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Abstract
River-blocking landslides exert a deep impact on mountain range landscapes and 
the organization of catchments. A blocked river diverted to another watershed 
modifies both original and transferred drainage networks both up- and down-
stream. Using western Pyrenees examples, a geological and geomorphic frame-
work with diagnostic criteria to detect river diversion by landslides is presented, 
including the identification of elbows of diversion, eroded divides, beheaded un-
derfit rivers, diverted overfit rivers, reversed river segments and the landslides at 
fault. Some landslides caused the formation of lakes that overflowed upstream 
at catchment divide segments with elevations lower than those of blocking land-
slide tops. Unravelling the presence of fan deltas at distinct sites/elevations of 
palaeolake shores contributed as well to identification of river damming and later 
diversion episodes. Reconstruction of the sedimentary organization of river pal-
aeovalleys and of their associated fluvial terraces and palaeoriver channels (some 
currently submerged by the Cantabrian Sea), along with the reconstruction of 
river profiles, analysis of bedrock and morphology of watershed divides, identify 
seven river diversions caused by landslides and 14 additional slides that variably 
constrained river basin dynamics in the area studied. The diverting slides have 
current areas between 0.06 and 12.3 km2 (thus including giant examples), thick-
nesses up to 300 m and translational–rotational rupture surfaces usually with low 
dip angles (3.5–12.3°). A combination of relative dating methods and published 
absolute ages suggests that diversion events occurred during the Quaternary. This 
study shows that river diversion by landslides can be significant in mountainous 
areas of moderate relief.
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1   |   INTRODUCTION

River diversion (the capture and redirection of a given ba-
sin's drainage to an adjacent watershed) is a relatively com-
mon and consequential geological event (Bishop,  1995). 
Firstly, diversion modifies the geomorphology, the bal-
ance of erosion/transport/sedimentation and the ecol-
ogy of river basins. Second, river diversion is usually the 
result of some rapid geological process (Twidale,  2004). 
The most direct process is fluvial capture (or piracy) by 
headward erosion of another river flowing at a lower level 
(Davis,  1890) and can be caused by other mechanisms 
such as tectonic tilting, faulting, anticline growth or dia-
piric uplift. Other processes causing diversion are related 
to valley damming by ice, volcanism or landslides, which 
cause the rupture of the catchment divide by overflow of 
the dammed lake. In high-mountain and arid areas with 
good geological exposure, the cause of diversion may be 
obvious. However, in heavily vegetated or urban areas, it 
may be difficult to identify diversion and its cause, which 
may be further obscured because of weathering, hillslope 
overprinting, erosion processes and sea-level change (e.g., 
long-range flooding). In these cases, identification of river 
diversion events can direct the research to reveal the ob-
scured geological processes that caused it.

Recognizable morphological criteria in drainage net-
works affected by diversion include: elbows of capture, 
barbed drainage, wind gaps, transverse drainage and knick-
points; these features are collectively referred to as anoma-
lous drainage (Twidale, 2004). Chi maps of adjacent basins 
are also used to detect river diversion (Guerit et al., 2018; 
Willett et al., 2014). When river diversion occurs, one basin 
increases its surface area while that of the other decreases. 
Therefore, because the morphological features on river 
basins are related to its area, two basins with anomalous 
drainage patterns are to be expected. Geological criteria 
involve the materials related to palaeodrainage alterations, 
which may form terraces, valley floor sediment infillings, 
etc. (Bishop, 1995). Since sediment grain size distribution, 
slope geometry (Bhattacharya et al.,  2016), dimensions 
of palaeochannels (Gibling,  2006) and the size of palae-
ovalleys (Wang et al., 2019) are related to river basin area, 
anomalies in the relationship between these features and 
the basin area may be indicative of river diversion, too. By 
combining geomorphic and geological criteria, Douglass 
et al. (2009) distinguished the transverse drainage (diver-
sion) mechanisms called antecedence, superimposition, 
capture and overflow.

Obstruction of rivers by landslide dams is common 
in steep mountainous areas with deep narrow valleys. 
The blockage forms lakes upstream that after eventual 
overflowing can breach and progressively destroy the 
dams (Costa & Schuster,  1988). The landslide toe can 

laterally displace the course of a river (Korup,  2006; 
Korup et al.,  2007) or create epigenetic gorges (Ouimet 
et al., 2008). For diversion to occur, the height (relief) of 
the landslide dam must be higher than the lowest drainage 
divide elevation (height above sea level) upstream, and di-
version would occur in this site when the lake is filled up 
to that elevation. Landslide dams affecting the drainage 
divide are considered rare and difficult to track due to low 
preservation potential (Fan et al., 2020; Hermanns, Hewitt, 
et al., 2011). Lake Crescent (Logan & Schuster, 1991) and 
Lake Agrio (Hermanns, Folguera, et al.,  2011) are the 
only documented cases to our knowledge. Additionally, a 
dammed lake of non-tectonic origin is ephemeral on geo-
logical time scales (Garcia-Castellanos, 2006).

This article shows that river diversion by landslides 
can be significant in mountainous areas of moderate re-
lief. It is presented firstly a geological and geomorphic 
framework with diagnostic criteria to detect river diver-
sion by a combination of the formation of lakes by land-
slide damming, river diversion by overflow, divide erosion 
and, finally, lake draining. Then, the geomorphology and 
sedimentology of fluvial, coastal and incised palaeovalleys 
in the Oria River and neighbouring small catchments of 
the western Pyrenees are studied. The analysis permitted 
identification of several river diversions caused by land-
slides and of additional slides that variably constrained 
the regional river basin dynamics during the Quaternary.

2   |   MORPHOLOGICAL FEATURES 
OF RIVER DIVERSION

A working scheme is presented here that uses charac-
teristic geomorphic features to identify: the formation of 
lakes by landslide damming, river diversion by overflow 
and divide erosion and lake draining (Figure 1). If a land-
slide creates a natural dam in one of two adjacent river 
basins (Figure 1a), a lake will form. If the elevation of the 
dam (hL) is greater than the elevation of the divide (hD) 
at a given location, when the lake level attains hD, over-
flow will begin to erode the divide (Figure 1b) there. After 
complete erosion of the divide and drainage of the lake, a 
new drainage pattern will result with several diagnostic 
geomorphic features (Figure 1c) as those described below.

2.1  |  Elbow of diversion

This is the point where a river abandons its previous course 
and is directed towards the ancient divide. It is recognized 
by an abrupt change in the river channel direction. This 
feature is similar to the elbow of capture by Bishop (1995) 
and Ma et al. (2023).
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2.2  |  Eroded divide

This is the point where a dammed lake overflows a former 
catchment divide. It can evolve into a gorge in hard rock 
terrains (Anton et al., 2015), or conform to a narrow valley 
in areas dominated by soft rocks. When considering the 
geological structure, it can also be referred to as transverse 
drainage (Douglass et al., 2009).

2.3  |  Beheaded underfit river

This is the river formed downstream of a blocking land-
slide as the main river loses its headwaters and becomes 
underfit. Underfit rivers bear a much smaller watercourse 
than that reasonably expected in view of the size of their 
valleys. They are also expected to exhibit small meander 
wavelengths relative to their alluvial valley dimension 
(Davis, 1913; Dury, 1964).

2.4  |  Diverted overfit river

This is the river segment of a neighbour catchment that 
seized the water flow of the diverted river downstream of 
the eroded divide. It usually appears as a river with a flow 
too big for the valley through which it circulates. An over-
fit state can thus be inferred by comparing the rations of 

water flow and valley width/dimensions in neighbouring 
rivers.

2.5  |  Reversed underfit river (RL in 
Figure 1c)

This is the segment of the original river network situated 
between the blocking landslide and the elbow of diversion. 
The flow of the ancient river in this segment is reversed 
(and reduced) after diversion and the ensuing valley is 
usually (and counter-intuitively) narrower downstream. 
This river segment will have an underfit state.

2.6  |  Reversed overfit river (RD)

This is the segment of the original river situated between 
the elbow of diversion and the eroded divide. This is a for-
mer tributary channel that underwent a flow reversal and 
as a result can associate a valley narrower downstream, 
too. The ancient tributary will turn into an overfit state.

2.7  |  Fan deltas

These are a variety of alluvial fans formed at the point 
where a river enters a lake and spills its sediment load. 

F I G U R E  1   Sketches showing the geomorphic features expected after a river is dammed and diverted by a landslide. (a) Pre-landslide 
geography. (b) Formation of a lake by landslide damming and eventual overflow. (c) Reconfiguration of the drainage network and 
catchment boundaries after erosion of the divide.

(a) (b) (c)
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In the case of landslide-dammed lakes, fan deltas are ex-
pected to form on the new mouths of both the main river 
channel and the major tributaries after a given lake-level 
stabilization. Fan deltas bear sub-horizontal top surfaces 
(topsets) and inclined frontal prograding parts (foresets), 
the knickpoint separating them being a good approxi-
mation to lake water palaeosurface. The elevation of the 
highest fan delta preserved is constrained (limited) by the 
lowest elevation of the original river basin divide at the 
site of the new divide. As the latter is progressively eroded, 
other fan deltas can develop at lower elevations, the ear-
lier ones being variably preserved, dissected or even dug 
out (Eddey et al., 2022; Link et al., 2014).

2.8  |  Landslide dam

This is a landslide structure that obstructs or blocks a 
former river course. It is usually formed/emplaced at a 
rate faster than the river erosion potential and thus be-
comes a barrier to water flow. As a result, a lake forms 
upstream that will grow until overflowing the new catch-
ment either at the landslide top (initiating there the dam 
removal) or at a basin divide point with a lower elevation 
(Figure 1b,c).

Contrary to fluvial capture landforms, in the scheme 
described above, dry valley segments or ‘wind gaps’ of the 
beheaded stream are lacking downstream of the elbow of 
diversion. Also, in this scheme, the presence of the geo-
morphic features described can be supported by means 
of sedimentological characteristics present in the catch-
ment areas. Changes in basin dimensions can influence 
sediment flow and transport (Bhattacharya et al.,  2016). 
Therefore, assessment of coarse sediment size and thick-
ness relative to basin size can help identify a river's reach 
as underfit.

Fluvial terraces and fan deltas are in principle rather 
different geological features, geomorphologically, sedi-
mentologically and genetically. However, coarse-grained 
terrigenous deposits with gently dipping top surfaces next 
to a river might be classified either as terraces or as eroded 
fan deltas. Terraces typically form in basins that have 
reached a critical size (about 60 km2; García,  2006). On 
their part, alluvial plains form in river reaches with slopes 
less than 0.8% (Fryirs & Brierley,  2013). Keeping this in 
mind, sub-horizontal deposits located adjacent to rivers 
with small basins and steep slopes are less likely to rep-
resent terraces or alluvial plains than fan delta topsets. In 
narrow valleys of larger rivers, the existence of dammed 
lakes could facilitate the construction of laterally con-
fined fan deltas (Nemec & Steel, 1988). These occupy the 
width of valleys and have a greater potential for prograda-
tion and aggradation than unconfined fan deltas. When 

dissected, the remains of confined fan deltas can resemble 
fluvial terraces (Zhang et al., 2016).

3   |   PHYSICAL GEOLOGY CONTEXT  
AND PREVIOUS WORK

The Oria River basin is located on the coastal inner corner 
of the Bay of Biscay (northern Spain; Figure 2a). This re-
gion connects the Pyrenees (to the E) and the Cantabrian 
Mountains (to the W). The study area comprises, in ad-
dition to the Oria basin, the closely related catchments 
of the Urumea, Oiartzun, Iñurritza and Añorga Rivers 
(Figure  2b; Table  1). Lower and middle parts of the 
Oria River basin can be distinguished, separated by the 
Bazkardo gorge (Figure 3). The middle Oria sub-basin (to 
the south) includes the Leitzaran and Zelai tributary river 
watersheds. In the area shown in Figure  3, the average 
terrain slope is 0.22, and the mean local relief measured 
within a 5 km circular window is ca. 300 m at the northern 
(lower Oria) sub-basin and ca. 600 m at the southern one.

Current rainfall in the Oria River basin is 1.3 m/year 
and the average annual runoff is 26 m3/s. Its annual 
suspended sediment discharge to the ocean has been es-
timated at 173 t/km2/year (Zabaleta et al., 2016), the sed-
iment delivery ratio with respect to catchment erosion 
being 59% of 217 t/km2/year. These figures can be cor-
related with a catchment yearly homogeneous removal 
of 0.09 mm of surface rocks. By contrast, the Urumea 
catchment 2.5 m/year rainfall in an area ca. 1/3 as small 
as Oria's basin dimension results in a suspended sediment 
discharge to the ocean of only 10 t/km2/year (Zabaleta 
et al., 2016).

Geologically, the area forms part of the ‘Basque 
Arc’ of the ‘Basque-Cantabrian Basin’. Barnolas and 
Pujalte  (2004) and Ábalos  (2016) reviewed the details 
of this realm's organization and terminology in the geo-
logical literature. The ‘Basque Arc’ domain experienced 
extensive faulting and high subsidence rates during the 
Cretaceous, and was inverted during Tertiary compres-
sion related to the Alpine Orogeny (Gómez et al., 2002). 
Currently, it is considered a hyper-extended rifted domain 
with a thinned lower continental crust and local exhumed 
subcontinental mantle (Pedrera et al., 2017, 2021; Teixell 
et al., 2018, and references therein). Cuevas et al. (1999), 
Bodego and Agirrezabala  (2013) and Ábalos  (2016) re-
viewed the stratigraphic, structural and metamorphic 
details of the Basque Arc rocks, cropping out widely in 
the Oria River basin (Figure  2b). Mechanically harder 
lower Triassic red sandstones and Aptian limestones con-
strain the highest elevations in the area, whereas softer 
siltstones, lutites, marls and flysch successions of various 
ages form mountain hillslopes and valleys. Among the 
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F I G U R E  2   Geological map of the area studied (modified after Ábalos, 2016). See text for further comments.
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soft rocks, upper Triassic evaporites are remarkable be-
cause, on one hand, they exerted control during Mesozoic 
sedimentation and Cenozoic (Alpine) tectonic inversion 

and, on the other hand, they constrained the current 
courses of significant segments of the Oria and Urumea 
Rivers (Figure 2b).

F I G U R E  3   Shaded relief geomorphological map of the area studied after 5-m-resolution digital elevation model of the Spanish 
Instituto Geográfico Nacional (www.ign.es). UTM zone 30 coordinates, ETRS89 datum. The framed labels (U-1, etc.) mark the positions of 
stratigraphic cross-sections shown in Figure 4 for (from W to E) the Iñuritza (I-1 to I-3), Oria (Or-1 to Or-9), Añorga (A-1 and A-2), Urumea 
(U-1 to U-8) and Oiartzun (Oi-1 to Oi-9) Rivers.
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To date, the area can be considered tectonically active, 
affected by several low-magnitude earthquakes (Dumont 
et al.,  2015; Ruiz et al.,  2006). A survey in the Spanish 
Instituto Geográfico Nacional database (https://www.ign.
es/web/ign/porta​l/sis-catal​ogo-terre​motos/) of the earth-
quakes recorded between January 1, 1900, and June 7, 
2022, in the area bounded by latitudes 42°55′ and 43°20′N 
and longitudes 1°50′ and 2°10′W yielded 251 events. From 
them, 8.9% were of magnitude <1, 60.5% between 1 and 2, 
21.4% between 2 and 3 and only 7.7% exceeded magnitude 
3 (with only one reaching M 3.9). Nearly 35.0% of the seis-
mic events had shallow hypocentres of <0.2 km (Figure 2b), 
bearing a magnitude (M) distribution of 18.0% <1, 65.1% be-
tween 1 and 2, 10.5% between 2 and 3 and five M >3 events.

The Cantabrian Mountains experienced Quaternary rock 
uplift at estimated rates ranging between 0.07 and 0.15 mm/
year in their central sector (Alvarez-Marrón et al.,  2008), 
with elevation intensity increasing to the E during the last 
1–2 Ma. The uplift follows 8–10 km of Alpine exhumation 
related to the ca. 115 km orogenic shortening registered in 
the W-Pyrenean sector of the North Iberian convergent mar-
gin (DeFelipe et al., 2018, 2019; Teixell et al., 2018) due to 
indentation of the European and Iberian lithospheres.

Exhumation average rates (mostly due to erosional un-
roofing) have been estimated in the range 0.13–0.24 mm/
year after Oligocene times, with tectonically driven fast ini-
tial episodes (0.77 ± 0.08 mm/year) between 45 and 35 Ma 
(DeFelipe et al., 2019). The Oligocene–Miocene transition 
ca. 20 Ma ago appears to mark the turn from Alpine con-
vergence to incision of fluvial networks as principal exhu-
mation cause. The post-Oligocene exhumation rate can be 
considered the upper limit to Quaternary rock uplift rate; 
both exceed slightly current catchment erosional removal 
rate (0.09 mm/year).

Ríos (1948) and Santana (1966a) anticipated the likely 
occurrence of river diversion in this area. The first author 
related diversion to diapiric activity, attending to the close 
relationship between Triassic evaporite outcrop distribu-
tion and anomalous segments of the river's current course 
(Figure 2b). The second author studied and discussed fur-
ther this issue, eventually ruling out the possible diversion 
of the Oria River since its original mouth would have been 
displaced 10 km W from San Sebastián to its current loca-
tion in the Orio estuary.

4   |   METHODS

4.1  |  Mapping of fluvial, coastal and sea 
bottom geomorphology

Fluvial and coastal geomorphic features were mapped using 
LiDAR-based digital elevation models (DEM) of 1, 5 and 

25 m resolution (b5m.gipuzkoa.eus: 2008 flight; www.ign.
es). Surfaces with inclinations <10° in the 5-m-resolution 
DEM were identified as possible coastal and fluvial terraces, 
following guidelines proposed by Demoulin et al.  (2007). 
They were also used in the Oiartzun basin by del Val 
et al. (2015). The 1-m-resolution DEM was also used to look 
for detailed geomorphic features, whereas the 25 m DEM 
was employed for construction of longitudinal river profiles 
and measurement of river sinuosity. Low-slope terrains are 
scarce in the area and, thus, were progressively occupied by 
cities and roads, hereby concealing the geology and geomor-
phology underneath. In order to counteract this drawback, 
ancient topographic maps and aerial photographs were also 
used for the mapping work, including those of the Cuerpo 
de Ingenieros Militares  (1852), 1966–1985 1:5.000 scale 
maps, and a 1954 aerial photography survey at 1:12.000 
scale. These tools are hosted by local and regional adminis-
tration institutions (e.g., b5m.gipuzkoa.eus).

Bathymetry data (with 1 m contour interval) and 
sediment-type data from the coastal seabed up to depths 
of 100 m were collected from regional administration 
databases (ftp.geo.euska​di.net/carto​grafia/). In the case 
of the mouth of the Oiartzun River, it was dredged from 
1870 to 1985 to build a port. The available technical in-
formation together with complementary old and new 
maps of the port were used, too, including Tofiño de San 
Miguel  (1788), the (1909) ‘Plano del Puerto de Pasajes’ 
at 1:5.000 scale (Sociedad General del Puerto de Pasajes) 
and the (2002) bathymetric map n. 3911 at 1:5.000 scale 
(Spanish Hydrographic Institute). In the coastal area of 
the Urumea River, detailed data reports from recent sedi-
mentological dredge and seismic surveys were scrutinized 
(AZTI, 2015; ESGEMAR, 2015; OCSA, 2015).

4.2  |  Stratigraphy and sedimentology of 
alluvial fills, incised palaeovalleys and 
fluvial terraces

Around 750 borehole logs drilled in the alluvial plains 
and some terraces for geotechnical and hydrogeological 
surveying were examined. These contain log information 
on recent sediment thickness and lithology and, in some 
cases, are publicly available (www.gipuz​koa.eus/es/web/
obrah​idrau​likoa​k/mapas/​catas​-y-sondeos). Sediment 
characteristics were interpreted as facies types using the 
criteria of Miall  (2014) for fluvial facies and Dalrymple 
et al.  (2012) for estuarine facies. The interpretation was 
also based on facies recognized in boreholes (Monge-
Ganuzas et al., 2019), superficial characteristics of other 
estuaries of the Bay of Biscay (Flor-Blanco et al., 2015) and 
observations made on terraces with accessible outcrops. 
Borehole information was employed for constructing 31 
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transverse cross-sections of the alluvial fills (Figure 4). All 
this was completed with published chronological infor-
mation collected from available absolute dating determi-
nations in the area.

Combining the topography of bedrock reaches, alluvial 
plain fills, palaeovalleys, submerged palaeoriver channels, 
river terraces and fan deltas, geological profiles (Figure 5) 
were reconstructed along the thalwegs of five coastal 
river basins (Figure  3). In the case of the Leitzaran and 
Zelai Rivers, longitudinal profiles include bedrock lithol-
ogy data (Figure  6). In the Leitzaran River, its sinuosity 
(following Johnson,  2016) was determined as the ratio 
between along-path distance of the stream and straight-
line distance between two points, measured every 50 m at 
lengths ranging from 50 to 1.000 m (the highest sinuosity 
measured for each point being picked).

4.3  |  River diversion and palaeolandslide 
recognition

River catchment geometrical features were analysed to 
unravel diversion events following the ideas synthesized 
in Figure 1. First, we considered river reaches' planforms 
(Willett et al., 2014), profiles and sedimentary characteris-
tics in order to identify and classify reaches as underfit or 
overfit and locate elbows of diversion (Figure 3). This led 
us to hypothesize where potential diversion sites might 
be located. For each suspected diversion, two river-long 
profiles were constructed: one intended to connect for-
mer upstream and downstream reaches (so far separated 
by a landslide) and a second profile done on purpose to 
restore former divides that currently are recognizable as 
gorges (Figure 7). Sedimentological data were considered 
likewise in order to support or reject the feasibility of di-
version events. Also, the location and elevation of fluvial 
terraces and fan deltas were examined to shed light on 
the existence of palaeolakes. Next, identification of pal-
aeolandslides was explored after close inspection of the 
geology and geomorphology of the current catchment 
divides. Comparison of the elevations of landslide dams 
and fan deltas was considered a reinforcing issue. To this 
end, topographic data and geological map collections at 
1:25.000 and 1:50.000 scales were analysed. The geologi-
cal maps used are publicly available and hosted by re-
gional and national Spanish institutions: ‘Ente Vasco de 

la Energía’ (EVE, 1:25.000 maps, https://www.eve.eus), 
Gobierno de Navarra (1:25.000 maps, https://geolo​gia.
navar​ra.es) and ‘Instituto Geológico y Minero de España’ 
(IGME, 1:50.000 maps, https://mapas.igme.es/Servi​cios/
defau​lt.aspx). In some cases, local geological reports and 
published articles were also used.

5   |   RESULTS

In the following sub-sections, the geomorphic character-
istics and sedimentary facies of different features cited are 
described in detail. In the inland area, four gentle-slope 
geomorphic element types are identified: alluvial plain 
fills (associated with palaeovalleys), fluvial terraces/fans, 
marine terraces and estuarine terraces. Additionally, 
several river reaches have been classified as underfit 
or overfit. Below the current sea level, two types of sea-
floor surfaces are distinguished: bedrock outcrops and 
sediment-covered areas (see also Figure  3 and Table  1). 
Cross-sections of alluvial plains are shown in Figure  4, 
meanwhile longitudinal profiles of palaeovalleys and river 
thalwegs are shown in Figures 5 and 6.

5.1  |  Alluvial plain fills and palaeovalleys

Alluvial plains in the Oria drainage basin extend continu-
ously from the coast towards the headwater areas follow-
ing the main trunk and major tributaries. Alluvial plains 
are absent, however, at the Bazkardo gorge (Figure  3). 
This is a transverse drainage excavated across hard lower 
Cretaceous limestones that currently forms a gorge sepa-
rating the lower and middle Oria sub-basins.

The Oria River has the greatest extension of alluvial 
plains in the area studied (56 km2; Table  1), which is ca. 
3% of the catchment area. It is noteworthy, taking into 
account scaling catchment area relationships with other 
basin features, that the small Iñurritza River basin (23 km2) 
exhibits the highest ratio between alluvial plain and catch-
ment areas (13%). whereas the much larger Leitzaran 
River (124 km2; Table 1) presents the lowest (1%). In sev-
eral catchments, there exist dispersed alluvial sediment 
patches disconnected from the main (and largest) continu-
ous alluvial plain edifices. Leitzaran and Zelai are the riv-
ers that associate the maximum extent of those patches, in 

F I G U R E  4   Stratigraphic cross-sections of alluvial valley and palaeovalley infillings. All sections share the same horizontal scale and a 
vertical exaggeration x10. See Figure 3 for location of the sections in the different drainage networks. (a) Urumea River (cross-sections U-1 
to U-8). (b) Oria River (Or-1 to Or-9). (c) Oiartzun River (Oi-1 to Oi-9). (d) Iñurritza River (I-1 to I-3). (e) Añorga River (A-1 and A-2). The 
left side of the sections corresponds to the left side of alluvial valleys (looking downstream). Section Or-1 adapted from Euroestudios (1971), 
Or-2 was completed after DFG (2006) and Oi-3 and Oi-4 after Valdés (1942).
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most cases at high elevations (Table 1). Occurrence of dis-
connected alluvial patches cannot be easily explained on 
lithological or structural grounds (with the exception of a 
karstic depression fill in the left Oria River wing).

Thickness of alluvial plain sediment accumulations 
varies from a few meters in the middle reaches of catch-
ments up to 50 m in coastal palaeovalleys incised below the 
current sea level during previous glacioeustaic lowstands. 
The Urumea River associates a coastal alluvial plain and 
palaeovalley infill (>45 m thick) slightly larger (6.8 km2) 
than the associated to the >3 times larger Oria rived catch-
ment (Table 1; Figure 3). The chronostratigraphic 14C age 
of the youngest coastal palaeovalley infillings is Holocene 
in most cases (see Table  2 and references therein). On 
their part, the Urumea and Iñurritza palaeovalley basal 
sediments yielded Late Pleistocene ages (25.3 to >43.5 ky; 
Table 2).

Six sediment facies and five sub-facies types were 
distinguished for representation in the cross-sections 
and longitudinal profiles of alluvial plain fills presented 
in Figures  4 and 5. They are described in the following 
sub-sections.

5.1.1  |  Fluvial channel gravel facies

It consists of gravel with rounded clasts in a sandy terri-
genous matrix. Clast grain sizes reach up to cobble and 
boulder granulometric classes (up to 50 cm in diameter). 
It is interpreted here that this facies originated in a high-
energy sedimentary environment, likely related to braided 
rivers. In the coastal area, the maximum thickness of this 
facies is 5.8 m in the Urumea palaeovalley infill (Table 1), 
whereas it is almost absent in the Iñurritza palaeovalley. 
Subsurface log data present this facies usually in the lower 
part of palaeovalley infillings (Figures 4 and 5). Log cor-
relations in alluvial plain apex zones show continuous, 
km-long and a few-m-thick coarse-grained terrigenous 
bodies that compose the principal facies type (Figure 5). 
Gravel body thickness is greatest inland from the current 
coastline. Additionally, the reconstructed geometry of this 
facies along the river flow direction presents frontal pro-
gradating terminations. These might be associated with 
fan-delta foresets and related facies changes. Towards the 
coastline, this facies can also form small lens-like bodies 
(channel infillings) within finer-grained sediments.

F I G U R E  6   (a) Longitudinal profiles of the Leitzaran and Zelai rivers showing various low-slope segments and bedrock lithology along 
their courses (horizontal axis). Note the vertical exaggeration x20 with respect to the horizontal scale. (b) Sinuosity of the Leitzaran River 
(see text for further details). (c) Close view of the digital elevation model (see Figure 3) of the Leitzaran catchment area around the river 
segment located between 20.0 and 24.5 km from its confluence with the Oria River.

(a)

(c)

(b)

F I G U R E  5   Longitudinal profiles of rivers and palaeovalleys in the coastal area. (a) Oria River. (b) Urumea River. (c) Añorga River. (d 
and e) Iñurritza River (left and right branches, respectively). (f) Oiartzun River. All sections share the same horizontal scale and a vertical 
exaggeration x10. Black small squares in (a, b and d) mark the positions and elevations of fluvial terraces identified along the river hillslopes.
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5.1.2  |  Fluvial channel sand facies

This consists of coarse- to medium-grained sands and silt 
containing scarce rounded bedrock pebbles up to 4 cm in 
diameter and wood debris. It likely originated in relation 
to meandering and distributary river channels. This facies 
is spatially associated with the fluvial gravel facies in pal-
aeovalley infillings, usually forming clusters of small lens-
like bodies reminiscent of channel fills (e.g., Figure 4).

5.1.3  |  Flood plain levee and crevasse 
fine-grained terrigenous facies

These consist of fine sand, silt and clay deposits with or-
ganic matter remnants (roots) and rare gravel. In the cross-
sections, two sub-facies are presented: a coarser-grained 
(sandy) sub-facies likely related to river margin levees and 
crevasse splays, and a finer-grained (clayey) floodplain 
sub-facies. Both were deposited in floodplain sedimen-
tary environments adjacent to river channels. This facies 
is volumetrically significant in the middle segment of the 
Oria and Urumea coastal palaeovalleys, between their in-
filling apex and the coastline. It is interesting to note in 
the Urumea palaeovalley fill that this facies is volumetri-
cally very important (Figure 5) and contains several lenses 
of fluvial channel gravel and sand facies. With respect to 
the principal fluvial channel gravel facies bodies, the flood 
plain facies either overlies it or represents a frontal (lat-
eral) transition downstream.

5.1.4  |  Estuary channel gravel facies

This is made of coarse-grained sands and gravels contain-
ing clasts up to 10 cm in diameter together with shells of 
marine and transitional environment invertebrates, mi-
crofossils and organic matter. It is interpreted as depos-
ited in an estuarine environment where fluvial channel 
material was reworked by waves. This is not a volumetri-
cally significant facies type but is sedimentologically diag-
nostic of the marine fingerprint. In the Oria palaeovalley, 
a pair of sediment units with this facies were identified 
(Figure  4), reaching up to 5.9 m in thickness. They pos-
sibly represent palaeochannels currently buried either a 
few metres or rather deep under estuarine deposits. Other 

examples were identified in the Oiartzun River mouth, 
where a small surface channel and two buried gravel bod-
ies can be recognized close to the coastline (Figures 4 and 
5).

5.1.5  |  Estuary sand, silt and mudflat facies

It consists of bioclastic and fine-grained terrigenous sedi-
ments that were subdivided into three sub-facies. The 
first sub-facies consists of medium- to coarse-grained 
bioclastic sands and organic-rich silt-enclosing siliceous 
pebbles (up to 2 cm in diameter). The second sub-facies 
type corresponds to fine sand, brown silt and clay with 
root and plant debris remnants. The third sub-facies type 
corresponds to accumulations of dark organic matter and 
estuarine/marine invertebrate shell fragments. This facies 
association is interpreted in relation to estuarine sedimen-
tary environments, notably mudflats. The three sub-facies 
described are shown in separate palaeovalley transversal 
cross-sections (Figure 4) and grouped in the longitudinal 
profiles (Figure  5). Estuary mudflat deposits constitute 
the most important component of palaeovalley infillings 
of the largest catchments (Oria and Urumea) adjacent to 
the coastline. There they can be >40 m thick and directly 
overlie fluvial channel sands and gravel deposits. In the 
case of the smaller catchments, estuarine mudflat deposits 
are volumetrically small but form the greatest proportion 
of the facies types present (Figures  4 and 5). Sediments 
of this facies can attain a few tens of metres in thickness 
along the 2–5 km river lowermost courses, overlying either 
thin fluvial channel gravel deposits or the Meso-Cenozoic 
bedrock.

5.1.6  |  Beach facies

It consists of fine- to medium-grained brown sands with 
shell fragments and little mud matrix. The sediments 
are interpreted as related to beach environments, where 
moderate- to high-energy waves produced biogenic frag-
ments after shells and removed the finest terrigenous 
components (silt and mud). Beach facies deposits are 
>10-m-thick in a 1- to 2-km-wide coastal bar at the sur-
face of the Urumea River mouth, so far mostly hidden 
under urbanized areas. By contrast, they are virtually 

F I G U R E  7   Catchment and drainage network configurations showing the evolution of the lower Oria River in four stages: (a), before 
landslides; (b), after landslide L1 (Irubide); (c), after landslide L2 (Atxetillun); (d), after landslides L3 (Mendibeltz) and L4 (Galarreta). 
Diversion-related feature labels (with numbers added) are E for elbows of diversion, D for catchment divides, R for reversed river segments 
and U for underfit river segments. Labels LP-1 to LP-8 correspond to longitudinal profiles drawn between the positions marked by the 
encircled numbers. These are shown in Figures (e–l) with the same referentials. All sections share the same horizontal scale and vertical 
exaggeration. See text for further details.
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absent in the Oria River mouth. In the case of the smallest 
river catchments, it is remarkable the case of the Iñurritza 
River, where 30-m-thick beach deposits occur in both 
its left and right wings, forming a 1-km-wide sand bar 
that extends >2 km parallel to the current coastline (the 
Zarautz beach). In the case of the rivers Añorga (with the 
‘Ondarreta’ beach at its mouth, connected to the Urumea 
‘La Concha’ and ‘Gros’ beaches) and Oiartzun (without 
beach), only minor beach facies sand deposits were drilled 
under anthropogenic fills in urbanized areas, or dredged 
at the seafloor a few metres under the current sea surface.

5.2  |  Fluvial terraces/fans

Low-slope flat surfaces close to river courses that are placed 
distinctly above the alluvial plains were mapped as flu-
vial terraces. Since the sediments of stream-dominated al-
luvial fans and fluvial terraces may be similar (Mather & 
Stokes, 2016; Zhang et al., 2020), it is assumed that terraces 
can also represent in some cases the remains of alluvial fans. 
Terraces were identified in the Oria, Urumea and Oiartzun 
valleys (Figure 3), but not in the Iñurritza and Añorga val-
leys. Earthworks and urbanization transformed heavily 
some terraces. For this reason, mapping of their original 
form was achieved with available bibliographic records 
(Edeso, 2006; Gómez de Llarena, 1955; Santana, 1966a).

Strath terraces are the most commonly observed in cur-
rent outcrops. They can exhibit a low slope towards river 
courses and contain a thin layer of alluvium made of gravels 
with large cobbles and boulders. In many cases, the latter 
were used as building elements in close farms and fences.

In a few outcrops and some boreholes, fill terraces were 
also found. The maximum fill terrace thicknesses observed 
are 6.6 m in the Oria basin, 8.0 m in the Urumea and 2.5 m 
in the Oiartzun basin. Fluvial channel gravel facies sedi-
ments were found at the base of some fill terraces, the upper 
part consisting of sand and silt (ascribable to levee and cre-
vasse facies). The gravel facies can be up to 2.9 m thick in the 
Oria catchment. The gravel cobbles and boulders can reach 
25 cm in diameter both in the Oria and Oiartzun basins 
(Edeso, 2006; Gómez de Llarena, 1955). del Val et al. (2019) 
dated Holocene and Pleistocene fluvial terraces of the 
Oiartzun River with various methods (Table 2).

5.3  |  Marine terraces

These can be recognized as nearly flat surfaces adjacent to 
the coast both inland and in the currently submerged do-
main to depths of tens of metre. Their total area in uplifted 
domains is 0.36 km2 and their elevations range between 
10 and 280 m. Only soil and weathered flat rock on top 

were identified, but not detritic deposits. Uplifted marine 
terraces were recognized in the area by Edeso et al. (2014) 
and are well known on the Cantabrian coast to the W (Flor 
& Flor-Blanco,  2014). Regarding the submerged marine 
terraces, Santana (1966b) already identified one at −25 m, 
whereas Bilbao-Lasa et al. (2020) reported 12 terrace levels 
between −13 and −92 m. These exhibit staircase morphol-
ogy with rocky floors and sea cliffs, their width usually 
ranges from 10 to 100 m scale.

5.4  |  Other planation surfaces

Most of the flat surfaces of this type identified (‘plana-
tion surfaces’ in Figure 3) are located to the South of the 
coastal ridge and in the main valleys, occupying ca. 4 km2. 
They occur at elevations between 10 and 360 m, although 
most of them (95%) are below 200 m (e.g., those mapped in 
Figure 3) and 80% between 50 and 150 m. Detritic deposits 
covering these surfaces were not identified and, consider-
ing their position, likely they are neither marine nor flu-
vial terraces; Santana  (1966a) interpreted them as glacis 
remains. Planar surfaces developed over soft rocks are in-
terpreted as estuarine terraces (Kennedy & Paulik, 2007), 
and are also are related to sea-level position (Retallack & 
Roering, 2012). The elevation of the aforementioned flat 
surfaces was inspected to track the position of ancient 
drainage divides and former river valleys (see Discussion).

5.5  |  Submerged deltas and 
palaeochannels

Below the current sea level, two surface types can be dis-
tinguished: smooth surfaces in submerged areas covered 
by sandy sediments, and rugged surfaces where bedrock 
crops out at the sea floor. Morphologically, the smooth 
surfaces can be related to narrow palaeoriver channel in-
fillings or broad river deltas (Figure 3, Table 1). The shape 
of contour lines is concave upstream in the palaeoriver 
channels and convex in the deltas.

In principle, the surface area of submerged deltas is ex-
pected to correlate with the area of their respective river 
drainage basins. In this regard, it is astounding the case 
of the Iñurritza drainage basin (a very small catchment 
with a widely distributed submarine sediment output; 
Figure 3). Galparsoro et al.  (2010) interpreted this as an 
infralittoral progradating sedimentary wedge. By con-
trast, the large Oria River catchment presents a smaller 
submarine delta at its mouth, covering the part adjacent 
to the current coast of a palaeochannel. The latter can be 
still identified in the submarine bedrock further North of 
the most distal delta sediments. On its part, the Urumea 
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River presents a comparatively small delta at its current 
mouth, both above and below the coastline. Beyond the 
delta front, the rugged bedrock seafloor and finger-like 
sediment bodies show the scars of variably starved pa-
laeoriver channels and by-pass conduits (Figure  3) that 
connect the coastal sediments with deeper (below 25–
50 m depth) and wider accumulations. One of them oc-
curs in the NW prolongation of the current Urumea River 
mouth. Two additional channels located further W (also 
identified by Edeso et al.,  2017; Galparsoro et al.,  2010; 
Santana, 1966a) exhibit a more prominent submarine to-
pography. The current sediment distribution along them 
suggests they diverge from a common head area at −18 m 
depth. They lack so far any significant river counterpart 
inland. Downstream, the three channels converge into a 
unique, larger channel at −40 m depth that is recogniz-
able down to −70 m. Here, it is interpreted that the centre 
of the three features reported and the final channel mark 
the position of the Urumea palaeoriver course during past 
periods of marine lowstand (tens of meters below current 
sea level). To the E of the current Urumea River mouth, a 
likely by-pass connects the coastal sediment area with a 
wide sediment-covered submarine area. The convex shape 
of the contour curves at its surface suggests this is a fan-
like feature, but the possibility it hinders a small palae-
ovalley cannot be excluded.

5.6  |  Underfit/overfit river reaches and 
elbows of diversion

As many as 15 underfit and seven overfit river reaches 
have been identified in the area studied, based on the ge-
omorphic and quantitative data presented in Figures 3–
5, and Table 1. Usually, the overfit reaches are identified 
in relation to underfit ones (i.e., the Lower Oria and 
Leitzaran Rivers) or are spatially related to gorges or 
straits. The elbows of diversion are located between un-
derfit and overfit river reaches. The angle of river plan-
form in the elbows of diversion is smaller than 90° in five 
cases and greater than 90° in two (E5 and E7 in Figure 3).

Specifically, the Urumea and Iñurritza rivers are both 
considered as underfit, whereas the Lower Oria River is 
classified as overfit. As regards the Leitzaran and Zelai 
Rivers, they are classified as overfit and underfit, respec-
tively, after a comparative analysis of them (Figures 3 and 
6, Table 1). The details of these comparisons are discussed 
further in the Discussion section. Moreover, two types of 
underfit river reaches have been distinguished. Reaches of 
the first type are located close to water divides, bear short 
lengths and are connected with alluvial plains in their 
lower section. The second type of underfit reaches are char-
acterized by their low slope and flow over alluvial patches.

6   |   DISCUSSION

In this section, it is reasoned that the present morphol-
ogy of the drainage basins and the alluvial infills of the 
Iñurritza, Oria, Añorga, Urumea, Oiartzun, Leitzaran and 
Zelai Rivers can be explained by seven diversion events 
caused by landslides. It can be noticed that the effects of 
various diversion episodes overlap in the same area and 
are complex because, on one hand, the rivers involved are 
in neighbouring drainage basins and, on the other hand, 
three rivers were diverted twice. As a consequence, it is pre-
sented here as a discussion of the diversion events organ-
ized in three groups, in spite of the common geographical 
location: (1) diversions related to the lower Oria River, (2) 
diversions related to the Oiartzun River and (3) diversions 
related to the Leitzaran and Zelai tributaries of the middle 
Oria River (Figure 3). Geometrical details of the diversion 
episodes are shown in maps and reconstructed longitudi-
nal river profiles (Figures 7–9). Regarding causative land-
slides and the lakes formed after river obstruction, their 
relevant descriptive data are presented in Table 3, whereas 
specific landslide cross-sections are shown in Figure  10. 
The landslide types involved and their possible causes are 
discussed in a separate sub-section. Finally, a discussion 
on the dating and age of the diversion events is bestowed.

6.1  |  Lower Oria diversions

It can be asserted that, before diversion episodes, there ex-
isted two river drainage basins in the area occupied by the 
current lower Oria River (downstream of the Bazkardo 
gorge; Figure 3). These were the Iñurritza basin to the W 
(directly draining to the Cantabrian Sea) and the Hernani 
sub-basin to the E (a catchment of the larger Urumea 
River drainage; Figure 7a). Reconstruction of the ancient 
Iñurritza drainage basin was achieved by joining the 
present-day Iñurritza basin and the western drainage sub-
basin of the lower Oria (Figure 3). Regarding the ancient 
Hernani sub-basin, reconstruction of its upper part took 
into account the inherited hierarchy and organization of 
the fluvial network recognizable so far at the headwaters 
of the eastern lower Oria. They support the precursory 
existence of an E-directed catchment drainage, although 
currently the drainage is to the W. Reconstruction of the 
lower part of the former Hernani sub-basin is constrained 
by the existence of a fork of the Urumea alluvial plain 
(with a 0.24 km2 area) that at present is fed by a catchment 
of only 3 km2 (Figure 3).

Four diversion events (here termed 1–4) transformed 
the organization of the ancient Iñurritza and Hernani 
catchments in successive steps. All those events were 
caused by landslides (Figure 7b–d) following this sequence: 
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the Irubide landslide (L1 in Figure 7b), the Atxetillun land-
slide (L2 in Figure  7c), the Mendibeltz landslide (L3 in 
Figure 7d) and the Galarreta landslide (L4 in Figure 7d).

6.1.1  |  Diversion 1 (Irubide landslide)

This event was inferred to have occurred in the cen-
tral part of the Hernani sub-basin of the antecedent 
Urumea–Oria drainage basin (Figure  7a), caused by a 
landslide at Irubide (Figure 7b). The area occupied so 
far by L1 is 0.06 km2 (Figures  7b and 10, Table  4). It 

affected Albian siltstones (Figure  2) that partly glided 
over Triassic evaporites currently cropping out in the 
valley thalweg. In detailed geological maps of the area 
(Campos & García-Dueñas, 1974), the landslide bound-
aries are not traced, but an already mapped mechanical 
contact coincides with its toe. In spite of this, morpho-
logically the landslide body can be identified as a hill 
that a century ago was bounded by small roads at the 
headscarp and the toe. Currently, the hill appears dis-
figured and occupied by a road junction complex. The 
headscarp's slope is 22%. It can be estimated that the 
vertical displacement component of the landslide was 

F I G U R E  8   Catchment and drainage network configurations of the Oiartzun basin (a) and reconstructed longitudinal river profiles (b 
and c) between the reference points denoted with encircled numbers. The profiles share horizontal scales and vertical exaggerations. See text 
for further details.
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of the order of 40 m, whereas the horizontal displace-
ment at the toe reached 250 m.

The geomorphic supporting evidence of diversion con-
sists firstly in the presence of an elbow of diversion (E1 in 
Figure 7b) and secondly in the identification of an eroded 
divide (D1). The diversion elbow is located at the former 
confluence of two forks of the precursory Hernani River 
(Figure  7a). So far, the Oria River valley and its alluvial 
plain are wider at the elbow, compared with counterparts 
at the upstream and downstream reaches (Figure  3). At 
the eroded divide, the current Oria River course is incised 
and the alluvial plain is very narrow. Additionally, the 
planation surface relics in the surroundings suggest that 
a former divide with an elevation of ca. 80 m existed in 
this area.

The Irubide landslide caused a river obstruction and for-
mation of a lake with an estimated elevation of 80 m (see 
Table  3 for further details and longitudinal profile LP1 in 
Figure 7e). The lake elevation estimation is constrained by 
those of the former divide D1, on one hand, and of the land-
slide dam crest (currently 70 m, possibly due to its partial 

erosion). Identification of fan delta deposits at elevations 
around 80 m inside the catchment was not achieved. This ab-
sence might be either a consequence of the small catchment 
areas of the tributary rivers that reached the lake or due to 
a low preservation potential (erosion after their formation).

The diversion originated in the Hernani River re-
duced its drainage basin surface from 50.0 to 7.4 km2. 
Downstream the obstruction, its original course turned 
into an underfit river (U1 in Figure  7b) that was subse-
quently modified by another landslide. At the same time, 
the Iñurritza River catchment increased its surface area 
from 78 to 121 km2, the likely increased stream power 
eroding further the head of the ancient Hernani River. 
This would have caused capture and flow reversal of one 
river branch (Figure 7b).

6.1.2  |  Diversion 2 (Atxetillun landslide)

The Atxetillun landslide (L2 in Figure 7c) is a large fea-
ture, with an area of 12.3 km2, a slab configuration and a 

F I G U R E  9   Catchment and drainage network configuration reconstruction (a) and longitudinal profiles for the Leitzaran (b) and Zelai 
(c) Rivers. The profiles share horizontal scales and vertical exaggerations. See text for further details.
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maximum thickness of ca. 300 m. It embraces two smaller 
landslides nested in the main body (Figures  3 and 10, 
Table  3). It is formed mainly by Mesozoic sedimentary 
rocks, with Triassic evaporites at the toe. The slide sur-
face cuts lithological contacts and bedding at a high angle. 

Mapped boundaries are marked by faults and mechani-
cal contacts (Campos & García-Dueñas,  1974). Current 
streams follow these headscarp, flank and toe contacts. 
This landslide is here interpreted as being younger than 
L1 because, otherwise, the diverted ancient Oria–Urumea 

F I G U R E  1 0   (a) Sketch map showing the distribution, shape and size of significant landslides (labelled L1–L21) disclosed in the area 
studied. Straight segments labelled 1–7 correspond to the geological cross-sections of the river-blocking landslides discussed in the main text 
with further detail, shown in Figures (b) (landslide L2, Atxetillun), (c) (L6, Arramia–Zipillao), (d) (L3, Mendibeltz), (e) (L4, Galarreta), (f) 
(L5, Intxaurrondo), (g) (L7, Alloar) and (h) (L8, Otaburu). The cross-sections share identical horizontal scales and vertical exaggeration x2. 
Landslides L9–L21 are non-blocking landslides and deep-seated gravitational slope deformations (DSGSD). See text for further details.
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River would have flowed back into the Urumea River 
through the Hernani River.

The L2 landslide caused diversion of the ancient Oria–
Urumea River. A stream obstruction formed a lake with 
a surface elevation of ca. 100 m. This is supported by the 
preserved elevation of the landslide dam crest and by the 
common elevation of several fan delta top set deposits 
(Table  3). In this regard, wide areas of the middle Oria 
basin alluvial plain can be considered as the remnants 
of previously confined (Nemec & Steel,  1988) fan deltas 
(Figure  3), the dissection of which gave rise to deposits 
that might be interpreted as fluvial terraces on geomor-
phic grounds (Zhang et al., 2016) but that genetically are 
not. The original minimum elevation of the divide be-
tween the Urumea–Oria and Iñuritza Rivers might have 
been higher than the lake level. However, there may have 
been a karstic underground connection between the lake 
and the transient Iñurritza basin that likely facilitated 
the divide reconfiguration. Erosion of the divide at site 
D2 from Figure 7c gave rise to formation of the Bazkardo 
gorge (Figure 3). The Oria River, which previously flowed 
from SW to the NE over Triassic evaporite bedrock, twisted 
its course northwards forming an elbow of diversion (E2; 
Figure 7c) and crossed the Bazkardo limestone gorge. The 
short river segment between the landslide dam and the 
diversion elbow E2 (segment R2 in Figure 7c) associates 
a valley bottom 250 m wide and a gradient of 0.9% in its 
middle part (too low to be located at a catchment head). It 
is interpreted here that it constitutes an underfit reversed 
river that occupies the ancient Urumea–Oria valley. Its 

current lower segment was also blocked in part by the 
Atxetillun landslide, causing a change in its valley direc-
tion from NE–SW at the head to SE–NW downstream.

Due to erosion of the divide at D2, the former Iñurritza 
basin experienced a renewed catchment area increase 
from 121 to 897 km2. After the diversion, the new Oria 
River might have initially fed the lake dammed by the par-
tially eroded divide D1 (Figure 7a), forming fan deltas the 
relics of which are currently found at elevations between 
40 and 58 m (longitudinal profile LP-2; Figures 3 and 7f). 
Towards the coast, the new Oria River promoted increased 
incision, first in the Iñurritza palaeovalley and then in its 
palaeovalley upstream.

Downstream of the L2 landslide (Figure 7c), it is inter-
preted that the lower reach of the former Oria–Urumea 
River became underfit (U2 in Figure  7c). The facts that 
the Oria and Urumea palaeovalleys are similar in size 
and slope, and associate basal gravel beds of comparable 
thickness (Figure 5a,b, Table 1), suggest that both palae-
ovalleys were generated by fluvial systems of similar size 
(Blum et al., 2013; Gibling, 2006; Wang et al., 2019). The 
Urumea River underfit condition is also noticed because 
in the alluvial plain, the river is laterally unconfined (with 
complete alluvial channel boundaries), in contrast to the 
Oria River alluvial plain, which flows over a valley partly 
confined by rocky boundaries (Fryirs & Brierley, 2013).

The 14C datings of the Urumea palaeovalley (see 
Table  2 and references therein) suggest that there exists 
a hiatus in the Quaternary sedimentary record at eleva-
tion of −9 m (2.95–7.65 ky above and >43.50 ky below). 

F I G U R E  1 1   Dating of landslide events, periods of palaeovalley incision and divide erosion stages in the chronological reference 
framework provided by the sea level elevation curve from Spratt and Lisiecki (2016). See text for further details.
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The gap can also be inferred in other parts of the palae-
ovalley infill, as there are two gravel beds at different el-
evations (Figure 5b). It is interpreted here that the hiatus 
could have been caused as follows. First, the stream flow 
of the Urumea River was reduced by diversion (coinciding 
with a sea-level highstand stage). Then, during a subse-
quent sea-level drop, the Urumea River eroded partly its 
former (late Pleistocene) palaeovalley fill. Finally, during 
Holocene sea-level rise, the partially eroded palaeovalley 
was infilled again, forming the stratigraphic gap.

The footprint of diversion can be tracked in the pres-
ent submerged domain of the Urumea River mouth, 
too. There exist three submerged palaeoriver channels 
there (Table 1; Figures 3 and 8a). Likely, the central one 
(the widest) pre-dated river diversion. The western pa-
laeochannel would post-date diversion. Avulsion of the 
original river channel likely led to decreased flow of the 
Urumea River, also allowing coastal dynamics to build a 
barrier. The western and central palaeoriver channels di-
verge at a depth of −18 m. It is envisaged that this zone 
might be genetically related to the stratigraphic hiatus 
discussed above (although other relationships might also 
exist). The eastern palaeoriver channel origin is discussed 
further in Section  6.2, related to diversion events in the 
Oiartzun River.

6.1.3  |  Diversion 3 (Mendibeltz landslide)

The Mendibeltz landslide (L3; Figure  7d) displaced the 
mouth of the Oria River from the Iñurritza Valley to its 
present position. The landslide has a surface of 1.4 km2 
and a maximum thickness of 200 m. The vertical displace-
ment is ca. 70 m and the horizontal displacement at the toe 
is ca. 450 m (Table 3). The landslide headscarp and body 
are formed by late Cretaceous and Cenozoic sandstones 
and marlstones, while at the toe Triassic evaporites crop 
out. In detailed geological maps of the area, the western 
landslide flank and a secondary scarp are tracked by faults 
with slip components coincident with those expected for 
a gravitational landslide (Campos & García-Dueñas, 1974; 
Garrote et al., 1988; Hanisch, 1974a). The headscarp is still 
partially recognizable, the western flank and the toe being 
followed by small creeks. This landslide should be younger 
than L2 because no other river than the Oria could have 
eroded the Iñurritza palaeovalley at the slide site.

The Mendibeltz landslide formed a lake (32 km2 in area; 
Table 3) with an elevation of ca. 75 m, constrained by the 
elevation of the dam crest (93 m) and by that of fan delta 
remnants preserved in a branch of the current lower Oria 
(Figure 7d). This is also the elevation of wide areas of the 
alluvial plain of the middle Oria upstream of the Bazkardo 
gorge, which would have been transiently submerged 

enabling extension of the lake to the S (Figures 3 and 7d). 
The lake overflow would have eroded the divide close to 
the coast at site D3, facilitated by a fracture zone (Hanisch, 
1974b). Progressive divide erosion permitted river incision 
and the punctuated formation of additional fan deltas at 
elevations below 75 m both in the middle and the lower 
Oria sub-basins (Figure 3, Table 3). In the case of the mid-
dle Oria (upstream of the Bazkardo gorge), the fan deltas 
at elevations below 75 m (e.g., those between 40 and 58 m) 
were also formed during drainage of the lake created by 
L2 (with an initial 100 m elevation). These were later re-
worked in the lake created by the L3 landslide. In the case 
of the lower Oria, fan deltas located at elevations between 
6 and 58 m (Figure 3, Table 3) formed while the divide was 
eroded.

The course of the ancient river can be traced to the 
E and W of the L3 landslide. To the W, it forms a wide 
and deeply incised fork of the beheaded Iñurritza allu-
vial valley (U3 in Figure 7d), which could not have been 
eroded by its current small river (Figure 3). To the E, the 
river traverses a broad valley with a negligible creek that 
corresponds to a reversed underfit river segment (R3 in 
Figure  7d). The elbow of diversion E3 is located 1.5 km 
upstream of the current Oria River mouth. The ancient 
river was 3.5 km longer than the present day.

The Iñurritza palaeovalley infill lacks the basal 
gravel bed present in the palaeovalleys previously dis-
cussed (Urumea, Oria and Oiartzun). It is interpreted 
here that the L3 landslide (with its base 20–30 m below 
the current sea level; Figure 7g) occurred during a low-
stand sea-level period, while the palaeovalley was being 
eroded and carried, at most, a thin gravel bed in the 
channel (Sklar & Dietrich, 2006). During the sea-level 
rise, the wide underfit river (U3 in Figure  7d, now a 
littoral palaeovalley) did not associate fan deltas with 
gravel deposits and was replenished with estuarine and 
beach sediments.

6.1.4  |  Diversion 4 (Galarreta landslide)

The Galarreta landslide (L4 in Figure 7d) occurred in the 
remainder of the Hernani River after being beheaded by 
the diversion caused by the L1 landslide. The L4 is slab 
shaped, with 0.5 km2 of surface area. It is made mostly of 
Aptian limestones (Table  4). The headscarp and the toe 
are tracked by two streams draining to the Urumea basin, 
and are identified as mechanical contacts in detailed geo-
logical maps of the area (Campos & García-Dueñas, 1974). 
This slide is interpreted as younger than L1 because the 
fan deltas it formed overlap the fan deltas and the be-
headed palaeovalley associated with the L1 landslide 
(Figure 7d,j).
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The inferred river diversion (E4; Figure  7d) can be 
recognized by the anomalous channel network pattern 
of the Añorga River (Figure  3). A short river segment 
flows from W to E over soft Triassic evaporites very close 
and parallel to the water divide between the Añorga 
and Urumea basins, but at the elbow of diversion (E4 
in Figure  7d) the course abruptly changes to the N di-
rection. Then the river traverses a strait composed of 
upper Cretaceous soft marls and hard limestones (D4 
in Figure  7d). The Añorga River longitudinal profile 
(Figure 5c) shows a significant contrast between its right 
(southern) and left (northern) branches. The right branch 
presents a reduced gradient between 30 and 50 m eleva-
tion in the upper part of the basin that the left branch 
lacks. Additionally, the low-gradient area contains two 
patches of alluvial deposits that are interpreted as con-
fined fan deltas (Nemec & Steel, 1988; Figure 3, Table 3), 
based on the small area of Añorga River (about 4 km2) at 
site of the alluvial deposits.

The L4 landslide blocked the valley of the tributary 
river and formed a small lake (0.44 km2; Table 3) with an 
elevation of about 50 m. This is also the elevation of the 
highest fan deltas preserved (Figures 3 and 7d,j,k). When 
the D4 divide was eroded, a Hernani River segment (R4) 
reversed between the landslide and the diversion elbow. 
As a result, the former course of the river was modified 
by avulsion due to the presence of fan deltas. Upstream 
L4, the former Hernani River segment R4 is as well an un-
derfit river with low slope (1.14%) and a small watershed 
(1.13 km2). Downstream L4 in the Urumea catchment, the 
diversion event can be detected by the presence of a broad 
valley and alluvial plain associated with a short tributary 
(an underfit rivulet, U4 in Figure 7d).

6.2  |  Oiartzun River diversion 
(Intxaurrondo landslide)

The former Oiartzun River flowed over Eocene marls in 
an E–W direction, its ancient mouth coincided with the 
easternmost submerged palaeovalley in the Urumea River 
mouth area (Figures 3 and 8, Table 1). At the coast, the 
palaeoriver channel is buried beneath the Urumea River 
delta. Further E, the ancient Oiartzun palaeovalley is now 
a 100-m-wide arm of the Urumea alluvial plain with a 
small culverted stream. The culverted stream is the under-
fit river (U5 in Figure 8a) downstream of the Intxaurrondo 
landslide (L5).

The L5 landslide body has an area of 1.7 km2 and 
a maximum thickness of 80 m. It is formed by late 
Cretaceous and Palaeogene marl and limestone alter-
nations (Table 3). Although it has not been identified so 
far in geological maps by means of mechanical contacts 

at their boundaries, it can be recognized through a geo-
morphic criterion: the landslide is bounded by a partly 
eroded main headscarp. In detail, the headscarp was 
occupied by two diverging ravines, and a secondary 
scarp parallel to it can be also defined by two other 
gullies.

East of L5, the precursory Oiartzun River associates a 
palaeovalley fill that reaches the elbow of diversion (E5 
in Figure 8a). This alluvial infilling (1 km long and 200 m 
wide, but with only 4 km2 of catchment area) traces the 
underfit valley segment (R5; Figure 8a) formed by flow re-
versal of the ancient Oiartzun River. East of the elbow of 
diversion, the current Oiartzun River valley is 250 m wider 
than the palaeovalley of the reversed river.

Likely, L5 formed a lake based on the presence of 
gravel deposits in the Oiartzun valley. The deposits were 
previously interpreted as terraces deposited in a high-
energy stream (Edeso,  2006). However, because they 
occur in a relatively small basin area (12 km2) where the 
channel slope is 1.7%, we interpret them as fan deltas 
eventually deposited in the lake margins. The lake ele-
vation (60 m) is constrained by elevations of the current 
landslide crest dam and the highest terraces (Figure 3, 
Table 3). The lake overflowed into a coastal creek at po-
sition D5 in Figure 8a. There, it incised a pre-existing di-
vide composed of hard siliceous sandstone until a gorge 
was formed.

The reconstructed profile of the ancient Oiartzun 
River (Figure 8b) can explain the reason why the depth 
of its palaeovalley (−25 m) is shallower than the depth 
of the Oria and Urumea palaeovalleys (−45 to −50 m). 
It can also explain the similar slope of those three riv-
ers in their lowest reaches. The reconstructed profile, 
when compared to the current (Figure 5e), permits us 
to explain the occurrence of a knickpoint ca. 3 km from 
the coastline. It is envisaged here that, before diver-
sion, the former river mouth likely formed an equi-
librium profile in connection with the upper part of 
the present Oiartzun River (Figure 8b). After diversion 
(Figure 8c), erosion of the hard rock divide (D5) would 
have needed a long time, with faster incision rates oc-
curring only during sea-level lowstand stages. Likely, 
divide erosion completion would have been achieved 
when sea level was below modern. Since the river can-
not erode its bed at the bottom of the lake, during di-
vide erosion, the ground elevation increased by uplift. 
After complete incision of the water divide, a knick-
point started to develop and move upstream, removing 
first the soft materials of the lake-infilling alluvium. 
As a consequence of diversion, the river length was 
shortened by 3.7 km, and the resultant longitudinal 
profile slope increase also contributed to development 
of the knickpoint.
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6.3  |  Leitzaran and Zelai River diversions 
(Arramia–Zipillao, Alloar and Otaburu 
landslides)

The Zelai and Leitzaran tributaries of the Oria River 
(Figure 3) exhibit anomalous drainage network character-
istics. These include the following: (1) Based on the rela-
tionship between the floodplain and the basin area in its 
lower reaches (Table 1), the Zelai River is underfit while 
the Leitzaran River is overfit. (2) The longitudinal profiles 
of the Zelai and Leitzaran rivers (Figure 6) indicate low 
gradient segments in their upper reaches compared to their 
mouths, along with wide alluvial plains in their headwa-
ters. A geophysical survey of one of the alluvial deposits in 
the upper reach of the Zelai River revealed a thickness of 
almost 100 m (EVE, 1996). (3) In the middle reaches of the 
Leitzaran River, there is a 20-km-long section with high 
sinuosity upstream of a knickpoint (Figures 3 and 6). (4) 
A significant segment of the drainage divide between the 
Leitzaran and Zelai basins coincides with continuous out-
crops of soft evaporitic rocks.

The anomalous drainage network attributes can be ex-
plained by involvement of three landslides. Two landslides 
(L6 and L7) caused river diversion, and the third landslide 
(L8) caused river damming without diversion. The Arramia–
Zipillao landslide (L6 in Figure 9) occurred in the upper part 
of the former Leitzaran–Zelai River, at the junction of its 
main branches. The landslide (4.2 km2 in area; Table 4) in-
volved mass transport (with a maximum thickness of 200 m) 
towards the main river channel downstream of the fork con-
fluence and blocked the valley. The landslide has two parts 
(Figure 10c): the Arramia block in the upper part (formed by 
Triassic red sandstones), and the Zipillao block in the lower 
part (formed by dolerites). In detailed geological maps of the 
area, the landslide boundaries coincide with mapped minor 
faults and mechanical contacts. The position of the main 
headscarp is recognizable in the current terrain by a geo-
morphic saddle. The flanks are followed by small rivers. So 
far, the Leitzaran River flows through the secondary scarp 
of the landslide, which separates the Arramia and Zipillao 
blocks. Vertical displacement is ca. 100 m at the principal 
headscarp and the horizontal displacement is ca. 1 km at the 
toe (Figure 10c). The landslide raised the thalweg of the pre-
cursory Leitzaran River as it flowed over, creating the recent 
low slope reaches at 420–450 m elevations (Figure 6a).

The elevation of the lake formed by landslide L6 was 
ca. 470 m, constrained by elevations of the landslide dam 
crest and of the highest fan deltas (Figure  3, Table  3). 
The lake spilled over the ancient divide between sub-
basins A and B from Figure 9 at a location dominated by 
slates and greywackes, forming there an incised narrow 
part of the current Leitzaran valley. Downstream of this 
eroded divide, the precursory Leitzaran River catchment 

had two parts separated by a knickpoint (at a distance of 
7 km of the mouth) in an area dominated by hard Triassic 
conglomerates (Figures  6a and 9b). The headwater part 
flows over soft Palaeozoic low-grade metamorphic rocks, 
whereas the lower part flows mainly over Mesozoic sedi-
mentary rocks lithologically diverse. After diversion, the 
ancient Leitzaran almost doubled its area (Table  3) and 
the resultant Leitzaran River experienced a reduction in its 
average slope. This might have induced the development 
of sinuous meanders (e.g., Johnson & Finnegan, 2015) as 
the river coursed over soft Palaeozoic bedrock (Figure 6c). 
In the reconstructed longitudinal profile of the ancient 
Leitzaran River (Figure 9b), sinuosity was removed, thus 
reducing its length from 20 to 10 km in the sub-basin B. 
This way the thalweg slope connects smoothly with the 
headwater river profile.

As a consequence of diversion caused by the L6 land-
slide, the precursory Zelai River basin lost 45% of its area 
in the upper catchment and became an underfit river. The 
resultant Zelai River catchment incorporates two addi-
tional landslides: the Alloar and the Otaburru landslides 
(L7 and L8, respectively, in Figure 9a).

The L7 landslide (located at the catchment head) 
dammed the river and created a lake with an elevation of 
ca. 462 m. The landslide body has a surface of 1.1 km2 and a 
maximum thickness of 220 m (Table 4). It is formed mostly 
by Mesozoic limestones, but Triassic evaporites crop out 
on the valley floor (Figure 10g). The landslide headscarp 
is well preserved, marked by two gullies. A secondary 
landslide can be identified at the toe. The estimated land-
slide vertical and horizontal displacements are ca. 120 and 
700 m respectively. The lake that resulted after river dam-
ming was subsequently filled with fan delta sediments. A 
low slope, underfit and reversed rivulet eventually flowed 
over it. Diversion was achieved through erosion across the 
older L6 landslide at an incised geomorphic feature con-
necting the sub-basins E and A in Figure 9a. This led to 
incorporation of ca. 4 km2 of the ancient Zelai headwaters 
(Table 3) into the Leitzaran River drainage basin.

The L8 landslide (located at the central area of the 
catchment; Figure 9a) blocked the Zelai valley and formed 
a lake that was filled by fan delta sediments preserved to 
date. The lake had a surface of 11.4 km2 and the thickness 
of the sediment fill attains ca. 100 m (EVE, 1996). The 
landslide body is formed by Triassic red sandstones, has 
a surface area of 0.43 km2 and a maximum thickness of 
160 m (Table 4). Vertical and horizontal displacements of 
200 m at the scarp and 400 m at the toe, respectively, can 
be determined (Figure  10h). It does not exhibit explicit 
tectonic boundaries in geological maps. However, up- and 
downstream of L8 soft rocks of distinct nature (Triassic 
evaporites) crop out in the valley bottom. Therefore, the 
corresponding lithological contacts can be correlated with 
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the landslide lateral limits. So far, the most evident geo-
morphic feature of the landslide is its headscarp, the Zelai 
River flowing between the landslide body and the bedrock 
scarp.

Relative dating of L6, L7 and L8 landslides can be es-
tablished through overprinting relationships with respect 
to their associated fan deltas (Figure 9c). L6 is overlain by 
fan delta deposits formed upstream of L7. The latter, in 
turn, is overlain by fan delta deposits formed upstream of 
L8. It is also remarkable to note that valley blocking and 
the upstream infilling caused a reduction in landslide like-
lihood in this area.

6.4  |  Landslides as a cause of river 
diversion and landslide triggers

So far, attribution of the cause of river diversion to 
landslides has not been straightforward. As a matter of 
fact, in this study, given the close association of Triassic 
evaporites with river diversion segments, the option 
first explored was diapiric remobilization. This ap-
peared reasonable as well in view of previous studies on 
similar geological situations (Colman,  1983; Gutiérrez 
et al., 2019). A major drawback of the hypothesis, how-
ever, is that in order for diapiric remobilization to be ca-
pable of diverting rivers, the induced local uplift should 
exceed the erosion rate. No such evidence was found in 
large rivers such as the Oria and, thus, the hypothesis 
was discarded.

The correlation among evidence of diversion in 
the drainage network, geomorphic specific features, 
Quaternary sediment organizations and geological con-
tacts in the water divide areas was the actual clue that led 
to terrain re-inspection and then to detection of a number 
of landslides that blocked river valleys. Seven of the eight 
valley-blocking landslides discussed to this point were 
found to have caused river diversion. Notwithstanding, 
another 13 landslides identified had variable impacts on 
fluvial drainage network dynamics (L9–21 in Figure 10a). 
Some of them bear dimensions (Table  4) comparable 
to those of giant landslides described elsewhere (e.g., 
Delchiaro et al.,  2019; Hancock & Perrin,  2009). Taking 
into account the power-law magnitude/frequency distri-
bution unravelled by Hovius et al. (1997), lots of smaller 
landslides may exist in the studied area, several of which 
were discerned during terrain geomorphic inspection.

The principal landslides studied in detail herein share 
a number of geological and geomorphic characteristics. 
First, the slid masses (affecting large parts of hillslopes) 
mostly maintained an internal cohesion (evidence of 
transformation of landslides into debris avalanches was 
not recognized, maybe biased by the poor outcrop quality). 

This might support considering them as slow-moving 
landsides that under the influence of external triggers 
turned into fast-moving landslides (Lacroix et al., 2020). 
The landslides are mainly translational, with minor rota-
tional components. Their headscarps (usually simple) are 
disfigured by subsequent erosion in a rugged mountain 
region affected by a rainy temperate climate. Landslide 
flanks or lateral scarps usually form creeks followed by 
minor streams. The toes of the non-diverting landslides 
deflected the thalwegs and the alluvial valley plains (nar-
rowing palaeovalley widths), whereas toes of diverting 
landslides (blocking palaeovalleys and damming rivers) 
are tracked by manifest abnormal mechanical contacts.

Most of the landslides have boundaries that coincide 
with minor faults or mechanical contacts represented in 
geological maps, as already observed by Hart et al. (2012). 
The lithologies of landslide main bodies are composed of 
various bedrock geology units, but it is common the oc-
currence of evaporitic Triassic rocks at their base (71% of 
the landslides). Delineation of the landslide rupture/slip 
surfaces after topographic cross-sections (joining scarps 
and toes) results in inclination angles ranging between 2° 
and 35°, with a 5° average (Figure 10b–h). The thickness 
of landslides ranges from 50 to 300 m (averaging 200 m), 
and is correlated with their surface area (Jaboyedoffa 
et al., 2020; Table 4).

The landslides studied herein exhibit scarp and flank 
morphologies compatible with deep seated gravita-
tional slope deformations (DSGSD; Agliardi et al., 2012). 
Notwithstanding, at variance with DSGSD, they record 
displacement evidence at the toe and bear identifiable 
mechanical contacts in their boundaries. The existence 
of low-gradient landslides is similar to the observed in 
spreading DSGSD (Discenza & Esposito,  2021) and in 
large landslides from areas of relatively moderate relief 
(Pánek, 2022). It is possible that the landslides were origi-
nally slow-moving DSGSD actually accelerated along dis-
crete slip surfaces or deformation localization shear zones 
(Lacroix et al., 2020; Pánek & Klimeš, 2016).

The causes of landslides can be diverse. Apart from suit-
able slopes and critical shear stress at landslide bases, the 
principal triggers are storms and earthquakes (Densmore 
& Hovius, 2000; Meunier et al., 2008). Valley incision is a 
common slope-increasing factor. Incision may be magni-
fied by increasing flow through fluvial capture in drainage 
basin headwaters, or by lowering sea level in coastal areas. 
Lithological and structural factors can also contribute. 
Several of the favourable situations described by Stead and 
Wolter (2015) are met in the area studied, such as appro-
priate angle between potential rupture surfaces and litho-
logical contacts and rock internal anisotropies (bedding/
foliation), or existence of potential detachment surfaces 
at key places (Triassic evaporites). These are present in 
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the geological structure of many landslides (Figure  10). 
Storms and/or heavy rainfall are potential landslide trig-
gers since they are frequent in the area to date. However, 
their role in accelerating slip in sliding masses tens to a 
few hundreds of metres thick (as several of the landslides 
studied) might be limited. Regarding earthquakes as land-
slide triggers, they are envisaged as a viable cause as long 
as they are relatively common in the area (see Section 2), 
even in recent times (the latest decades with instrumen-
tal monitoring records). Earthquakes are both mid-crustal 
and (usually) shallow, and even in the latter case, their 
magnitude distribution (M1 to M4) extends throughout 
the whole range monitored. Finally, the epicentres of 
some recorded seismic events coincide with or are close to 
landslide sites and current river valleys (Figure 2), possi-
bly denoting ongoing slow slip at places.

6.5  |  Dating of diversion events

A chronology of landslide events is tentatively put for-
ward using a combination of relative and absolute dat-
ing methods (Table  2). Using geometric relationships 
between geomorphic features, three landslide sequences 
can be inferred. In the lower Oria River basin, from older 
to younger, there are two concatenations: landslides 
L1 (Irubide) – L2 (Atxetillun) – L3 (Mendibeltz) and L1 
(Irubide) – L4 (Galarreta). In the middle Oria catchment, 
the progression was: landslide L6 (Arramia-Zipillao), 
L7 (Alloar) and L8 (Otaburu). The geometric relation-
ships cannot be used to establish connections among 
the three landslide sequences and with the landslide L5 
(Intxaurrondo) of the Oiartzun catchment. In spite of the 
above, absolute age dates available and additional relative 
dating criteria can shed more light, as explained below 
(Figure 11).

It is envisaged that the oldest Urumea palaeovalley fill 
should have formed during Marine Isotope Stages MIS-8/7 
(337–243 ky). Since the river diversion caused by the land-
slide L2 likely occurred during a sea-level highstand, and 
the Oria River eroded two palaeovalleys after its diversion, 
L2 likely occurred during the MIS-7 (243–191 ky intergla-
cial). The Iñurritza palaeovalley erosion period during the 
MIS-6 (191–130 ky glacial stage) would have included the 
L3 landslide event. The current Oria palaeovalley would 
have been eroded during the MIS-2 stage (29–14 ky). This 
is supported by the unconformity disclosed in the Urumea 
palaeovalley fill, separating Pleistocene sediments >45 ky 
underneath from Holocene ones (7.6–2.9 ky) above −9 m.

The fan delta formed by landslide L5 at 50 m elevation 
was dated between 508 and 284 ky (del Val et al., 2019). 
Since L5 is located on a submerged palaeovalley, it ap-
pears reasonable to consider that the landslide might have 

occurred during a low sea-level stage. Therefore, it might 
be ascribed to MIS 10 (374–337 ky) or MIS 12 (478–424 ky; 
Figure 11). After the ancient Oiartzun River was diverted, 
the divide and the palaeovalley were eroded one after an-
other (Figure 9). The divide incision above sea level was 
55 m, whereas palaeovalley incision below sea level was 
25 m. The former should have been eroded at a lower rate 
than the latter since streams in the divide have no gravel 
to erode (Garcia-Castellanos & O'Connor,  2018). Thus, 
it is envisaged that the divide incision lasted until MIS 
6 (191–130 ky) or MIS 4 (71–57 ky) and the palaeovalley 
incision extended till MIS 2–3 (57–14 ky). The shallow 
depth of the Oiartzun palaeovalley (−25 m) possibly was 
due to combination of hard siliceous conglomerate bed-
rock and a relatively short incision interval. The fact that 
the Urumea and Iñurritza palaeovalleys do not show evi-
dence of uplift, in contrast with the Oiartzun palaeovalley, 
points to L5 being older than L2. The possible Cantabrian 
Mountains uplift rate decrease during the Pleistocene 
(Benito-Calvo et al., 2021) might also explain the point of 
the aforementioned palaeovalleys.

In order to approximate the minimum age of the L1, 
L4, L6 and L7 landslides, it is accepted that lake overflow 
caused divide incision at the top and front, similar to 
landslide dam erosion (Zhonga et al., 2020) and to knick-
point recession. Loget and Van Den Driessche (2009) es-
timated that knickpoint recession rate is proportional to 
the square root of basin area. Following this approach, 
the divides D6 and D5 should have retreated at similar 
rates, about five times faster than divide D4. This sim-
plistic approach does not consider the thickness, length 
and hardness of the eroded divide bedrock. However, it 
highlights that the L4 and L6 landslides pre-dated L2 in 
the Oria catchment. Regarding the eroded divides D2 and 
D3, they should have retreated nine times faster than D5. 
Thus, L2 and L3 should be younger than L5, as inferred 
above. This reasoning cannot be applied to relate divides 
D1 and D7 because the first was eroded by overflow of the 
lakes formed by landslides L1 and L2, whereas D7 was in-
completely eroded.

7   |   CONCLUSIONS

A geological and geomorphic framework of diagnostic 
criteria was used to detect river diversion by landslides 
in the western Pyrenees, including identification of el-
bows of diversion, eroded divides, beheaded underfit 
rivers, diverted overfit rivers, reversed river segments 
and large landslides. River blocking landslides modified 
original and transferred (diverted) drainage networks 
both up- and downstream. The Oria drainage river ba-
sin's case suggests that river diversions due to landslides 
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were likely more frequent than previously presumed, and 
might be significant in mountainous areas of moderate 
relief elsewhere.

In the study area, some landslides caused the formation 
of lakes that overflowed upstream at catchment divide 
segments with elevations lower than those of blocking 
landslide tops. In this study, fluvial terraces and basal pa-
laeovalley gravel beds were identified and differentiated 
from fan deltas (formed at tributary mouths entering 
dammed lakes). Application of selective geological and 
geomorphic criteria (summarized in Figure  1) enabled 
identification of seven diversion events and their effects in 
both coastal and inland settings of relatively small catch-
ments. Evidence of river diversions is robust because it is 
supported as well by their geomorphic and sedimentary 
impacts in continental and submarine realms.

The landslides identified as causes of river diversion 
usually exhibit low-rupture surface dip and inconse-
quential internal brecciation. Most landslides exhibit 
still recognizable geomorphic and geological boundar-
ies (main, minor and lateral scarps, toes and ridges), 
although they are masked by weathering, erosion, veg-
etation and profuse urbanization. Some of them can be 
considered large or giant attending to their current area. 
The positive correlation between landslide thicknesses 
(above their slip surfaces) and relief of the resultant 
dams permitted the latter to bear top elevations that 
led to overflow of dammed waters at catchment divide 
sites of lower elevation located upstream elsewhere. The 
maintenance of the internal coherence of the sliding 
mass contributes to the dam being thicker and higher. 
It is envisaged that their conjectured slow motion was 
occasionally accelerated (thus provoking river blocking) 
by combination of seismicity, storms and/or heavy rain-
fall and river incision.
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