-sequences differentiated by their colour - light brown vs. dark brown, dated in the early and Late Holocene, respectively. Note 
the horizontal contacts in the lower sequence formed by reddish clay-silt laminae at the boundaries of the flood layers. 
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variation in roughness values, indicating an error of 4–8 % introduced 
into the discharge calculations. Model calibration was performed using: 
(a) water surface elevation values along the canyon, initially based on 
elevation data reported in the dam technical report for a discharge of 
150 m3/s, and (b) water level field surveys (May 2018) at a known 
discharge. The palaeoflood sites and documented historical flood levels 
were surveyed using a Trimble differential GPS, supported by three 
geodetic survey monuments from the Spanish Geographic Institute and 
the Bemposta dam. 

4. Results 

4.1. Palaeoflood geomorphology and stratigraphy 

In this section we first describe the stratigraphy and chronology of 
flooding events in the key stratigraphic sections of the two study reaches 
(sections 4.1), followed by their discharge quantification using hy
draulic modelling (section 4.2). 

4.1.1. Bemposta-Vilariño reach 
Slackwater deposits (SWD) along the Duero River are preserved in 

thick, high-standing benches in canyon expansions and tributary 
mouths. Twelve high-resolution stratigraphic profiles were studied. 
Flood deposits were dated using optically stimulated luminescence 
(OSL) dates, and one radiocarbon date, covering the last 15 ka (Fig. 3). 

The most complete record is found at the Duero-Tormes river 
confluence, which comprises four inset SWD benches at elevations be
tween 15 and 30 m above the mean river water level (a.r.l.). The oldest 
bench (second in height) is 3–4 m thick and consists of multiple flood 
beds, each is well marked by horizontal to undulating, though 

conformable, contacts (Cicutina and Tabanera profiles; Fig. 4a). The 
Tabanera profile contains at least 17 flood beds, while the Cicutina 
profile (2 m higher) contains 19 floods (Fig. 4b and 5). The lower flood 
units (30–50 cm thick) consist of fine to medium pale sand with current 
ripples, indicating upstream flow direction, whereas the middle-upper 
flood beds (15–30 cm thick) are dominated by reddish fine to very 
fine, massive sand with frequent bioturbation marks. In these profiles, 
the repeated flood bedding is interrupted by occasional buried soils 
formed during periods of flood quiescence or small floods (Fig. 5). In the 
Tabanera profile, the oldest flood bed (Ta-02) was OSL dated at 14.9 ±
0.7 ka, overlain by seven flood beds (Ta-03 to Ta-09) dated between 12.6 
± 07 and likely 12.4 ± 0.8 ka (Ci-07), and by two flood beds (Ta-10 to 
Ta-11) with an age of ~11.5 ± 0.6 ka (Fig. 5). The upper flood cluster at 
Tabanera (Ta-12 to Ta-17) was laterally correlated with Cicutina (Ci-12 
to Ci-19), which was OSL dated at 10.5 ± 0.6 ka (Ci-16). 

In a higher flood bench, the Tormes profile is ~4 m thick and con
tains at least 23 flood beds within three sets separated by unconformities 
(Fig. 4c and 5). The lower five units (To-01 to To-05) consist of 10–15 cm 
thick beds of yellowish and reddish, fine to medium sand highly bio
turbated and with edaphic features (nodules). The upper bed of this 
flood sequence (To-05) contains a well-developed reddish paleosol (Bt 
horizon; Fig. 5). Flood beds To-01 and To-05 were OSL dated to 11.6 ±
0.4 ka and 11.5 ± 0.5 ka, respectively (Fig. 5), correlating in time with 
the Ta-10 to Ta-11 flood beds. The second set of floods (To-06 to To-14) 
comprises nine flood units (5–20 cm thick) composed of yellowish fine 
to very fine sand, with contacts well marked by 1–5 cm thick reddish silt 
and clay laminae (Fig. 5c). Flood beds To-07 and To-14 were OSL dated 
to 9.5 ± 0.4 ka and 9.2 ± 0.4 ka, respectively (Table 1). The upper flood 
set contains nine flood beds with the lowest contact separated by an 
erosive unconformity with root marks. The flood beds are 3–22 cm thick 

Fig. 5. Stratigraphic profiles with OSL ages, estimated peak discharges, and proposed stratigraphic correlations for the studied sections at the Duero-Tormes 
confluence. Site labels refer to locations in Figs. 3 and 4a. Altitudes of profile tops of described sections were determined from differential GPS survey and are in 
meters above sea level. Discharge values refer to the indicated flow stage computed by hydraulic modelling. OSL dates in ka before 2020. Note that in the Cicutina 
profile unit F3 was OSL dated to 11.6 ka, stratigraphically below units F7 and F12 dated to 12.4 ka and 11.8 ka, suggesting incomplete bleaching. These samples were 
laterally correlated with the central part of the Tabanera profile dated between 12.6 ka and 11.5 ka, which is stratigraphically consistent and within the same time 
frame as the Cicutina datings. 
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and consist of dark brown fine to very fine massive sand with increasing 
bioturbation towards the upper units (Fig. 4c and 5). The beds are 
separated by coarse sand and granules grains derived from the neigh
bouring hillside and the upper four units are overprinted by edaphic 
alteration. Flood beds To-17 and To-22 were OSL dated to 4.4 ± 0.2 ka 
and 2.1 ± 0.2 ka, respectively. In the uppermost flood bed, a charcoal 
chunk gave a radiocarbon age of CE1421-1491. The Tormes profile is 
capped by slope wash material that interrupted the deposition of 
younger flood units at this site. 

The highest flood bench (Muga profile) contains at least six flood 
beds in four sets separated by unconformities and buried soils (Fig. 5). 
The flood beds are 30–40 cm thick, and consist of very hard, fine to very 
fine, massive sand with a high degree of edaphic alteration. Flood layers 
Mu-01, Mu-03 and Mu-04 were OSL dated to 13.8 ± 0.6 ka, 8.4 ± 0.4 ka 
and 2.4 ± 0.1 ka, respectively. The stratigraphy and geochronology 
therefore indicate a hiatus in flood deposition at this or higher levels, 
probably of several millennia between flood beds. 

The Fox profile is located ~4 km downstream of the Duero-Tormes 

junction, at the left margin of the Duero River gorge, in a tributary 
mouth (Fig. 6a and b). The SWDs outcrop is 2.8 m thick and contains at 
least six flood beds that overlie a slope wash deposit of granules with a 
coarse sand matrix (Fig. 6e). The flood beds, 20–60 cm thick, consist of 
light brown fine sand, with massive to parallel lamination, and diffuse to 
clear contacts marked by pebble lines and textural changes. The flood 
layers have developed edaphic features and bioturbation. The lower 
flood layer (Fo-01) was OSL-dated to 10.3 ± 0.7 ka and the uppermost 
flood unit was OSL-dated to 2.9 ± 0.2 ka (Fig. 6e). This flood stack is 
overlain by a 35 cm thick, highly bioturbated colluvial deposit 
composed of dark brown, fine to coarse sand with occasional gravel 
clasts. 

Downstream of the Duero-Tormes confluence, on the right margin 
(Portugal), a valley embayment contains three sand benches, at eleva
tions of 21.63 m (Teso-1), 25.55 m (Enebro) and 29 m (Teso-2) above 
the river water level (Fig. 6a). The highest sediments (Teso-2) consist of 
a single 15 cm thick flood bed of fine to very fine sand bounded by two 
colluvial units with well-developed edaphic features in their upper parts 

Fig. 6. Photographs from the lower Bemposta reach. a) Upstream view of the Duero River valley and location of the studied sections. Letters in brackets refer to 
detailed views in b, c, d, and e. b) Side view of the Fox section at a gully confluence. A person is marked with a red ellipse for scale. c) View of the Enebro profile 
showing light brown flood sand units overlain by distinct dark incipient soils (A horizons). Selected OSL dates (years before 2020) are shown. d) The Vila profile with 
a 0.5 m thick dark buried paleosol (above the second upper label) showing a break in deposition. The upper flood sequence (three flood beds) post-dates the last five 
centuries. e) Fine to very fine sand units in the Fox profile showing at least six flood beds with OSL dates bracketing the flood deposition period at this site. 
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(Fig. 7). This unit, Te2-01, has been dated by OSL to 1.8 ± 0.1 ka. Near 
to this outcrop, the Enebro profile (5 m thick) preserves the most com
plete flood record of the last millennium (Fig. 6c and 7). The profile 
contains basal gravels capped by a buried paleosol (A horizon) overlain 
by a basal flood bed of unknown age (En-01). Overlying this flood bed is 
a ~1 m thick colluvium accumulated with a well-developed soil, prob
ably representing a long period with a lack of flood bed deposition 
(Fig. 7). A second flood set consists of four flood beds (En-02 to En-05), 
20–25 cm thick, light brown, very fine sand to silt, separated by clear 
contacts marked by angular stone lines and granules deposited from 
slope wash. The second flood unit (En-03) was OSL dated to 1.31 ± 0.07 
ka. This flood set is capped by a colluvial unit overlain by dark brown 
soil (Fig. 6c). Above the buried soil, a third set consists of five flood beds 
(En-06 to En-10), 15–45 cm thick, of graded light brown fine to very fine 
sand, and conformable contacts eventually marked by thin granule lines. 
The basal, middle and upper units were OSL dated to 1.02 ± 0.07 ka, 
0.95 ± 0.05 ka, and 0.77 ± 0.04 ka, respectively. The upper flood stack 
is overlying a 45 cm thick colluvium suggesting a further period of flood 
quiescence or dominance of slope processes. This upper set consists of 
four flood units (En-11 to En-14), 10–15 cm thick, composed of fine to 
very fine sand with parallel lamination, separated by diffuse and 
conformable contacts with root cast marks. The three lower flood beds 
are constrained by two OSL ages of 0.53 ± 0.03 ka, 0.50 ± 0.03 ka, 
while the uppermost bed post-dates the latter age (Fig. 7). 

Downstream along the same right valley margin, the Teso (Te), 

Bancal (Ba) and Vila (Vi) profiles (Figs. 3 and 6a) show a multiple flood 
bed stratigraphy separated by colluvial units similar to the Enebro 
profile. In the Vila profile the upper stack comprises four flood units 
made of light brown fine sand, with current ripples, overlying a dark 
grey agricultural soil that is ubiquitous in the right Duero valley (Fig. 7). 
The basal flood unit overlying the soil was OSL dated to 0.53 ± 0.03 ka, 
a date similar to the upper Enebro flood set. 

In the undated Teso profile, the lower stack comprises three flood 
units (Te-01 to Te-03) made of fine sand with interbedded reddish 
laminae of very fine sand to silt, with the upper unit being truncated by 
an erosive infilled rill contact. Overlying an unconformity, we identified 
three flood beds (Te-04 to Te-06) composed of fine sand, highly bio
turbated and capped by a dark soil horizon with similar characteristics 
to the uppermost Bancal-Vila Enebro agricultural soil surface. The upper 
set above the agricultural soil is composed of at least five flood beds 
15–25 cm thick and, unlike the rest of the SWD outcrops, it is not capped 
by slope wash or anthropogenic soils. This upper flood cluster likely is 
deposited by more recent flood events (probably within the last 400 
years), although unfortunately no date are available for this upper flood 
stack. 

4.1.2. Saucelle reach 
The Saucelle reach is located ~500 m downstream of the Duero- 

Huebra confluence, between the municipalities of Saucelle (Spain) and 
Freixo (Portugal). The paleoflood depositional environment covers a 

Fig. 7. Stratigraphic profiles with OSL ages, estimated peak discharges and proposed correlations in the lower Bemposta sites. Site labels refer to locations in Figs. 3 
and 6a. Altitudes of tops of described sections were determined from differential GPS survey and are in metres above sea level. Discharge values refer to the indicated 
flow stage computed by hydraulic modelling. OSL dates in ka before 2020. 
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canyon expansion about 1.3 km long and 200 m wide (Fig. 8a). The 
paleoflood deposits are preserved in a ca. 1 km long and 15.5 m high (a. 
r.l.) bench located on the lee side of a rock protrusion on the Spanish 
margin (Fig. 8a). The bench scarp shows multiple flood units, eventually 
intercalated with slope deposits. Two trenches, separated by about 20 m, 
were cut into this bench, named the Dos Olivos (DOL) and Morera 
(MOR) profiles. Profile DOL is 2.5 m thick and is composed of brown to 
yellow fine to medium sand units, with well-marked contacts, diffuse 
lamination to massive structure, with intercalation of slope deposits and 
stone lines along the palaeoflood unit contacts (Fig. 8b). The profile 
shows at least five flood units within three clusters separated by collu
vial beds. A total of five OSL samples were collected from the site 
(Table 1). The lowermost flood beds (1–3) were constrained by OSL ages 
of 1.04 ± 0.06 ka, the middle set (units 4–5) were dated to 0.38 ± 0.02 
ka and 0.32 ± 0.02 ka respectively, while the upper bed post-dates the 

latter age. 
The Morera profile is 3.2 m thick and comprises 12 flood units 

separated by diffuse to well-marked contacts (stone lines; Fig. 8c). The 
lower flood units (1–7) are thicker (average of 35–40 cm) than the upper 
units (typical average thickness of 10–15 cm). Five OSL samples were 
dated between units 1 to 9 with ages ranging from 2.23 ± 0.11 ka to 0.52 
± 0.03 ka, while the upper three undated units correspond to historical 
floods. 

4.2. Hydraulic modelling and discharge estimation 

Hydraulic flood modelling was carried out along the Bemposta reach 
because it contains the most complete paleoflood record, allowing a 
long-term comparison of palaeoflood magnitudes over the last 15 ka. 
The conservative discharge estimates assume that the top elevation of a 

Fig. 8. Photographs from the Saucelle study reach. a) Downstream view of the Duero valley at the Saucelle reach with a flood bench formed on the lee side of a 
bedrock hill with the two SWD stratigraphic profiles - Dos Olivos and Morera. b) Dos Olivos profile, showing at least six flood beds with intercalated stone layers and 
colluvium (Co). c) Sequence of 12 flood beds with some contacts marked by stone lines and colluvium in the Morera profile. Selected OSL dates are shown. 
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flood unit was close to the peak stage of the flood event. The local 
geomorphological setting along the Duero study reach dictates the 
sedimentation and preservation of the flood sequences as well as the 
flood bed elevation, which ultimately provides the flood stage/peak 
discharge relationships (Fig. 9). 

The large accommodation space at the Duero-Tormes confluence 
allowed the deposition of nearly 13 m thickness of flood sediments, 
considering the progressive accumulation in the Borbon (16.12 m a.r.l.), 
Tabanera (18.44 m a.r.l.), Citutina (20.75 m a.r.l.), Tormes (23.25 m a.r. 
l.) and Muga (26.5 m a.r.l.) profiles. At the Duero-Tormes confluence, 
the maximum flood magnitude was constrained by a range of discharges 
of 7800–8700 m3/s of the flood units in the Muga profile, dated between 
13.8 ± 0.6 ka and 2.4 ± 0.1 ka, although at least two flood units are 
likely to have been deposited in the last 2 ka. The Muga profile is capped 
by disturbed material from road works, so more recent flood evidence is 
missing at this site. The most complete temporal flood stack was found in 
the Tormes profile, with 23 flood beds deposited between 11.6 ± 0.4 ka 
to 0.5 ka and with minimum discharges from 6000 to 8100 m3/s. The 
progressive thinning of flood beds in the upper Tormes profile suggests a 
deposition just below of the maximum flood level over the last 2 ka 
(Fig. 5). This profile is covered by slope deposits that contain a matrix of 
flood sand, meaning likely removal of flood units post-dating ~1500 CE 
(430 ± 30 C14 yr BP). 

The range of minimum discharges required to overflow the flood 
bench on the Tabanera and Cicutina profiles, deposited between 14.9 ±
07 ka to 10.5 ± 0.6 ka, was between 3300 and 5000 m3/s and 
4200–6100 m3/s, respectively (Fig. 5). In this bench, the Tabanera 
profile is covered by colluvium, indicating likely erosion of the upper
most flood sequences. In the Cicutina profile, the upper seven flood units 
dated to ~10.5 ± 0.6 ka are thinning upwards, probably because the 
palaeostage evidence relates closely to the maximum flood stage. 
Palaeoflood evidence for large flood events post-dating 10.5 ka is found 
on the Tormes and Muga profiles, at higher elevation benches and closer 
to the valley side, with modelled discharges exceeding 6600 m3/s. This 
stratigraphic hiatus at the Cicutina-Tabanera bench indicates that dur
ing extreme floods, eddy currents are displaced towards the valley 
margins, creating a flood record that is sensitive to variations in flood 
stage and magnitude. The decreasing number of flood beds during the 
Middle and Late Holocene indicates a limited accommodation space at 
the Duero-Tormes confluence, but also a decrease in peak discharges 
that has only been reversed in the last two millennia. Historic to modern 
flood deposition occurs on the lowest bench at 16.12 m a.r.l. (Borbon 
profile) with modelled minimum discharges of 3600 m3/s. This lower 

flood bench was last inundated during the 2001 flood with a discharge of 
3854 m3/s. 

Evidence of the largest floods of the last two millennia is found on the 
right margin downstream of the Duero-Tormes confluence (Fig. 6a). The 
Enebro profile (24 m a.r.l.) was deposited from 1.31 ± 0.07 ka to 0.50 ±
0.03 ka with minimum discharges of 5000–7200 m3/s and 4500–5900 
m3/s, respectively. In the Teso-2 profile, an isolated flood bed dated to 
1.8 ± 0.1 ka, provided a modelled minimum discharge of 11,000 m3/s 
required to deposit this sediment located 28 m above the river level. In 
the same valley expansion, the Teso-1 profile provided a modelled 
discharge of 5900 m3/s, with no dated flood beds. Downstream, the Vila 
and Bancal profiles were associated with modelled discharges of 
5400–6400 m3/s and 6000–7700 m3/s, respectively. These profiles 
show a similar stratigraphy to the Enebro site, although only the upper 
flood cluster at the Vila profile dated to 0.53 ± 0.03 ka with a minimum 
discharge of 7000–7700 m3/s was required to overtop these sediments. 

5. Discussion 

5.1. Implication of channel bed incision for discharge estimations 

The hydraulic modelling relies on the assumption of stable river 
geometry, meaning that the present topography and mapped landforms 
have not changed significantly through time. The absence of alluvial 
gravel terraces along the study reach indicates that there were likely no 
significant episodes of aggradation, at least during the Late Quaternary. 
However, it is important to note that the assumption of riverbed stability 
requires further consideration, especially in light of the average incision 
rates reported, such as 1.4 m/ka in the mid and lower Douro since the 
Late Pleistocene (Cunha et al., 2019) and 2–3 m/ka in the Duero canyon 
over the last ~100 ka (Antón et al., 2012). These incision values should 
be considered as long-term average rates, implying that specific reaches 
may have experienced higher or lower incision rates. In the Duero 
canyon, several knickpoints have been identified, often associated with 
lithological changes or tectonic structures (Struth et al., 2019). This 
suggests a spatial and temporal variability in migration and incision 
rates during the Late Quaternary. Struth et al. (2019) estimate an 
average migration rate of 0.02 m/yr for knickpoints in the Duero 
canyon, reflecting the low erodibility of the granitic bedrock. 

As illustrated in Fig. 9, the water surface profiles reveal distinct 
characteristics along the lower 3 km segment, featuring steeper gradi
ents and changes in the water surface slope. This contrasts with the 
relatively consistent and moderate slope observed in the upper 4-km 
segment. These variations in water surface slope correspond to a 
knickzone encompassing at least two knickpoints (see critical flow 
points in Fig. 9), which have been identified through aerial photographs 
and topographic maps. The morphological characteristics of these 
knickpoints include a stepped channel bed within a narrow valley sec
tion, followed by a semicircular widening of the channel downstream, 
likely resulting from flow eddies at the point where the channel slope 
changes. These knickpoints serve as indicators of active bed incision in 
river reaches with high energy expenditure, particularly during extreme 
floods. Note that during the Late Pleistocene and Early Holocene, these 
knickpoints were likely positioned further downstream, migrating up
stream from sections with lithological changes or tectonic structures. In 
the upper 4-km segment (Fig. 9), the slope profile observed exhibits a 
consistent water surface slope without significant channel slope in
terruptions, indicating relative stability in the channel bed. However, 
two strath surfaces, of unknown age, have been identified at elevations 
of +2 m and +4 m above the river’s thalweg, representing former 
channel bed levels. Assuming a Late Pleistocene to Holocene age for 
these levels, the uncertainty in our palaeoflood discharge estimates 
ranges from 115 to 350 m3/s. This introduces an overestimation error of 
only 2–6% for the smallest palaeoflood (5800 m3/s). 

Larsen and Lamb (2016) argue that bedrock canyons adjust their 
geometry to a critical shear stress by progressively downcutting at 

Fig. 9. Distribution of flood sediment sites and calculated water surface 
elevation (WSE) profiles for selected discharges along the Bemposta reach. The 
profile location is indicated in Fig. 3. 

G. Benito et al.                                                                                                                                                                                                                                  



Quaternary Science Reviews 321 (2023) 108356

13

similar rates across both the lengths and widths of the channel bed. The 
threshold shear stress required to initiate erosion in bedrock canyons 
may vary depending on the mechanisms of bedrock erosion (e.g., 
plucking, flow abrasion, solution, cavitation; Whipple et al., 2000). For 
instance, Larsen and Lamb (2016) estimated a shear stress level 
exceeding 750 Pa as necessary for adjusting the bedrock canyon ge
ometry during the Missoula floods, while Ortega-Becerril and Garrote 
(2023) associated the onset of lateral pothole erosion in modern Spanish 
rivers with a shear stress exceeding 580 Pa. These shear stress thresholds 
are typically reached during extreme floods, suggesting that low-flow 
conditions are insufficient to induce significant morphological 
changes. Our hydraulic model demonstrates that at cross-sections linked 
to knickpoints, channel shear stress fluctuates within the range of 
400–500 Pa for discharges of 5800 and 11,000 m3/s. In contrast, in the 
upper 4-km segment encompassing our stratigraphic sites, shear stress 
ranges between 30 and 70 Pa, respectively. Consequently, as the 
gradient and topography decrease, the effect of floods in channel erosion 
diminishes, while significant incision may take place in segments with 
changes in hydraulic geometry (e.g., bed steps, narrow valley sections). 
This implies that the incision of the strath surface in the upper segment 
(~4 m above the current riverbed) was mainly driven by geo
morphologically effective events, specifically the 62 palaeofloods 
recorder in the stratigraphy. Long-term channel incision, therefore, 
follows a cyclical pattern, primarily concentrated during episodes of 
large floods, which in our case occurred during the ten flood clusters 
spanning 2350-years during the Holocene. 

Consequently, both field evidence and hydraulic modelling results 
indicate that the present valley geometry provides a suitable basis for 
estimating palaeoflood discharges during the Late Pleistocene and Ho
locene. This analysis is further supported by the absence of a systematic 
bias toward higher discharges in modern times, as one might anticipate 
in cases of substantial channel bed erosion. 

5.2. Duero River composite flood record 

This section summarises the palaeoflood timing and magnitude 
compiled from the multiple stratigraphic profiles mainly from the 
Bemposta reach, complemented by flood chronologies from the Saucelle 
reach. Flood records older than 2 ka were assembled from the Tabanera, 
Cicutina, Tormes and Muga profiles, while events younger than 2 ka 
were collated from Enebro, Bancal and Teso profiles. We identify at least 
62 flood events clustered in ten flood-rich periods (Fig. 10a). Each flood 
cluster includes dated and undated flood beds but the cluster time span 
is constrained by OSL dated units. In the flood clusters, the undated 
flood bed(s) have been assigned an interpolated age(s) at regular time 
intervals for representation purposes. The modelled minimum flood 
discharges within each flood cluster may contain information from 
several profiles. For example, in a cluster of ten flood beds postdating 
11.6 ± 0.5 ka in the Cicutina profile with discharges above 4400 m3/s, 
at least five floods exceeded 6000 m3/s, which are also recorded in the 
basal sequence of the Tormes profile (dated to 11.6 ± 0.4 ka). Hence, we 
considered the possibility that some floods might be recorded in 
different stratigraphic profiles and therefore we included a conservative 
number of floods in the composite record. 

The flood record for the last 2 ka is mainly derived from the Enebro 
profile (Bemposta reach). There are a number of undated flood units on 
the Enebro, Bancal and Vila profiles that are older than 1.31 ka that most 
likely occurred between 2 and 1.3 ka. In the Saucelle reach, a cluster of 
five flood beds at the Morera profile (Mo-02 to Mo-05) were deposited 
within the age range of 1.77 ka to 1.5 ka. We infer that their discharges 
were of the order of the floods preserved at the base of the Bancal-Vila 
profiles prior 1.3 ka. 

The youngest flood beds in the Bemposta reach were dated to 
~0.53–0.50 ka (Enebro and Vila profiles) and CE 1421–1491 (To-23), 
whereas in the Saucelle reach the youngest flood bed was dated to 0.32 
± 0.2 ka (Do-05). This latter flood bed in the Saucelle reach is close in 

time to the CE 1739 flood, the largest in the last 300 years according to 
the historical flood marks at Régua (Silva and Oliveira, 2002). Other 
undated flood beds in the upper section of stratigraphic profiles of Vila 
(Vi-10 or Vi-11), Enebro (En-14), Tormes (To-23) and Muga 
(Mu-05-Mu-06) were probably exceeded by the 1739 flood (Q > 8700 
m3/s). Unfortunately, most of the above mentioned flood beds are 
undated. 

The largest floods over the last two centuries occurred in 1860 and 
1909, with documentary evidence of flood levels recorded at various 
points along the international Duero/Douro River. In the Bemposta 
reach, the 1909 flood level is well documented on the topographic map 
of the dam project. Some 40 km downstream, near the village of 
Mazouco (Portugal), the Saucelle dam project provides a detailed sketch 
of a farm building showing that the 1860 flood level was ~0.2 m lower 
than the 1909 flood. Next to the Aldeadavila dam wall, the 1860 flood 
stage was 0.6 m lower than the 1909 flood, according to several marks 
made on buildings and carved into rocks by local people. In the Bem
posta reach, a field inspection of the mapped 1909 flood level revealed 
an abandoned small shepherd’s hut. A 20 cm pit dug into the ground of 
the hut exposed at least two flood units made of light brown fine sand 
with ripple marks. We infer that these flood beds were most likely 
deposited by the 1909-flood (marked in the dam project report), which 
most likely overlay the 1860 flood bed. 

5.3. Flood variability in relation to regional paleo-hydroclimatic records 

In this section, the 62 flood events, grouped into ten flood periods 
(FP1 to FP10; Fig. 10a), are compared with hydroclimatic records from 
terrestrial and marine proxies in NW Iberia (Fig. 10). The Holocene 
paleoclimate records include: (1) the reconstruction of the sea surface 
temperature (SST) of the Iberian marine margin (Fig. 10b, MD95-2040- 
125 km west of Porto; de Abreu et al., 2003) and MD03-2697 (Naughton 
et al., 2016); (2) the discharge of the Tera River into Lake Sanabria 
(Fig. 10c) inferred from geochemical proxies (Jambrina-Enríquez et al., 
2014); and (3) water/sediment fluxes based on pollen and mineralogical 
analysis of sediment cores in the Douro estuary (Naughton et al., 2005; 
Rocha et al., 2002). The chronology and magnitude of the Duero floods 
were compared with existing palaeoflood records in the Tagus (Benito 
et al., 2003b) (Fig. 10d) and Guadiana (Ortega and Garzon, 2002), as 
well as with regional flood activity derived from metadata analysis of 
palaeoflood chronologies in Iberian rivers (Benito et al., 2015c). 

5.3.1. Late Pleistocene-Early Holocene 
The oldest flood evidence is found at the base of Tabanera (Ta-01 and 

02) and Muga (Mu-01 and 02) in two sets (FP1a, 1b; Fig. 10a) spanning 
ages from 14.9 ± 0.7 to 13.5 ± 0.6 ka with associated minimum dis
charges ranging from 3700 m3/s to 8100 m3/s (Fig. 10e). Climatically, 
this period (FP1b) overlaps a warm and humid phase of the Bølling- 
Allerød interstadial (14.6–12.8 ka), which is characterized in Lake 
Sanabria (Fig. 10c) by a distinct deposition of organic silt, indicating an 
increase in lake bioproductivity (Jambrina-Enríquez et al., 2016). The 
Muga flood beds contain a well-developed paleosol with iron precipitate 
concretions, suggesting relatively wet climatic conditions, as well as a 
long period without flooding above a threshold of ~8100 m3/s after 
13.5 ka that likely lasted until 8.4 ± 0.4 ka. A second sequence of 11 
flood beds, in two sets dated to ~12.6 ka (2 floods; FP2a) and ~11.5 ka 
(9 floods; FP2b), were inundated by floods exceeding 3800 m3/s and 
4575–6600 m3/s, respectively (Fig. 10e). These flood periods coincide 
with the onset and end of the Younger Dryas period (YD; ~12.9 to 11.7 
ka; Alley, 2000). The lack of large floods during most of the YD period is 
consistent with climate proxies indicating aridity during this cold 
episode (Morellón et al., 2009; Moreno et al., 2011; Muñoz Sobrino 
et al., 2001; Santos et al., 2000) and extremely dry YD winters in 
northern Iberia based on regional stalagmite records (Baldini et al., 
2019). The lack of major floods during the YD is also reported for the 
Tagus River (Benito et al., 2003b). These palaeoflood records suggest a 
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Fig. 10. Temporal distribution of hydroclimatic and marine records in the Iberian Atlantic region. (a) Flood episodes based on the Duero River record (this study). 
Vertical shaded bars with numbers indicate flood-rich episodes (>3 flood events), while the shaded bars without numbers indicate an isolated large flood within the 
time period. In other periods, floods were either below the discharge threshold or not recorded in the palaeoflood stratigraphy; (b) Reconstruction of the sea surface 
temperature (SST) of the Iberian marine margin from the core MD95-2040 (de Abreu et al., 2003); (c) Temporal distribution of geochemical content of the Ti (cts/s) 
from the Sanabria Lake core, interpreted as a proxy for the water discharge of the Tera River (Jambrina-Enríquez et al., 2014). Note that peaks of water discharge in 
the lake are visually correlated with high flood recurrence periods represented as number of floods per century; (d) Combined palaeoflood record of the Tagus River 
from Puente del Arzobispo (central Spain) and Alcántara (western Spain), each bar corresponds to a flood bed (Benito et al., 2003a,b); (e) Flood distribution and 
quantified discharges for the Duero River during the Late Pleistocene-Holocene (this study). The timing of undated floods was interpreted on the basis of their 
stratigraphic position, bracketed by dated flood beds. Legend: Y/D: Younger Dryas period; B/A: Bølling-Allerød interstadial. 
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decrease in the seasonal (winter-spring) persistence of cyclonic winter 
precipitation in western Iberia. Following the YD, a period of high flood 
frequency at ~11.5 ka (FP2b), has been documented, with thick SWD 
accumulations in the Cicutina and Tabanera profiles, suggesting a 
southward shift of the cyclonic circulation during the transition to the 
Holocene, prior to the 11.2 ka cooling event (Muñoz Sobrino et al., 
2007, 2013). The upper surface of the ~11.5 ka flood sediments evolved 
into the formation of a Bt horizon (well developed on To-05 unit), which 
together with other pedogenetic features suggests a subsequent period of 
low flood frequency. Pollen records from lakes in NW Iberia show an 
increase in tree pollen taxa and higher lake levels centered around 
11.8–11.5 ka (Muñoz Sobrino et al., 2007, 2013), interpreted as a 
regional expansion of woodland cover (Jambrina-Enríquez et al., 2014). 

A later flood episode (10.8–10.3 ka) overlying the Cicutina and 
Tabanera profiles comprises at least seven floods (FP3) with minimum 
discharges of 5800–6100 m3/s, probably represented at the Fox profile 
(Fo-01 to Fo-05) with discharges exceeding 6100–7000 m3/s (Fig. 10e). 
These two sites record repeated floods with progressively higher dis
charges. This is because a higher stage is required to deposit a subse
quent flood unit at a given location. However, the frequency of large 
floods in this flood episode is anomalously high and coincides with a 
similar flood episode in the Tagus River with at least 12 events dated to 
10.5–10.1 ka BP (Fig. 10d). This FP3 cluster overlaps a period of high 
river sediment supply to the Douro estuary (Naughton et al., 2007; 
Rocha et al., 2005). Climatically, FP3 coincides with a trend to warmer 
SST conditions at the onset of the Holocene, as reflected in the Atlantic 
marine core (de Abreu et al., 2003; Fig. 10c). The regional evidence of an 
anomalous number of large floods in the Iberian Atlantic river basins 
(Tagus and Duero) is interpreted as an indication of a period of wet 
winter conditions occurred at this time, associated with a low-index 
zonal circulation over the Atlantic. 

The next flood cluster FP4 with preserved geomorphic evidence is 
associated with eight to nine flood beds deposited at the Tormes profile 
(To-06 to To-13) at ~9.5–9.2 ka with discharges exceeding 6600–7300 
m3/s. These flood units are separated by clay laminae with a lack of 
erosional or edaphic processes interpreted as indicating relatively short 
intervals between flood units. A similar flood episode in the Tagus River 
(Fig. 10d) comprises ten flood beds made of fine sand to medium sand 
graded rhythmites dated to 9–9.5 ka BP (Benito et al., 2003b). Records 
from Lake Sanabria include coarse clastic layers at 10.1–8.4 ka BP 
associated with large flood events (Jambrina-Enríquez et al., 2014). 
Several lakes in the Iberian Peninsula register high stands and forest 
development at 10–8 ka (e.g., Morellón et al., 2018), consistent with 
speleothem proxies indicating wet conditions at 11.7–8.5 ka (Moreno 
et al., 2017). 

An OSL age of 8.4 ± 0.4 ka was obtained for a 0.5 m thick flood bed 
deposited in the Muga profile, over a well-developed Late Pleistocene 
soil, with a discharge exceeding 8250 m3/s. This individual flood event 
is one of the largest on record, but it is not correlated with other regional 
flood clusters. Stalagmite isotope data from western Iberia indicate 
rapidly drying conditions centered around 8.4 ka BP (Thatcher et al., 
2020), and several pollen and lake records indicate dry climatic condi
tions between 8.5 and 8.1 (Carrión, 2002; González-Sampériz et al., 
2006; Jalut et al., 2000; Morellón et al., 2008). This evidence suggests 
that this single extreme flood event occurred in the context of a highly 
variable hydroclimate. The 8.4 ka flood bed contains edaphic features, 
including the formation of carbonate concretions, indicate of drier 
conditions. 

5.3.2. Middle Holocene 
The paleoflood stratigraphic hiatus at 8.4–4.4 ka is interpreted as a 

period without flooding above a threshold of ~6100 m3/s necessary to 
inundate the Cicutina profile (Fig. 10e). The lack of stratigraphic evi
dence therefore is explained by the high discharge threshold required to 
deposit the subsequent flood-bed on the existing stratigraphic benches. 
In other Atlantic Iberian rivers, lower inset benches were formed in 

response to lower dominant flood discharges (Benito et al., 2015c). For 
instance, Tagus River floods dated to ~7.5 ka deposited a lower inset 
bench associated with a moderate to low magnitude discharge 
(2000–3000 m3/s). Climatically, this flood-poor period overlaps with 
the Holocene Thermal Maximum (8.2–4.2 ka), which was characterized 
by warming of northwestern Europe that was balanced by cooling over 
southern Europe especially during the winter months (Davis et al., 
2003). In NW Iberia carbonate isotopes record drier intervals alternating 
with wetter ones (Thatcher et al., 2020), as well as a change in rainfall 
seasonality with relatively drier winters between 7.5 and 4.6 ka (Baldini 
et al., 2019), interpreted as variable hydroclimatic conditions. At the 
Douro estuary, infill sediments showed an increased marine influence 
since 9.8 ka, with a marked intensification around 6 ka (Drago et al., 
2006). 

5.3.3. Late Holocene 
After four millennia of quiescence, flood activity increased at ~4.4 

ka (FP5) with deposition of three flood beds (To-15 to To-17) and 
minimum discharges of 7300–7600 m3/s (Fig. 10e). Alluvial overbank 
deposition has been recorded in other Iberian catchments with hydrol
ogy controlled by the influence of Atlantic frontal systems, such as the 
Guadalete River (southern Spain) at 4.6–4.3 ka (Wolf and Faust, 2015; 
Wolf et al., 2014) and the lower Tagus River at 4.9–3.5 ka (Vis et al., 
2010). Lake Sanabria recorded a sequence of frequent clastic laminae at 
4.8–3.3 ka related to flood episodes followed by a second depositional 
phase at 3.3–1.5 ka with fewer discrete clastic facies (Fig. 10c) (Jam
brina-Enríquez et al., 2014). This ~4.4 ka flood cluster coincides with a 
shift towards more humid conditions during the Late Holocene (Magny 
et al., 2013; Vannière et al., 2013) and the onset of episodes with a 
predominant negative NAO-mode due to a southward migration of the 
zonal circulation (Olsen et al., 2012). 

The uppermost flood bed of the Fox profile (Fo-06) was dated to 
~2.9 ka with a minimum discharge of 7000 m3/s. It is unclear whether 
this event was isolated or formed a flood episode with three undated 
flood beds (Fo-3 to Fo-5), all with similar textural characteristics and 
with evidence for edaphic features at their contacts. In the Jarama River, 
a major tributary of the Tagus River, a period of alluvial accumulation 
has been dated to 2.8 ka (Wolf et al., 2013), while other proxy records 
show a transition from arid to humid conditions at ~2.9 ka in eastern 
Spain (Roca and Juliá, 1997). This flood chronology is coetaneous with a 
decline in solar activity at ~2.8 ka (Van Geel et al., 1998), which led to 
widespread cooling in the North Atlantic and increased humidity 
(Martin-Puertas et al., 2012). This flood bed(s) overlaps a flood-rich 
episode identified in west-central Europe (Benito et al., 2015b; Mack
lin et al., 2006) and the northwestern Mediterranean region (Benito 
et al., 2015c). 

A series of five flood beds (FP6) preserved in the Tormes profile (To- 
18 to To-22) were constrained by an OSL age of 2.4 ± 0.1 ka (Mu-04) at 
the bottom and 2.1 ± 0.2 ka (To-22) at the top. Their contacts, marked 
by stone layers and colluvium, indicate a period of environmental 
instability due to human and natural stressors. These floods are associ
ated with a lower minimum discharge of 7600–7900 m3/s, and at least 
one flood exceeding 8300 m3/s (Mu-04). This FP6 (2.4–2.1 ka) overlaps 
with an episode of flood activity identified in western and eastern Iberia 
at 2.8–2.2 ka (Benito et al., 2015c). 

The largest flood on record (TS-01) was dated at 1.8 ± 0.1 ka with a 
modelled discharge of >10,500 m3/s (Fig. 10e). Although this flood bed 
was found at a much higher elevation than other nearby profiles (Enebro 
and Teso), its chronology coincides with the onset of a flood cluster 
(FP7) composed of five flood beds described in the Morera profile (Mo- 
02 to Mo-05) and dated between 1.77 ± 0.08 and 1.5 ± 0.07 ka. We 
infer that these floods are probably those preserved in the Bancal (Ba-01 
to Ba-03) and Enebro (En-02) profiles, with a minimum discharge of 
5400–5800 m3/s. 

The second half of the first millennium comprises at least two flood 
beds preserved in the Enebro profile (En-03 to En-05), the lowest of 
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which is dated at 1.31 ± 0.07 ka, with discharges of 5800–6250 m3/s. 
These flood beds are intercalated with colluvium interpreted as an 
episode of scattered floods alternating with slope degradation within a 
general trend towards a drier climate. This period overlaps with the end 
of the Dark Ages Cold Period (DACP; CE 460–775), a cold and wet 
episode in Europe (Helama et al., 2017), which experienced a progres
sive trend towards wetter conditions in northern Spain (Corella et al., 
2013) and a reactivation of flood events recorded in Lake Arreo (Corella 
et al., 2021). 

A sequence of three flood beds (En-06 to En-08) dated between 1.02 
± 0.07 and 0.95 ± 0.05 ka (FP8), with minimum discharges of 
6100–6300 m3/s, marks FP8 (Fig. 10e). These flood beds temporally 
coincide with the Medieval Climatic Anomaly (MCA; CE 900-1300). 
During the MCA the frequency and magnitude of floods in the Tagus 
River increased, as is evident by palaeoflood records (1.2–0.8 ka, Benito 
et al., 2003b) and documentary sources, namely between CE 1150 and 
1200 (Benito et al., 2003a). 

At the end of the MCA, two floods were recorded, dated at 0.82 ±
0.05 ka (En-09) and 0.77 ± 0.04 ka (En-10), with a minimum flood 
discharge of 6300 m3/s. The second date is close in time to the largest 
flood documented in the Duero River at Zamora in Dec 1258 (Benito 
et al., 2021). Both the palaeoflood and the historical record show a 
period of flood quiescence between 0.77 ka and 0.53 ka. Interestingly, 
the Tagus palaeoflood record, like other Iberian lake records (Corella 
et al., 2016), showed a period of low flood frequency between 0.80 ka 
and 0.56 ka, suggesting a decrease in flood-producing atmospheric 
conditions at the transition between the MCA and the Little Ice Age (LIE; 
CE 1300–1850). 

The FP9 includes four flood beds in the Enebro and Vila profiles that, 
together with a flood bed age from the Dos Olivos profile, constrain this 
period to 0.53–0.46 ka. Flood discharges at this time exceeded 7200 m3/ 
s in the Enebro profile and 7700 m3/s in the Vila profile. At least one of 
these floods is preserved in the upper sequence of the Tormes profile 
(To-23) dated to CE 1420–1490 with a minimum discharge of 8100 m3/ 
s. Documentary data from Zamora include three floods that overlap the 
palaeoflood chronology and exceeded 2500 m3/s, occurring in CE 1485, 
1586, 1597. 

The post 1600s flood record is not well constrained by the strati
graphic and chronological data. The upper flood beds of the Enebro- 
Bancal-Vila profiles are sealed by ~1 m of colluvium from agricultural 
terraces with poor preservation of flood layers over the last 400 years. 
Instead, flood beds with modelled discharges between 4000 and 5000 
m3/s were recorded in the Borbon and Teso profiles, unfortunately 
without age dating. In the undated Teso profile, the most recent flood 
stack contains five flood beds with a minimum flood discharge of 5300 
m3/s. This stratigraphic configuration is similar to the Dos Olivos profile 
(Fig. 8b) with an upper sequence of four flood beds, the lowest of which 
was dated to 0.46 ± 0.03 ka. The overlying bed was dated to 0.32 ±
0.02 ka, within the age range of the 1739 flood, the largest recorded over 
the last 300 years according to the historical flood marks at Régua (Silva 
and Oliveira, 2002). We infer that the upper two flood beds in Dos Olivos 
may correlate with the two flood beds in the Pastor profile, which ac
cording to documentary data, were inundated during the 1860 and 1909 
floods (FP10, 0.3–0.11ka; Fig. 10e). The minimum discharges of these 
two floods in our study reach are 9500 m3/s and 9600 m3/s, respec
tively. According to Silva and Oliveira (2002), the discharges of the 
1739, 1860 and 1909 floods in Régua (Fig. 1b) were estimated as 18, 
000 m3/s, 15,100 m3/s and 16,700 m3/s, respectively. These authors 
reported in Régua other two other large floods in 1788 (15,500 m3/s) 
and 1823 (15,600 m3/s), which were estimated at 2550 m3/s and 
<1500 m3/s in Zamora (Benito et al., 2021). In Vila Nova de Gaia (near 
Porto; Fig. 1b), these floods reached stages of 8.74 m and 8.34 m that are 
similar to 8.48 m for the 1966 flood measured in Miranda (Fig. 1c) with 
a discharge of 5872 m3/s, below the minimum discharge required to left 
sedimentary evidence on the studied flood benches. During the second 
half of the 20th century the largest flood in Régua occurred in 1962 with 

an estimated discharge of 15,700 m3/s, although in our study reach it 
was ~7700 m3/s according to the gauged data at Puente del Pino and 
Miranda (Fig. 1b and c). 

5.4. Atmospheric circulation and regional flooding 

One of the major challenges of climate change science is to elucidate 
the effect of climate drivers on the temporal and spatial distribution of 
extreme floods at regional scale. This section provides an overview of 
the regional to hemispheric climate drivers that explain the centennial 
and multi-centennial flood variability of the Duero River. The Late 
Pleistocene-Holocene multi-centennial flood patterns are attributed to 
three main forcing mechanisms (Fig. 11): (1) long-term orbital-driven 
summer and winter insolation (Berger and Loutre, 1991) (Fig. 11a); (2) 
variations in solar activity amplified by meltwater pulses from conti
nental ice sheets (Bond et al., 2001; Mayewski et al., 2004) and (3) the 
strength of the thermohaline circulation conditioned by changes in the 
subpolar gyre (SPG) or the subtropical gyre (STG) (Thornalley et al., 
2009) and their feedbacks with the North Atlantic Oscillation (NAO) 
(Mayewski et al., 1997; Olsen et al., 2012). 

The Late Pleistocene to Early Holocene transition was characterized 
by the absence of extreme floods in the Duero River coinciding with the 
dry/cold climate of the Younger Dryas (~12.9–11.7 ka). This cooling 
event resulted from a weakening of the Atlantic Meridional Overturning 
Circulation (AMOC; Bakke et al., 2009; McManus et al., 2004) with a 
shift of the Azores high pressure centre to lower latitudes, which hin
dered subtropical flow towards northern latitudes. The transition from 
the YD to the Early Holocene was marked by a sharp rise in lake levels in 
N-NW Iberia (Morellón et al., 2018), probably indicating a higher rate of 
winter precipitation and flooding, as also recorded by regional palae
ohydrological proxies from stalagmites from northern Iberia (Baldini 
et al., 2019). 

During the Early Holocene, flood-rich periods (ca. 11.5 ka, 
10.8–10.3 ka, 9.5 ka) coincide with a broad millennial climate cycle that 
is consistent with the temporal cycles of meltwater pulses (11.4 ka, 10.4 
ka and 9.4 ka; Fig. 11c), which induced variations in the ocean-ice- 
atmosphere mechanism (Bond et al., 2001). Periods of deglaciation in 
the North Atlantic most likely reflect the weakening of the subpolar gyre 
(SPG) circulation (Fig. 11d) as the North Atlantic Current (NAC), which 
is mainly fed by the subtropical gyre (STG), becomes warmer and saltier 
(Came et al., 2007; Hátún et al., 2005). This variability in oceanographic 
conditions has been accompanied by an atmospheric reorganisation 
(Repschläger et al., 2017; Thornalley et al., 2009) with a reactivation of 
northward heat transport from tropical and subtropical regions. We 
speculate that the Duero flood-rich periods provide evidence for in
tervals of enhanced moisture transport from the tropics. Indeed, the 
weakening of the SPG circulation is most likely to occur in conjunction 
with meltwater pulses (Fig. 11c and d) or with the meridional atmo
spheric circulation (Thornalley et al., 2009), as occurred in the 1960s 
when the Duero River recorded six exceptional floods (Fig. 12a). Bond 
et al. (2001) suggested that a 1500-year cycle of regional cooling, 
encompassing the variability in North Atlantic Deep Water formation, 
was amplified by solar activity (e.g., grand solar maxima). Temporal 
historical flood patterns in the Tagus River are linked to secular solar 
maximum activity through its control on the NAO, which influences 
precipitation variations in Iberia (Benito et al., 2003a; Vaquero, 2004). 

The palaeoflood record of the Duero River shows the absence of 
major floods between 8.4 ka and 4.4 ka, coinciding with the Climatic 
Optimum (8–4 ka). During the Holocene Optimum, model simulations 
show tropical cooling due to reduced tropical winter (DJF) insolation 
(drop of ~ -20 Wm− 2 compared to modern distribution) with an 
enhanced Azores high (Lohmann and Lorenz, 2000). This winter inso
lation contrasts with the intensified northern hemisphere summer 
insolation, representing the warmest climate in the last glacial cycle 
(Berger, 1978; Lohmann and Lorenz, 2000). Marine records show an 
enhanced subpolar gyre circulation during the Mid-Holocene 
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(Thornalley et al., 2009; Fig. 11d), with a shift of winter cyclones to
wards high latitudes. Other geochemical proxies from the GISP2 ice core 
are consistent with high values of non-sea-salt calcium dust concentra
tion (nss Ca++), reflecting the strengthening of westerly winds from high 
latitudes (Mayewski et al., 1997). Both model and proxy observations 
are consistent with a climate scenario of reduced large floods (Fig. 12b), 
which does not imply that moderate to small magnitude floods could not 
have occurred. 

During the Late Holocene (last 4 ka) proxy reconstructions show 
alternating periods of positive and negative NAO phases in the context of 
increasing winter solar insolation (Rimbu et al., 2003) (Fig. 11a). In the 
Duero River, flood-rich periods during the last 4.4 ka are consistent with 
the increase of decadal and multidecadal episodes with negative NAO 
modes (Fig. 12a). These atmospheric conditions with meridional flow 
are conditioned by atmospheric blocking situations (weak westerlies 
and strong Siberian High), which facilitate the southeasterly track of 
cyclones towards the Iberian Peninsula (Trigo et al., 2004b). Some flood 
episodes correspond to relatively cool temperatures (4.5–4.4 ka, 
1.8–1.5 ka, 0.53–0.46 ka and 0.32–0.11 ka), but others overlap with 
warm conditions (2.4–2.1 ka and 1.1–0.8 ka) in southwestern Europe. 
This observation suggests that flood-generating processes in South 
Atlantic Europe were driven by other atmosphere-ocean coupling con
ditions rather than by temperature changes (warm-cold) alone. For 
instance, atmospheric blocking in the North Atlantic tends to promote 

the advection of moist air masses or Atmospheric Rivers from the 
warmer Caribbean Sea and the subtropical regions, producing wide
spread rainfall on low-to-mid latitudes of either side of the Atlantic 
(Häkkinen et al., 2011; Ballesteros-Cánovas et al., 2019). 

In relation to the drivers, Barriopedro et al. (2008) describe that 
blocking persistence increases in the Atlantic basin during winters with 
low solar activity, being associated to negative NAO phase. A more 
spatially dependent response is found during winters with high solar 
radiation. In Europe, winter atmospheric blocking usually is induced by 
the intra-seasonal amplification of the Siberian High (SH) pressure cell 
over western Asia (Perşoiu et al., 2019). A proxy reconstruction of the 
SH (Mayewski et al., 1997) shows several strengthening periods (peaks) 
that overlap with episodes of flooding in the Duero River (Fig. 11e and 
12a). As blocking episodes can persist for several weeks, they tend to 
produce significant precipitation and temperature anomalies. 

5.5. Current flood pattern in the context of centennial to millennial time 

On the centennial to millennial timescale, flood magnitudes have 
decreased during the 20th century under climate change conditions 
(Fig. 2a). The largest floods on record occurred in 1962 and 1939 with 
estimated discharges at the Bemposta reach of 7300 m3/s and ~7000 
m3/s, respectively. Flood peaks have decreased even more in the last 40 
years, with maximum annual discharges in the International Duero 

Fig. 11. Phases of enhanced flood activity of the Duero River (vertical grey shaded bands) related to palaeoclimate proxy records. (a) Summer and winter insolation 
curves at 40◦N due to orbital parameters that show a decrease in summer insolation and an increase in winter insolation since the Early Holocene maximum around 
10 ka (Berger and Loutre, 1991), affecting the seasonal distribution of temperature and the intensity of local seasons; (b) North Atlantic drift ice index (Bond et al., 
2001). (c) Dynamics of the North Atlantic subpolar gyre (SPG) reconstructed from the marine water density difference between G. bulloides and G. inflata (Thor
nalley et al., 2009). (d) Gaussian smoothed (200 yr) potassium (ppb K+) ion from the GISP2 ice core as proxy for the strength of the Siberian High (blocking 
conditions in the European region) (Mayewski et al., 1997). 
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being less than 5000 m3/s. Although this decline in peak discharge may 
reflect an increase in flood regulation by dams, the limited storage ca
pacity of dams on the International Duero/Douro River alone does not 
explain this significant reduction in flood magnitude. This decrease in 
peak flows coincides with a period of a dominant positive winter NAO 
phase since the 1980s (Rodrigo, 2021; Trigo and Gimeno, 2009) and a 
weakening of the Siberian High (Gillett et al., 2003b; Trenberth et al., 
2007). 

Most climate models simulate a shift to a positive winter NAO index 
associated with increasing concentrations of greenhouse gases, whereas 
the natural forcing is unlikely to be a significant component of the 
recently observed positive NAO index trend (Gillett et al., 2003a). 
Looking for analogues in the past, our record suggests that flood size 
decreased during warmer climate periods (e.g., Holocene Climatic Op
timum, 1.7 ka, 0.9 ka), although flood frequency remained high. In 
particular, exceptional flood events occurred during past warm/dry 
conditions, namely at 1.8 ka (11,000 m3/s) and 8.4 ka (8100 m3/s), in 
the context of a highly variable hydroclimate. Therefore, although the 
frequency of large floods has decreased since mid-20th century in the 
southwestern Europe, our palaeoflood record indicates that flood out
liers are likely to occur in a climate change context. 

The Duero palaeoflood record provides direct evidence of extreme 
weather events and associated paleoclimatic conditions. Other natural 
archives, such as lacustrine environments and speleothems, can also 
document discrete flood events either through direct indicators (e.g., 
flood sands; Wilhelm et al., 2019) or sedimentological and geochemical 
proxies (e.g., Ben Dor et al., 2021, Corella et al., 2021). Lacustrine en
vironments, in particular, are highly sensitive and can provide contin
uous records over millennia in stable settings. Reconstructing flood 
series from lacustrine records is generally straightforward through the 
identification of detrital layers, but estimating flood magnitudes may 
necessitate additional proxies, such as bed thickness and grain size, or 
even calibration with present-day instrumental records (e.g., Kämpf 
et al., 2015). In contrast, flood sediments deposited on flood benches at 
different elevations exhibit a natural self-discrimination based on flood 
palaeostage, offering a direct indication of discharge. 

The completeness of the fluvial palaeoflood records is often debated, 
as many records show bias towards recent times (e.g. Benito et al., 
2015c). Our study demonstrates that in fluvial settings with ample 
storage capacity, such as river confluences, sediment preservation spans 

millennia with remarkable fidelity. These individual flood extremes in 
large rivers offer valuable insights into extreme past events, that could 
be catastrophic if they happen again (Baker et al., 2022). Estimating 
palaeodischarges under different climate episodes (e.g., Early Holocene, 
Medieval Climatic Anomaly, and Little Ice Age) is vital for establishing 
connections between causative synoptic-scale atmospheric patterns and 
climatic drivers. The distribution of floods in the Duero River and the 
associated weather extremes exhibit a non-stationary behavior over 
multi-decadal to centennial time scales, likely attributed to a spatial shift 
in severe weather conditions towards other Atlantic regions (Fig. 12). In 
the context of global warming, understanding the spatio-temporal 
hydroclimatic variability provides robust guidance for assessing flood 
magnitude possibilities and planning for climate change adaptation. 

6. Conclusions 

The exceptional physiographic setting of the Duero River gorge (at 
the Portuguese-Spanish border) makes it an ideal environment for the 
deposition and preservation of extreme floods over the last 15,000 years, 
providing a representative record of the long-term atmospheric circu
lation and climate extremes in the South Atlantic European region. Our 
key findings are:  

- The Duero palaeoflood record consists of 62 floods that exceeded a 
discharge of ~5000 m3/s. The palaeoflood record supported by OSL 
chronologies from multiple sites identified ten flood-rich periods 
during the last 15 ka. The largest palaeoflood in the study area was 
dated to 1.8 ± 0.1 ka, provided a minimum discharge of 11,000 m3/ 
s. For comparison the largest instrumental flood was recorded in 
1962 with a discharge of 7300 m3/s. The discharge error associated 
with channel bed incision during the Late Pleistocene to Holocene 
was estimated to range from 115 to 350 m3/s. This is equivalent to 
2–6% of the smallest palaeoflood discharge (5800 m3/s). Conse
quently, thisdischarge error has an insignificant impact on the re
ported palaeodischarges, particularly when considering that flood 
beds served as minimum palaeostage indicators.  

- On a regional scale, flood-rich episodes of the Duero correlate with 
(1) high stands of nearby lakes (high river discharge inputs) and (2) 
flood-rich periods of flooding in the Tagus River, the second largest 
Atlantic river in the Iberian Peninsula. The agreement between flood 

Fig. 12. Main components of the atmospheric and ocean circulation during periods of negative (a) positive (b) and NAO phases. The yellow and blue background on 
continental regions shows the correlation (r2) between NAO-Gibraltar index and the precipitation from CRU TS4.06 precipitation dataset (wrt: 1901–2020, p < 10%). 
Correlations are averaged-computed for November–March in order to match with the main flood season in the Duero basin. Atmospheric circulation centers of 
actions in the North Atlantic Basin and Europe (Icelandic and Azores pressure cells, and Siberian High-SH) are shown in black lines. Continuous lines show strong 
conditions of Low and High pressure centers and dashed lines indicates weak pressure conditions. Grey thick transparent arrow shows general vector of the vertically 
integrated moisture transport during negative NAO index (a) and positive NAO index (b) after Hurrell (1995) and Hurrell et al. (2003). Modern surface water 
hydrography of the North Atlantic currents are modified from Schott et al. (2004) and Repschläger et al. (2017). Warm surface currents are shown by red arrows, and 
cold currents are shown by blue arrows. Line thickness reflects relative flow rate. Legend: G.S., Gulf; N.A.C., North Atlantic Current; AMOC, Atlantic Meridional 
Overturning Circulation; SPG, North Atlantic Subpolar Gyre; STG, Subtropical Gyre. 
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periods and wet hydroclimatic indicators suggests an excellent 
response of flooding to North Atlantic atmospheric circulation vari
ability, mainly driven by negative modes of NAO-like conditions 
during the Holocene.  

- During the Early Holocene, flood-rich periods (ca. 11.5 ka, 
10.8–10.3 ka, 9.5 ka) are coherent with spanning frequencies of 
meltwater pulses (11.4 ka, 10.4 ka and 9.4 ka; Bond et al., 2001). 
Flood-producing conditions were enhanced by a warmer and saltier 
North Atlantic Oceanic current that reactivated northward heat 
transport from tropical and subtropical regions.  

- The middle Holocene was characterized by a paucity of large floods, 
consistent with climate proxies indicating strong westerlies winds 
and a dominant positive mode of NAO-like circulation 

- The Late Holocene flood clusters are associated with centennial pe
riods of weak westerlies and strong Siberian High, leading to atmo
spheric blocking and persistent negative NAO phases. Some flood 
episodes correspond to relatively cool temperatures (4.5–4.4 ka, 
1.8–1.5 ka, 0.53–0.46 ka and 0.32–0.11 ka), but others overlap with 
warm conditions (2.4–2.1 ka and 1.1–0.8 ka) in southwestern 
Europe. This observation suggests that flood-producing processes in 
south Atlantic Europe have been driven by other atmospheric-ocean 
coupling conditions rather than by changes in temperature (warm- 
cold) alone.  

- Annual flood peaks have decreased since the mid-20th century 
coinciding with a shift to a dominant positive winter NAO phase 
since the 1980s. On a centennial timescale, flood magnitude 
decreased during past warm climate conditions (Holocene Climatic 
Optimum, 1.7 ka, 0.9 ka). Nevertheless, the most extreme floods 
(outliers) occurred during past warm/dry periods, probably reflect
ing a highly variable hydroclimate.  

- The long-term flood distribution shows a non-stationary behavior 
over multi-decadal to centennial time scales. Despite a decrease in 
the frequency of large floods in southwestern Europe since mid-20th 
century, our palaeoflood record indicates that the occurrence of 
similar flood outliers (>11,000 m3/s) observed during warm past 
periods remains a possibility in the context of climate change. 
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hidrológicos, I Jornadas do Quarternário da APEQ, Porto. 

Alcoforado, M.J., Silva, L.P., Amorim, I., Fragoso, M., Garcia, J.C., 2021. Historical 
floods of the Douro River in Porto, Portugal (1727–1799). Clim. Change 165, 17. 

Alley, R.B., 2000. The Younger Dryas cold interval as viewed from central Greenland. 
Quat. Sci. Rev. 19, 213–226. 

Alonso-Zarza, A.M., Armenteros, I., Braga, J.C., Muñoz, A., Pujalte, V., Ramos, E., 
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pardo, G., payros, A., Pérez, A., Pomar, L., Rodriguez, J.M., Villena, J., Gibbons, W., 
Moreno, T., 2002. Tertiary, the Geology of Spain. Geological Society of London. 

Amorim, I., Garcia, J.C., Silva, L.P., 2017. As cheias do rio Douro no Porto (Portugal) do 
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Soja, R., Starkel, L., Thorndycraft, V.R., 2006. Past hydrological events reflected in 
the Holocene fluvial record of Europe. Catena 66, 145–154. 

Magny, M., Combourieu-Nebout, N., de Beaulieu, J.L., Bout-Roumazeilles, V., 
Colombaroli, D., Desprat, S., Francke, A., Joannin, S., Ortu, E., Peyron, O., Revel, M., 
Sadori, L., Siani, G., Sicre, M.A., Samartin, S., Simonneau, A., Tinner, W., 
Vannière, B., Wagner, B., Zanchetta, G., Anselmetti, F., Brugiapaglia, E., Chapron, E., 
Debret, M., Desmet, M., Didier, J., Essallami, L., Galop, D., Gilli, A., Haas, J.N., 
Kallel, N., Millet, L., Stock, A., Turon, J.L., Wirth, S., 2013. North–south 
palaeohydrological contrasts in the central Mediterranean during the Holocene: 
tentative synthesis and working hypotheses. Clim. Past 9, 2043–2071. 

Marino Alfonso, J.L., Poblete Piedrabuena, M.A., Beato Bergua, S., 2018. Geomorfología 
de los Arribes del Duero zamoranos. Estud. Geográficos 79, 419–444. 
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Romero, Ó., Delgado-Huertas, A., Mata, P., Moreno, A., Rico, M., Corella, J.P., 2009. 
Lateglacial and Holocene palaeohydrology in the western Mediterranean region: the 
Lake Estanya record (NE Spain). Quat. Sci. Rev. 28, 2582–2599. 

Morellón, M., Aranbarri, J., Moreno, A., González-Sampériz, P., Valero-Garcés, B.L., 
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Repschläger, J., Garbe-Schönberg, D., Weinelt, M., Schneider, R., 2017. Holocene 
evolution of the North Atlantic subsurface transport. Clim. Past 13, 333–344. 
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