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Abstract

Geomorphological,  sedimentological  and  geochronological  analyses  have  been 
undertaken  to  decipher  the  effects  of  Quaternary  environmental  change  on  the 
development of the Rio Bergantes, Ebro basin, northeast Spain. Field mapping and 
profiling  utilising  large-scale  aerial  photography  and  airborne  LiDAR  data  has 
identified a sequence of six river terraces.  Age control,  provided by luminescence 
dating methods, has revealed two major phases of valley floor aggradation at ~ 183 - 
130 ka (Terrace BT1, elevated ~ 25 m above the modern river channel) and ~ 111-
26.8 ka (BT2, ~ 18-20 m), punctuated by ~ 20 m of incision in the intervening period. 
Following these two phases of large-scale aggradation,  the Bergantes river system 
adjusted to a more sediment limited regime and responded to environmental changes 
through a series of smaller cut and fill cycles. This resulted in four lower elevation 
terraces (BT3-BT6) inset within the older (BT1 and BT2) valley fills. These lower 
terraces have been temporally constrained at ~ 24.5-14.2 ka (BT3); 10.6-9.8 ka (BT4); 
8.3-6.2 ka (BT5) and ~ 3 ka (BT5). Field sedimentological and stratigraphic analysis 
of the alluvial fills, combined with sediment storage and export calculations, indicates 
the  large  influence  of  tributary  and  hillslope  derived  sediment  supply  during  the 
aggradation of BT1 and, to a lesser extent BT2. This contrasts with the predominantly 
trunk river derived deposits which make up the fill of BT3-BT6, when the hillslopes 
and tributaries  in the study area appear to be relatively de-coupled with the trunk 
river. A lack of lithological variation in the Bergantes catchment, combined with large 
amounts  of  carbonate,  has  restricted  the  possibility  of  deciphering  any spatial  or 
temporal  changes  in  sediment  source  areas.  However,  a  new  and  innovative 
methodology  has  been  designed  and  implemented  which  calculates  automatic 
sedimentary section-scale grain size measurements from Terrestrial Laser Scan (TLS) 
data.  This  methodology  can  now be  applied  to  other  ancient  fluvial  sedimentary 
successions.  

Data presented in this thesis suggest that the Bergantes river system has responded to, 
and has preserved, a record of environmental changes operating both in sync with, 
and at higher frequency than Milankovitch-driven glacial-interglacial  cycles. Major 
valley floor aggradation phases (or those associated with relatively large amounts of 
fluvial sediment e.g. BT1 and BT2) correlate with Pleistocene glacial conditions in 
MIS 6 and MIS 5,  when the  climate  on the  Iberian Peninsula  was  cool  and dry. 
Intervening  phases  of  major  valley  incision  appear  to  coincide  with  warmer  and 
moister  climates  in  Pleistocene  interglacials.  The younger  terraces  (BT3-BT6) are 
characterised by much smaller amounts of fluvial sediment. Dating control suggests 
that their development correlates with stadial (aggradation) and interstadial (incision) 
events during the Late Pleistocene and Holocene. Many phases of aggradation appear 
to  coincide  with  the  North  Atlantic  Heinrich  Events,  which  are  also  recorded  in 
marine cores off the west coast of the Iberian Peninsula, and also to other securely 
dated phases of aggradation elsewhere in the Mediterranean basin. 
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of bedrock control (view u/s); (F) wide valley and fully alluvial Reach C (view d/s). 
Refer to Figure 6.1 for photograph positions                                                                         108
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Figure  6.3:  Geomorphological  map  of  the  15  km  study  reach  showing  major 
geomorphic features, Quaternary river terraces and reach subdivision         pocket 
Figure  6.4A: Longitudinal  profile  of  the  Bergantes  valley  showing  the  height  of 
preserved  river  terraces  and  the  modern  channel.  Tributary  junctions  (named)  are 
indicated by the black arrowheads. Height data were extracted from airborne LiDAR 
(2 m sampling resolution)                                                                                                          110
Figure 6.4B: Longitudinal profile of the Bergantes valley. River terraces (black; see 
Figure 6.4A) have a  colour  linear  trend line fitted  through the raw data  to depict 
average  surface  gradient;  colours  refer  to  the  position  in  the  terrace  sequence. 
Tributary terraces are represented by coloured triangles indicating the height at which 
they grade into the trunk valley (different  sized triangles indicate  tributary terrace 
width).                                                                                                                                             111 
Figure 6.4C: Longitudinal profile of the Bergantes valley showing the height range 
of  river  terraces  (and  tributary  terraces)  labelled  Terrace  BT1  (oldest)  to  BT6 
(youngest).  Upper and lower lines indicate the maximum and minimum heights of 
each river terrace surface.                                                                                                          112
Figure 6.5:  Geomorphological map of the 15 km study area showing the classified 
river terrace sequence (BT1-BT6) and major fluvial features.                          pocket
Figure 6.6: Valley cross-sections demonstrating the morphology and terrace sequence 
of Reach A (see Figure 6.5 for exact locations).  Bedrock straths are underlined in 
grey. Distance axes are standardised to demonstrate relative changes in valley width. 
All height data were extracted at a 2 m sampling resolution from bare-earth LiDAR 
(see Chapter 4).                                                                                                                            113
Figure 6.7: Valley cross-sections demonstrating the morphology and terrace sequence 
of Reach B (see Figure 6.5 for exact locations).  Bedrock straths are underlined in 
grey. Distance axes are standardised to demonstrate relative changes in valley width. 
All height data were extracted at a 2 m sampling resolution from bare-earth LiDAR 
(see Chapter 4).                                                                                                                            114
Figure 6.8: Valley cross-sections demonstrating the morphology and terrace sequence 
of Reach C (see Figure 6.5 for exact locations). Dashed lines indicate the approximate 
terrace surface height where it has been quarried. Distance axes are standardised to 
demonstrate relative changes in valley width. All height data were extracted at a 2 m 
sampling resolution from bare-earth LiDAR (see Chapter 4).                                        115
Figure 6.9: BT1 surface on the west side of Reach A. Trunk river flow is towards the 
camera.                                                                                                                                           116
Figure 6.10: Looking upstream (south) in Reach B. Tributary-derived BT1 merging 
into the Bergantes valley axis from the east. Note the difference in colour between the 
tributary sediments exposed in section (orange-pink) and those of the modern trunk 
river (grey-white). Trunk river flow is from left to right.                                                  117
Figure 6.11:  BT2 (indicated)  18 m above the elevation of the modern channel  at 
valley km 0.6. Trunk river flow is away from the camera.                                                118 
Figure 6.12:  BT2 (indicated)  19 m above the elevation of the modern channel  at 
valley  km 1.5.  Flow is  from right  to  left  and  has  dissected  steeply dipping  (32˚; 
downstream) Cretaceous limestone, visible in the centre of the photograph.           119
Figure 6.13: BT2 (indicated) 19 m above the elevation of the modern channel on the 
west side of Reach B, exposed by active gravel mining. Trunk river flow is from left 
to right. Width of view in the photograph is ~ 200 m.                                                       120 
Figure 6.14: Looking down-valley at BT3 in Reach C. The lower level (with grass) is 
a quarried BT6 surface (the true height of this terrace is indicated on the far right of 
the photograph)                                                                                                                            121
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Figure 6.15: BT4 on the east side of Reach A at valley km 2.8. The terrace surface is 
indicated by the dashed white line. Flow is towards the camera.                                    123
Figure  6.16:  Staircase  of  BT1-4 on the west  side of  the valley,  as  the Bergantes 
emerges from bedrock control into the wider valley setting of Reach B. Flow is from 
left to right across the photograph                                                                                           123
Figure 6.17: Looking north-west across the upstream zone of Reach C as the valley 
widens following. Trunk river flow is left to right. BT5 is the lowest level visible, 
followed by BT3 and BT2, and a tributary fan (of equivalent height to BT1). The 
Guadalope valley can be seen in the far background, running left to right across the 
photograph                                                                                                                                     124 
Figure 6.18: Looking west across Reach B. BT6 is the lowest level visible, followed 
by BT 5, BT3 and BT2 as indicated. Trunk river flow is from right to left.                 125
Figure  6.19:  Location  and  orientation  of  the  sedimentary  sections  analysed  and 
referred to in the text in the context of the valley geomorphology.
Figure 6.20: (A) 10 m thick fill underlying BT1 at Location S1, with (B) equivalent 
sedimentary log (location of the log is indicated by the red line on A; for key see 
Figure 6.22).                                                                                                                                   128 
Figure 6.21: Trunk river gravels (grey-white) ~ 23-24.5 m above the modern channel, 
which cap the lower, tributary-derived unit (orange) at Location S2.                           128 
Figure  6.22:  10  m thick  fill  of  BT1  at  Location  S4.  (A)  Sedimentary  log,  (B1) 
photograph of section and  (B2)  sedimentary sketch.  (C) Zoomed photograph/sketch 
of the architecture of the 0-2 m gravel unit. See also the same three units exposed at 
Location  S3 on  Figure  6.24.  N.B.  Key  is  applicable  to  all  sedimentary  section 
diagrams.                                                                                                                                       129
Figure 6.23: Grain size log of sedimentary section at Location S4 derived from TLS 
data, presented with respect to height above the modern river channel. Units 1, 2 and 
3, as outlined on Figure 6.28 (above), are indicated.                                                           130
Figure 6.24: (A) Sedimentary log of the 22 m thick fill of BT1 at Location S3 with 
(B) equivalent photograph. (C) Example of the 4-22 m angular to sub-angular gravel 
unit (pencil for scale is 14 cm). See also the same three units at Location S4 (Figure 
6.28).                                                                                                                                                131
Figure 6.25: (A) Grain size raster derived from TLS data for the deposits underlying 
BT1 at  Location S3 (see also Figure 6.22).  (B) Grain size log of the sedimentary 
section derived from TLS data, presented with respect to height above the modern 
river channel. Units outlined on Figure 6.24 are indicated (in this case Units 1 and 2, 
as shown in Figure 6.24,  were not accessible for laser scanning due to vegetation 
obstruction.                                                                                                                                     132
Figure  6.26:  (A)  7 m sedimentary exposure in  Gully D at  Location  S5 with  (B) 
equivalent sedimentary log. Close-up examples of Unit 2 (C) and Unit 1 (D) are also 
shown (pen for scale is 14 cm).                                                                                               133
Figure 6.27: (A)  Sedimentary log and  (B)  photograph of the 13 m exposure at the 
Camino-Bergantes  confluence  (Location  S6)  (C)  example  of  the  normally-graded 
bedding.                                                                                                                                          134 
Figure 6.28: (A) Sedimentary log of the 15 m fill of BT2 at Location S7, with (B1) 
equivalent photograph and (B2) section sketch. Yellow lines relate to unit boundaries 
and black lines relate to internal unit architecture. Trunk river flow is from right to 
left.                                                                                                                                                   136
Figure 6.29: Grain size log of sedimentary section at Location S7 derived from TLS 
data, presented with respect to height above the modern river channel. Units outlined 
on Figure 6.28 are indicated.                                                                                                      137 
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Figure 6.30: (A)  Sedimentary log of the fill  of BT2 at Location S8i, with optical 
dating control.  (B1) Equivalent photograph and (B2) sketch of part of the sequence. 
Yellow  lines  relate  to  unit  boundaries  and  black  lines  relate  to  internal  unit 
architecture. (C) The 0.8 m thick horizontally laminated sand unit (Unit 4; 15-15.8 m 
up-section).                                                                                                                                     138
Figure 6.31: Deposits at Location S8i. (A) Foresets preserved in Unit 1 (notebook is 
22 cm) (B) horizontally laminated silty sands of Unit 2 gravels (pen is 14 cm).      139
Figure 6.32: (A)  Photograph of 15 m thick sedimentary sequence at Location S8ii 
with equivalent sedimentary units as identified at Location S8i (N.B. Unit 1 is not 
exposed). (B) Grain size raster derived from TLS data (C) Grain size log derived from 
TLS data, presented with respect to height above the modern river channel.           140 
Figure 6.33: (A)  Sedimentary log with optical dates and facies classification,  (B1) 
photograph and  (B2)  sketch  of  the 19 m thick  fill  of  deposits  underlying  BT2 at 
Location S10. Unit 1 (0-1.8 m up-section) is also shown (C); the compass-clinometer 
(indicated by the yellow box) is 7 cm wide.                                                                          142 
Figure 6.34: Deposits underlying BT2 at Location S9i. (A1) Photograph of exposure 
with (A2) complementary sketch showing the five sedimentary units (Units 1-5). (B) 
Sketch showing internal architecture of Unit 1. For grain size and further stratigraphic 
information  derived  from this  sedimentary  section,  see the  TLS data  presented  in 
Figure 6.35.                                                                                                                                    143 
Figure 6.35: (A) Photograph of sedimentary section exposed at Location S9ii (Figure 
6.19C).  (B)  Schematic sketch of the section, identifying Units 2-6 (N.B. Unit 1 of 
Location  S10 is  not exposed at  this  location).  (C)  Grain-size raster  of the section 
derived from TLS data (Unit numbers are annotated).  (D1 and D2)  Grain-size logs 
(locations indicated on C, above) of the section based on TLS data. N.B. Data are 
presented with respect to height above the modern channel.                                             146 
Figure 6.36: (A)  Sedimentary log with optical dates and facies classification of the 
deposits underlying BT3 at Location S11.  (B1; B2) The upper two units of the fill 
(BT3 deposits) are shown in C (rucksack for scale is 52 cm wide). Thick yellow lines 
represent unconformities; black lines relate to internal unit architecture.                     148
Figure 6.37: (A) Sedimentary log with optical dates and facies classification and (B) 
photograph of the fill underlying BT3 at Location S12. N.B. Upper date of 16.4 + 2.8 
ka was taken from the same lithostratigraphic unit ~ 1 km downstream.                      149
Figure 6.38: Grain size log of sedimentary section at Location S12 derived from TLS 
method. Data are presented with respect to height above the modern river channel. 
Units outlined on Figure 6.37 are shown. N.B. Occasional large grain sizes (~ 80-110 
mm) are related to [unavoidable] vegetation and weathering of the section face.    150
Figure 6.39: (A)  Sedimentary log with optical dates and facies classification,  (B1) 
photograph and  (B2)  sketch of the deposits  underlying  BT4 at  Location S13. The 
upper  4.5  m relate  to  the  fill  of  BT4  and  are  inset  within  older  (probably  BT2) 
deposits. On B2, yellow lines relate to unconformities and black lines to internal unit 
architecture. Foresets (DA Element) 5.8-6.5 m up-section is also shown (C) (camera 
case for scale is 11 cm).                                                                                                             152
Figure 6.40: Grain size log of sedimentary section at Location S13 derived from TLS 
method. Data are presented with respect to height above the modern river channel. 
Units outlined on Figure 6.39 (above) are indicated.                                                           153
Figure  6.41:  4  m thick  fill  underlying  BT4 at  Location  S14.  Partially  vegetated 
sediment  at  the base of the section is  slumped material  derived from the exposed 
sediments.                                                                                                                                       153
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Figure 6.42: (A)  Sedimentary log with optical dates and facies classification of the 
deposits underlying BT5 at Location S15. Two photographs and associated sketches 
(B1/B2  and C1/C2) are also shown: thick yellow lines relate to unconformities and 
black lines to internal unit architecture. Trunk river flow is from right to left.         155
Figure  6.43:  Sedimentary  log  and  facies  classification  of  the  2.5  m  thick  fill 
underlying  BT5 at  Location  S16.  Optical  dating  control  of  these deposits  (Fuller, 
1995) is indicated. N.B. no photograph available for these deposits.                            156
Figure  6.44:  2.2 m thick  fill  underlying  BT6 at  Location  S17.  Location  of  OSL 
sample LV 243 is indicated.                                                                                                       157
Figure 6.45: (A) Sedimentary log with optical dates and facies classification of the ~ 
4 m fill of BT6 at Location S18. Equivalent photograph and sketch (B1/B2) are also 
shown (person for scale is  1.9 m);  thick yellow line represents unconformity.  (C) 
Close-up example of the horizontally-laminated sands overlying the lower gravels is 
shown in C (the highlighted trowel is 16 cm wide).                                                            158 
Figure 6.46:  Location of tributary and gully systems used to analyse tributary and 
trunk  river  interactions.  The  red  boxes  refer  to  the  spatial  extent  of  each  system 
analysed.                                                                                                                                         160
Figure  6.47:  Terrace  maps  of  the  tributary  and  gully  systems  referred  to  in  this 
section (see also Figure 6.46) from upstream (A) to downstream (C).                         161
Figure  6.48:  Longitudinal  profiles  illustrating  the  character  of  Group  A  (large 
tributaries),  Group  B  (small,  steep  tributaries)  and  Group  C  (gullies)  systems,  as 
referred to in the text.                                                                                                                   162
Figure 6.49:  Longitudinal profile of the lower Torre valley, showing river terraces, 
the modern channel, and their relationship with the trunk river. Note that there are no 
trunk river Bergantes terraces preserved at the Torre-Bergantes confluence.           163 
Figure  6.50:  (A)  13  m thick  sedimentary  sequence  of  deposits  underlying  Torre 
Terrace 1 at Location S19 (Figure 6.19A) and (B) equivalent sedimentary log.       164 
Figure 6.51: (A) 10 m thick sedimentary sequence of the deposits underlying Torre 
Terrace 2 at Location S20 (Figure 6.19A) and (B) equivalent sedimentary log.       165 
Figure  6.52:  (A)  3 m thick  sedimentary  sequence  underlying  Torre  Terrace  4  at 
Location S21 (Figure 6.19A) and (B) equivalent sedimentary log.                                 165
Figure 6.53: Looking upstream from the north side of the Cerroch at valley km 1.8. 
Terrace 4 is the lowest level on the photograph, with the modern channel visible in the 
far right (centre) of the photograph as indicated. Terraces 1, 2 and 3 are also indicated.
                                                                                                                                                          167 
Figure 6.54:  Longitudinal profile of the lower Cerroch tributary, showing tributary 
river terraces and their relationship with the trunk river terrace sequence.                   167 
Figure 6.55: (A) 11.5 m thick sedimentary sequence underlying Cerroch Terrace 2 at 
the Cerroch-Bergantes junction at  Location S21 (Figure 6.19C) and  (B)  equivalent 
sedimentary log with facies classifications                                                                            169
Figure 6.56: (A)  8 m thick sedimentary sequence underlying Cerroch Terrace 3 at 
Location  S22  (Figure  6.19C).  (B)  Equivalent  sedimentary  log  with  facies 
classifications.                                                                                                                              169 
Figure 6.57: (A)  3 m thick sedimentary sequence underlying Cerroch Terrace 4 at 
Location S23 (Figure 6.19C) with (B) equivalent sedimentary log.                                170 
Figure  6.58:  Longitudinal  profile  of  the  lower  Valbobera  valley,  showing  river 
terraces and their relationship with the trunk river terrace sequence.                            171 
Figure  6.59:  Longitudinal  profile  of  the  lower  Cubeta  valley,  showing  the  river 
terrace and its relationship with the trunk river terrace sequence.                                   172 
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Figure 6.60: Longitudinal profile of the lower Espadeta valley, showing river terraces 
and their relationship with the trunk river terrace sequence.                                             173 
Figure 6.61:  Longitudinal profile of the lower Mela valley,  showing river terraces 
and their relationship with the trunk river terrace sequence.                                             174
Figure  6.62:  Longitudinal  profile  of  the  lower  Camino  valley,  showing the  river 
terrace and its relationship with the trunk river terrace sequence.                                   175
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palaeoflow and clast roundness measurements as referred to in the text.                     178
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Figure 6.71:  LiDAR image (with hillshade and false colouring) of the Guadalope 
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Figure  6.74:  (A)  Grain  size  automation  of  the  fill  of  BT2 at  Location  S9ii  (and 
Location  S10).  (B) Sketch  diagram  showing  the  stratigraphy  of  the  section  and 
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Figure 6.82: Sediment gain and loss (Reach B) associated with each terrace.         200
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