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Abstract  

 

The Aragón River was impounded at the foothills of the Pyrenean Internal Depression 

in 1959, since then sediments accumulations have decreased the reservoir storage 

capacity. In this work, we have interpreted the history of the sediment accumulation in 

the Yesa reservoir based on the detailed study of two sediment cores collected at the 

more stable area in the reservoir. The identification of main sedimentological facies 

together with the analysis of the grain size distribution of the materials accumulated at 

the bottom of the reservoir was used for interpretations of the sedimentary dynamics. 

These data were compared with records of known flood events to derive a tentative 

chronology of the infilling process by assigning main changes observed in the facies 

types and sediment components to specific years. In addition to grain size data of 

sediments accumulated in the river channels, suspended sediments collected at 

representative sites of the Aragón Basin until the Yesa reservoir during high and low 

waters were also analysed.  Grain size data and sediment composition (organic matter, 

carbonates) were used to assess the characteristics and the pattern of the sediment 

transport through the Aragón River network and the role played by lithology and land 
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use. The results provide information on the sediment transport. This approach can be 

used to assess the siltation processes in Mediterranean mountain reservoirs in order to 

improve the management of water bodies by preventing their infilling.  

Key words: Aragón River, Yesa reservoir; siltation; floods; sedimentation rates; 

sediment transport; mountain reservoir;  Spanish Pyrenees.  

 

Introduction 

 

Sediment dynamics in terrestrial ecosystems derived from erosion, sediment transport in 

streams and its deposition in reservoirs is a major factor controlling the sustainability of 

water resources, particularly when water demand in this century will increase due to the 

population growth and its gradual pressure on water resources.   

Reservoir siltation is a significant environmental problem that causes the reduction of 

water storage capacity that is estimated around 1% of capacity is lost annually from the 

world’s reservoirs. Furthermore, a decrease in water resources is expected especially for 

the Mediterranean region (Parry et al., 2000) due to the temperature increase and the 

uncertainty of  precipitation as a consequence of the climate change (Meehl et al., 

2005). This phenomenon will affect the water supplies, especially at the headwaters of 

mountain basins (Machín et al., 2005). In addition, other serious environmental 

problems related to the infilling of reservoirs such as decreased flood control capacity 

could worsen. 

  To improve the management of hydrological resources, many rivers of the Spanish 

basins were impounded during the first decades of the past century. At present reservoir 

siltation is a matter of concern in most reservoirs of the Mediterranean region. 

Avendaño et al. (1997) calculated that the Spanish reservoirs are losing annually an 
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average percentage between 0.4 and 0.7 of its storage capacity among which those 

located in the Pyrenees present an intermediate position (Cobo et al., 1996).  

However, in spite of the concern for losing water storage capacity in upland reservoirs 

(Labadz et al., 1995), there is little information on the dynamics of deposition in 

Mediterranean mountain reservoirs that are largely affected by this problem. The Yesa 

reservoir is located in the Aragón River, in the Canal de Berdún area (Occidental 

Spanish Pyrenees), an E-W elongated basin carved in easily eroded Tertiary 

sedimentary formations.  The reservoir sediment supply is mostly caused by snowmelt 

and strong storm events. Two bathymetry surveys carried out by CEDEX (Centro de 

Estudios y Experimentaciones) estimated that the lost of storage capacity was of 21 

Hm3 in 27 years. 

In some sectors at the headwaters of the Aragón river basin the erosive processes are 

especially intense (Navas et al., 1997, 2005a,b). Therefore the loads of sediments that 

are transported and deposited in the Yesa reservoir are expected to affect both water 

quantity and quality. Furthermore, plans to double the initial water storage capacity of 

the reservoir are very advanced and in this context, sediment supply should be a matter 

of study as it affects the rational use and sustainability of the water resources (Sundborg 

and  Rapp,  1986). The characterization of main episodes of accumulation of sediments 

is of interest to understand the processes involved in the siltation of reservoirs that 

causes not only a decrease in their storage capacity but also off-site effects as the 

decrease in the sediment supplies to river alluvial plains and channels.     

Moreover, dynamic models for suspended particulate matter (Hảakanson, 2005) are 

useful tools to understand the functioning of lakes and water bodies.  Research to 

develop and improve the description of the transport processes in all aquatic systems is 

needed for the management and preservation of water resources (Sapota et al., 2006).   
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The potential of sedimentary records for reconstructing the basin sediment fluxes and 

their relations with geo-environmental processes is widely recognized (Foster and 

Walling, 1994; Maneux et al., 2001). This work aims to reconstruct the history of 

sediment accumulation in the Yesa reservoir based on a detailed study of the sediments 

accumulated in the bottom of the reservoir retrieved from two sediment cores collected 

at the submerged central plains of the reservoir. The results of this study will help to 

face the problems of the siltation of reservoirs. Furthermore, because the scarcity of 

water in Mediterranean environments, sound criteria based on reliable data are specially 

needed for the management of reservoirs. 

 

Materials and methods 

 

The Yesa reservoir and its drainage basin 

 

The Aragón River was impounded in 1959 at Yesa in the Western Spanish Pyrenees.  

The dam is 74 m high and the reservoir had an initial water storage capacity of 471 

Hm3. The reservoir is one of the largest in the Pyrenees and is 14.7 km long by   2.4 km 

wide and follows the E-W direction of the thalweg of the Aragón River (Figure 1). The 

purpose of this reservoir was for irrigation of 60.700 has in the Bardenas area. The main 

inflow to the reservoir is supplied by the Aragón River (1019 Hm3 per year). Also the 

Esca River flows into the reservoir close the delta area at the mouth of the river, 

supplying about one third of the total inflow to the reservoir.  According to López-

Moreno et al. (2002), the ratio of reservoir capacity to inflow is 0.33. The main 

environments that can be distinguished in the reservoir are the delta area at the mouth of 

the river, the submerged plains and the dam wall delta. The distribution of these 
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environments is similar to those described in the nearby Barasona reservoir (Valero 

Garcés et al., 1997).  

The basin drained by the Aragón and Esca rivers until the Yesa reservoir covers an area 

of 2191 km2. The Aragón river flows N-S dissecting a very diverse lithology that 

includes: i) volcanic, granite and other metamorphic, siliciclastic and carbonate 

Paleozoic rocks in the axial part, ii) calcareous Mesozoic rocks, and Tertiary sandstones 

and marls of the Eocene Flysch in the Internal Ranges, iii) Eocene marls covered by 

Quaternary glacis and terraces in the Internal Depression and iv)  conglomerates and 

sandstones in the Eocene-Oligocene External Ranges (Soler y Puigdefábregas, 1970; 

Peña, 1991). The Flysch is the predominant formation covering as much as 55 % of the 

total surface whereas the less abundant (5 %) are the axial Paleozoic rocks. 

The landscape has a N-S gradient ( 570 m to 2900 m a.s.l.) related to the main WNW-

ESE  trending geologic unites. The hydrological network is probably of pre-Quaternary 

age (Serrano, 1998). The main geomorphic processes are debris flows and slumps  in 

the Axial and Internal Ranges (Lorente et al., 2002) and intensive gulling on the marls 

at the Internal Depression  and water erosion with abundant rills in the Flysch Sector.  

All these highly active processes contribute to the supply of sediments and the siltation 

of the Yesa reservoir.  

The climate is transitional from temperate Atlantic to continental Mediterranean. The 

temperature distribution is related to the altitudinal gradient inversely to the 

precipitation that decreases from N to S. The highest average annual values of around 

1500 mm occur in the Internal Ranges and the lowest of 800 mm are registered in the 

Internal Depression. Most of precipitation occurs in autumn and spring and the 

maximum and minimum values correspond to winter and summer seasons, respectively. 

However, there is a high annual variability in the precipitation that causes uncertainty in 
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the annual infilling of the reservoir (López-Moreno et al., 2002), and intense storm 

events may occur at any time of the year (Garcia-Ruiz et al., 2001).  

The distribution of natural vegetation also follows an altitudinal pattern (Montserrat, 

1988; Villar et al., 2001). High mountain meadows appear at altitudes between 2200 to 

2800 m. Below 2200 m until 1800 m is pine tree forest mainly composed by Pinus 

nigra and Pinus sylvestris with some shrubs. Below this formation appears the oak 

domain that is composed by an altitudinal transition from Quercus pubescens,  Quercus 

rotundifolia and Quercus faginea.  The farmland in the area occupies this last formation 

that has been intensively transformed in the last centuries. The alluvial plains of the 

Aragón River and its tributaries are occupied by riparian vegetation. 

 

Core sampling and analyses   

 

To interpret the history of sediment accumulation in the Yesa reservoir and to derive 

information on the infilling dynamics, sedimentological, compositional and textural data 

were combined with analyses of flood records in the reservoir. This work is based on a 

detailed study of the sediments accumulated in the bottom of the reservoir. To this 

purpose two sediment cores were collected along the reservoir axis at the submerged 

central plains that is considered the most suitable environment to obtain a representative 

record of the sedimentation in the reservoir. 

Two cores (C, D) were taken in the bottom sediments accumulated in the reservoir 

along the reservoir longest axis that follows the submerged Aragón River channel 

(Figure 1). The sites for the core collection were 1650 m apart and they were selected 

carefully to have a complete sequence of the deposit in the reservoir. In addition, it was 

intended to avoid the areas close to the delta mouth at the entrance of the reservoir 
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because of the high flow energy and the predominance of tractive processes that 

contribute to disturb the sequence of the sediments deposited in this areas of the 

reservoirs (Morris and Fan, 1997). Similarly, the areas close to the delta dam were also 

excluded as sediments accumulate here in a fan shaped form, with frequent reworking 

and re-sedimentation processes that alter the sedimentological sequence. Results from 

previous research in the nearby Barasona reservoir were used to derive criteria to collect 

representative cores at the submerged plains that are the more stable environments in 

the reservoir (Valero-Garcés et al., 1999).  

The cores were retrieved using a hand operated, modified Livingstone corer. The length 

of the cores was 450 cm for core C and 425 cm for core D. Although it was intended to 

collect the entire deposit at the selected sites this was not attained. However, from a 

previous survey carried out when the water level at the reservoir was very low and the 

meandering channel of the Aragón River was exposed, it was estimated that the total 

thickness of the deposit at the core sites reached 6 - 6.5 m.  

Sediments in the cores were extruded to study and describe their characteristics, such as 

materials, colour, grain size, transition changes and sedimentary structures. Cores were 

split in half by using a cutter and a thin metal wire. The half core for sampling was then 

measured and sectioned every cm. Analyses were performed on alternate 1 cm samples. 

Samples were placed in plastic bags for storage and kept refrigerated for laboratory 

processing and analysis. They were air dried and weighted following standard 

procedures. Grain size analysis of different size fractions were done by using Coulter 

laser apparatus after particles were stirred, chemically disaggregated and ultrasonically 

dispersed. The composition of sediments, organic matter and carbonate contents and the 

residual fraction (mostly silicates) were measured by loss on ignition. 
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A sampling campaign was carried out in order to characterize the transport of suspended 

sediments and the sediments accumulated in the river channels that eventually reach the 

Yesa reservoir. Suspended and river bed sediments were sampled at various locations 

along the main tributaries of the Aragón river (Figure 1). A total of 44 sites were 

selected according to the distribution of lithology (map in Figure 1) to analyse the 

transport of suspended sediments. Two sampling campaigns were undertaken in January 

and June. These dates were chosen as according to data of mean inflow (López-Moreno 

et al., 2002), January is a representative month of relatively high discharge that occurs 

in a long period through autumn and winter. In June starts the summer period that has 

the lowest discharges. The suspended sediments were determined on the 1L water 

samples collected following the method to estimate total suspended solids. The water 

samples were filtered through a pre-weighted filter, then after drying the filter is 

weighted. The gain in weight is a dry weight measure of the particulates present in the 

water sample expressed in units derived from the volume of water filtered (mgL-1).   

The river bed sediments were collected at 24 sites and the grain size distribution for the 

coarse and fine fractions was determined by sieving and Coulter laser apparatus, 

respectively. 

Daily flow records at the two gauging stations upstream the reservoir entrance and at the 

Esca river at Sigüés were obtained from the Water Authorities (Confederación 

Hidrográfica del Ebro). The discharge records extend from 1959 to the year of sampling 

of the sediment cores in 2000.  
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Results and discussion  

 

The suspended and bed sediments in the river channels 

 

The results from the water sampling surveys showed large geographic differences in the 

concentration of the suspended load across the hydrological network of the Aragón 

River in Yesa. Also variations were observed in function of the dates of sampling that 

were representative of average discharges in the different hydrological periods and of 

discharge inflow into the reservoir.  

Across the Yesa basin there were important differences in the transport of sediments 

between the western tributaries, the Esca, Veral and Aragón Subordán rivers and the 

eastern tributaries the Estarrún, Lubierre and Aragón rivers at the headwaters. In the 

western tributaries the highest concentration of suspended sediments occurs during the 

winter period. As can be seen in Table 1, at the headwaters of the rivers the 

concentrations are around 50 mgL-1. The lowest concentrations occur in the summer and 

the ranges vary between 0.2 and 6.2 mgL-1.  Therefore the transport of suspended 

sediments in the winter sampling is 10 times higher than in the summer sampling. From 

the headwaters to the outlets as the discharge increases also the concentration of 

sediments transported by the rivers increase. This increase is greater when the rivers 

drain the more erodible lithologies such as the Flysch materials and the Eocene marls of 

the Internal Depression that is also the area that is more intensively cultivated. The 

eastern tributaries supply less sediment loads and the highest concentration was 6.2 

mgL-1. In these tributaries there were not great difference in the concentrations between 

the summer and winter sampling. Also, some increase in the suspended sediment 

concentration occurs after the rivers drained the more erodible lithologies.  
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In a previous study Navas et al., (2007) found a direct and significant relationship 

between the surface of cultivated land and the load of sediments transported in this river 

network.  In agreement with this, Valero Garcés et al. (1996) also measured the highest 

concentration of suspended sediments transported by the Esera River in relation to both 

the outcropping of more erodible materials along with a much larger agricultural area.  

The transport of suspended sediments is quite low for average discharges in most of the 

44 sites sampled in the hydrological network of the Yesa reservoir. In the winter survey 

the discharge was 38 m3 s-1, therefore the transport of suspended sediments can be 

considered as representative of what is expected for the average discharge (42 m3 s-1) of 

the 1959-2000 hydrological period. 

The values encountered were similar to those in another central Pyrenean river (Isábena 

River). However, these concentrations were much lower than those found during a 

winter flood survey in the Esera River that flows into the Barasona reservoir, and which 

transported 224 mgL-1 (Valero et al., 1999). A similar behaviour in the transport of 

suspended load could be expected in the Yesa reservoir. Thus, most fine sediment 

stored in the river channels would be mobilized after intense rainfall events. And, the 

highest loads of sediments would be also transported during floods producing the 

highest sedimentation rates in the reservoir.  

The distribution of bed sediments in the river channels can be seen in Figure 2. Along 

the Esca river that inflows directly into the reservoir, the coarse fraction (2-12.5 mm) is 

predominant in most sampling sites, followed by the sand and silt fractions, whereas 

clays are very scarce.  The distribution of the grain size fractions in this river does not 

follow the general trend observed in the other tributaries from the headwaters to the 

river outlets that appear highly related with the distribution of the lithology (Figure 1). 

Thus, the sand and silt fractions take most of the grain size composition at the 
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headwaters in the Internal Ranges and when the rivers enter the Flysch formation there 

is a clear increase in the coarse fraction that becomes predominant in this sector in most 

tributaries of the Aragón River. This trend is again reversed when the rivers enter the 

Internal Depression and drain the Eocene marls, except at VE6, because it receives the 

contribution of the Majones River that only drains the Flysch formation. Only two sites 

at the headwaters have relatively high clay contents, most likely due to the outcropping 

of fine grained materials in the Axial Pyrenees. Therefore all the tributaries and the  

Aragón River present at their low reaches a grain size distribution dominated by silt and 

sand fractions, with almost no clay fractions, whereas the coarsest fractions predominate 

in the middle reaches with exception of the Esca River that drains the largest surface of 

Flysch sandstones in the entire basin.  

The Flysch formation and the Eocene marls of the Internal Depression are main 

contributors to sediment delivery in the basin. This is due both to the larger extension 

occupied by these formations and to the erodibility of materials, especially those of the 

Eocene marls. Similarly, in the Barasona reservoir, high erosion rates were measured in 

badlands of the Internal Ranges that were identified as main suppliers of sediments 

(Fargas et al., 1996).  

 

The sediments accumulated in the Yesa reservoir 

 

The cores C and D are representative of the largest sediment environment in the 

reservoir, the submerged plains. In comparison with other environments, the submerged 

plains have a more representative record of the different sedimentary episodes. 

Although the main accumulations of fine and coarse sediments occur in the delta dam 

and the delta mouth respectively, due to the predominance of fluvial tractive processes 
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at the entrance of the reservoir, and reworking of sediments at the dam wall, the 

sequences are more complex in both environments. Although at this site of the 

submerged plains, the water level is not at its highest the sequence is well preserved and 

out of the local influence of sediments supplied by lateral gullies that reach the reservoir 

occasionally.  

The sedimentological facies identified in the two cores (C and D) are shown in Figure 3. 

The different facies were distinguished mainly by grain size, sediment composition and 

colour. Other characteristics of sediments are also depicted in Figure 3 (legend of Figure 

3). The distribution of the grain size contents in the cores and in the sedimentary units is 

presented in Figure 4. The silt grain size is clearly predominant, accounting between 59 

% and 68 % of the total in cores C and D, respectively. The percentages of sand 

represent between 18 % and 24 % in cores D and C, respectively.  As expected from the 

sedimentary dynamics in reservoirs the sand size fraction is more abundant in core C 

which is closer to the entrance of the Aragón River into the reservoir and sand layers 

account here for almost a quarter of the entire deposit. In core D, clayey silt is the 

predominant fraction, accounting for 30 % of the total in this site whereas in core C this 

percentage is lower (23%). This agrees with the expected pattern of increase of 

sedimentation of fine materials as the distance from the entrance to the reservoir 

increases.     

The main components in both cores have almost similar percentages: residual fraction, 

composed by silicate materials with median values of  55% , carbonates with median 

values of 42 %, and organic matter with median values of 3 % ranging between 

undetected and 4.3 %.  The distribution of the residual and carbonate components varies 

little in both cores. The organic matter contents appear related to the finest grain size 

fractions, thus some clay –rich intervals are paralleled with the highest organic matter 
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contents and the opposite trend occurs in sandy layers. Some of these main episodes are 

depicted in detail in Figure 3. 

The distinctive features of the sedimentary record allow identification of 3 deposition 

units in the cores. The characteristics of the deposit such as the distribution of fining up 

grain size sequences, the thickness of the alternating layers and its distribution, the 

presence of lamination and other sedimentary features were considered as criteria to 

distinguish main periods of sediment accumulation.  

At the basis of core C, Unit 1 (450 – 294 cm) starts with a thick layer of coarse grey 

sands that indicates an intense flood. On top of this thick sand layer a succession of 

massive silts and sandy silts accumulate. In this unit, a total of four fining upward 

sequences are identified. In the sequences, the general compositional pattern is formed 

by a succession of decimetric layers of sands, followed by massive silts, sandy silts and 

clayey silts at the top of the sequences. This succession of fining upwards sequences, 

each one defining major floods episodes suggest a period of high intensity in the 

hydrological regime and a pattern of frequent and regular distribution of floods. A 

similar pattern is observed in core D, where up to four fining upward sequences starting 

also with a thick sand layer are registered in Unit 1 (425 – 293 cm). The high energy of 

floods in this period is evidenced by the abundance of sand and silts lenses. The 

presence of iron oxide concretions and levels indicate that subaerial exposure of the 

sediments occurred at this site. 

The Unit 2 in core C is characterized by the abundance of massive silts and the presence 

of two distinctive episodes of accumulation of sand, one at the basis of the unit which is 

followed by various cm of sand, much of it was not retrieved. The other thick sand layer 

(215 -195 cm) intercalates coarse sand that suggest the high energy of the flood. In Unit 

2 of core D, there is also a predominance of massive silts and also the two thick sand 

 13



layers were identified at similar depths but the massive silts intercalated centimetric 

sand layers at the top of the unit, indicating that in this period floods reached inner areas 

in the reservoir. The general pattern of the material succession identified in the 

sequences was not as clear as in Unit 1, suggesting differences in the hydrological 

regime.  

At the top of core C, Unit 3 starts with a thick sand layer on top of which sandy silts 

accumulate. The main characteristic is the regular intercalation of four centimetric sand 

layers between thicker silt layers. In core D, the sand layer at the basis of Unit 3 is also 

identified at a similar depth. The main feature of the deposit in this unit is also the 

regular intercalation of sandy silt layers between thicker silt layers. The sand layers in 

core C change laterally to sandy silts in core D, but also four episodes are identified. 

The characteristics of Unit 3 indicate lower energy of floods than in the previous Units.  

The percentage distribution of grain size fractions also confirms the distinctive 

sedimentary sequences in the units. As shown in Figure 4, in core C, the highest sand 

percentage is found in Unit 1 indicating the importance and high frequency of floods. In 

core D sands are not as abundant as in Unit 1 as a result of the lateral transition of facies 

but sandy silts reach the highest percentage of the whole sedimentary record. The 

percentage of clayey silt is the highest in Unit 2 of both cores in agreement with the 

predominance of massive silts that reflect a decrease in the frequency of floods. Finally, 

Unit 3 in core C has a large proportion of sandy materials whereas the finest materials 

are not present in contrast with its abundance in core D. This could reflect changes in 

the floods and their occurrence during high or low water levels in the reservoir (Hay, 

1994). Thus, in the case of autumn floods the low levels in the reservoir imply that sand 

materials can penetrate longer and reach inner areas within the reservoir.  
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The sedimentary record in Unit 1 show marked differences in comparison with the rest 

of the deposit. In Units 2 and 3, other distinctive features such as the percentage 

distribution of alternating layers and their thickness were further examined as they could 

provide information on the characteristics of the floods. In both cores (Table 2), Unit 2 

is characterized by predominance of massive silts and less proportion of alternating 

thick layers. However, in Unit 3 instead of a massive deposit there is a predominance of 

alternating layers. Thick layers predominate in core C and thin layers are more common 

in core D. The variations observed give support to identify the existence of three main 

contrasting periods of accumulation of sediments in this reservoir.   

 

The fluvial regime   

 

The frequency and intensity of floods are known to be directly related to the amount of 

sediments that are transported by the river channels and that eventually will be 

deposited in water bodies (Ambers, 2001). Therefore, differences in the 

sedimentological characteristics are originated by differences in frequency, intensity and 

occurrence of floods. Variations in the hydrological regime trigger changes in the 

sedimentation. A tentative chronology can be then ascribed to a certain sediment layer, 

making possible the reconstruction of the sedimentary dynamics corresponding to 

different hydrological periods.  

The records of daily discharges for the hydrological period expanding from 1959 to 

2000 are presented in Figure 5 where the main floods are identified by the month and 

year of its occurrence. The analyses of the discharge distribution grouped in ten 

intervals with the same number of records in each interval indicates that only 498 days 
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(3.3 % of the records)  where the discharge is between 90 and 1018 m3 s-1 contribute 

with more than 37 % to the total discharge for the whole  hydrological period.  

Based on the frequency and magnitude of floods, three main episodes can be easily 

distinguished. To highlight the characteristics of these periods, the floods were grouped 

into three intervals (García Ruiz et al., 2001): between three and five times the mean 

discharge of the period (Q3 – Q5:  126 - 210 m3 s-1), between five and ten times the 

mean discharge (Q5 - Q10:  210 - 420 m3 s-1) and above ten times the value of the mean 

discharge (> Q10: 420 m3 s-1).  As shown in Table 3, the period from 1959 to 1979 

largely differs from the others as it registered almost all the floods above Q10. The 

number of Q3-Q5 floods were 4 times that occurred between 1979 -1988 and almost 6 

times those registered from 1988 to 2000. The number of Q5 - Q10 floods was 5 times 

and 7 times that registered from 1979 - 1988 and from 1988 to 2000, respectively.  

Since 1980 an important change in the frequency and magnitude of floods occurred in 

this region (Lopez-Moreno et al., 2004, 2006). This was also observed in the headwaters 

of the Arlanza river (Duero basin, NW Spain) (Machín et al., 2005). Illustrating this 

change, Table 4 contains the basic statistics of the discharge and floods for these 

periods.  

Another important factor is the change in the occurrence of the most intense floods 

(>Q10).  For the 1959 -1979 period, 68 % of Q10 floods (> 420 m3 s-1) occur in the first 

part of the year between January and June. Since 1980 a substantial change in the 

timing of floods occurs and 71 % of the Q10 floods are registered in the second part of 

the year between July and December corresponding with low water levels in the 

reservoir.   

A good correspondence between the pattern distribution of river floods and the reservoir 

sedimentary sequence is found. Thus the frequent and regular periods of floods through 
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the 1959 -1979 period is paralleled with the regular deposition of up-fining sequences. 

The 1979 -1988 period had fewer floods that were more spaced in time. The 1988 - 

2000 period had less intense floods with higher frequency than in the previous period 

and this is also paralleled with less energetic silty fining upward sequences.  

From these results, the chronology of the sediment sequence deposited in the Yesa 

reservoir has been reconstructed by ascribing the main sedimentological features to 

known floods in the different hydrological periods (Figure 3).  In the cores, the 

distribution of up-fining sequences  that  coincide with Q10 floods or higher suggest 

that at least Q10 floods are necessary to produce complete up-fining sequences that start 

with a sand layer. This is especially supported by the type of sedimentary sequences 

distributed quite regularly during the 1959 - 1979 period.  

 

The sedimentation rates  

 

The three hydrological periods distinguished are paralleled with the corresponding 

sedimentary units that show a set of distinctive sedimentological characteristics. Thus in 

both cores the sandy fractions predominates in unit 1 indicating a higher frequency of 

floods during the 1959-1979 period. Although the sedimentary infill was not totally 

retrieved, field observations during an extreme drought period permitted to identify the 

basis of the river channel. From these observations, the thickness of the sediments that 

were not retrieved was estimated at around 1.5 – 2.0 m. Therefore, 3.0 – 3.5 m of 

sediments were deposited at this site since the reservoir was build until 1979 and the 

sedimentation rate obtained for this period ranges between 15 and 17.5 cm per year.  

From 1979 until 1988 around 180 - 190 cm of sediment accumulated at the core sites 

and the calculated sediment rate was of 18 - 19 cm/yr. This rate corresponds to the 
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effect of two extreme floods. The flood that was the most intense of all recorded in the 

hydrological period occurred in June, 1979. In addition, it was a summer flood that 

mobilized much sediment stored in the river channels.  The occurrence of the third 

largest flood for the period (November, 1984) and other floods in 1981 and 1987 also 

contributed to this high sedimentation rate.   

For the last period between 1988 and 2000, 103 – 110 cm of sediments have 

accumulated at the sites of core C and D, respectively at an average rate of 9  cm/yr. 

The relatively lower sedimentation rate could also be explained by the less frequent and 

less intense floods and also by the average decreased inflows. The predominance of late 

autumn floods that entered in the reservoir at its lowest water level would explain the 

predominance of sand material in unit 3, indicating that coarse materials would have 

reached inner areas within the Yesa reservoir.   

Valero-Garcés et al. (1999) found a direct relation between the highest frequency of 

occurrence of floods and the highest accumulation of sediments in the Barasona 

reservoir through its 70 years of functioning. In addition, to support such relations, the 

chronology of sediment deposition was documented by using 137Cs (Navas et al., 2004). 

However in the Yesa reservoir this radiotracer was not applied because the age of the 

reservoir is almost coincidental with the 137Cs peak.  

The changes in the fluvial regime are the main driving forces causing the different 

sedimentation rates identified in the three main hydrological periods. Variations in the 

frequency and magnitude of floods were related to processes of global change, among 

which it was of paramount importance the rapid transformation of land uses registered 

in the South Pyrenees during the past century. 

The total farmland in the upper Aragón river basin amounts 23.5 % of which 13.5 % are 

meadows and pastures and 10% are croplands. The land abandonment in the area of the 
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Yesa reservoir was very intense in the past decades (García-Ruiz and Lasanta, 1990). 

Thus, a total of 471 km2 are abnadoned lands (22% of the total surface of the Aragón 

river basin at Yesa). The farmlands and abandoned lands were identified as main 

sediment suppliers as shown on various studies in the region (Fargas et al., 1996; Navas 

et al., 1997). According to García Ruiz et al. (2001), short after land abandonment large 

amounts of sediments reached the river channels. This occurred because, in general, 

lands were abandoned without protecting the soil surface and in most cases immediately 

after the harvest which left the soils bare.  Since then, a process of natural recovery of 

the vegetation started. The time span to reach a complete cover of the soil surface 

depends on a variety of factors.  However, in the North facing slopes this process was 

reached in few years as it was found in a small catchment of the region  (Navas et al., 

2008). At present, the vegetation cover of these abandoned lands is 64 %  forest, 29 % 

shrubs and 7% are meadows (Beguería et al., 2003).  

Thus, since the fifties land abandonment especially affected the most marginal lands in 

mountain areas of the region increasing erosion and supplying sediments to the river 

networks (García-Ruiz and Lasanta, 1990). Since then, a relatively rapid recovery of the 

natural vegetation may account as much as 25 % for the reduction in annual runoff 

(Beguería et al., 2003).  Moreover, the temperature records during the second part of the 

last century exhibit a clear increase since 1980 (García et al., 2001) that may had also 

contributed to reduce the runoff generation through increases of water consumption by 

the plant cover and evaporation.  

The estimation of the sedimentation rates is of interest to develop reservoir management 

practices intended to reduce the sedimentation rates (Morris and Fan, 1997; Palmieri et 

al., 2001).  In comparison with the effect of average discharges, the less frequent floods 

and especially those 10 times the average annual discharge (Q10) would be responsible 
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for the highest rates of infilling in the Yesa reservoir during the hydrological period 

from 1959-2000.  

The perspectives of climate change for the Mediterranean that are expected to affect 

temperature and rainfall patterns (Meehl et al., 2005) will likely modify the fluvial 

regimen in the Aragón River headwaters and consequently will affect the sedimentation 

patterns in the Yesa reservoir.  According to estimations by Beguería et al. (2003) the 

monthly trends of precipitation in the Central Spanish Pyrenees indicate a clear increase 

in October. This month falls within the most erosive period for the region (López-

Vicente et al., submitted) when rates of soil erosion are at its highest and hence largest 

amounts of sediments could be mobilized and eventually would reach the water bodies. 

Therefore, the reduction of sedimentation must consider management practices aimed to 

evacuate concentrated waters during floods. From the sedimentary records studied in 

sediment cores retrieved in the nearby Barasona reservoir, information was gained on 

the implications of the reservoir functioning on the accumulation of sediments (Valero 

et al., 1999, Navas et al., 2004). Thus the frequent draw-offs practiced in this reservoir 

in the first two decades since it was built largely reduced the accumulation of sediments. 

Also annual flushes will contribute to the wash out of sediments and to restrict their 

accumulation in the reservoir. However, the protection of  downstream areas from 

flooding and the water storing for irrigation must be ensured prior to eventually conduct 

annual draw offs but when possible it is a recommended practice to limit reservoir 

infilling. 

The sedimentary dynamics studied in reservoirs of the area evidenced that coarse 

fractions are deposited at the entrance of the reservoir in the delta mouth area, therefore 

for elongated reservoirs as Yesa most fine sediments keep longer time suspended in the 
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areas of the submerged plains and close to the delta dam, therefore bypassing flood 

waters may also help to evacuate a significant part of suspended sediments.  

 

Conclusions 

 

In the Yesa reservoir the sediments accumulated during more than 41 years are supplied 

mainly during floods and later redistributed depending on the water level in the 

reservoir. The submerged plains of the reservoir are depositional stable areas and 

accumulate a complete sedimentary sequence, suitable for the reconstruction of the 

reservoir history type of studies. The results from this case study could be indicative of 

the general functioning of the transport of sediments, storage and their final delivery  in 

mountain Mediterranean  reservoirs.  

Combination of the sedimentological information, grain size characterization and the 

analyses of the hydrological regime allowed the distinction of main episodes of 

accumulation within the reservoir that can be related to documented events. The 

depositional pattern since the reservoir construction until 1979 is characterized by a 

succession of fining upward sequences deposited successively in each flood. The 

sedimentological features indicate that this period witnessed the highest flood frequency 

of the reservoir history. The next period (1979-88) registered also a high sedimentation 

rate as result of the most intense floods for the whole studied period. Lower 

sedimentation coincides with lower discharges and less frequent floods in the last part 

of the period (1988 – 2000). 

The applied methodology permitted to identify the main processes in the siltation 

history of this reservoir. To prevent the infilling of water bodies in similar 
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environments, annual flushes or draw off of floods with high load of suspended 

sediments should be considered as operating schemes.  

To limit the sediment supply to reservoirs implementation of best management practices 

intended to reduce soil erosion in the catchment is highly encouraged. Among these 

practices minimum tillage, contour tillage, vegetation stripes and grass seeding of 

abandoned lands are recommended. Another option is to facilitate the natural vegetation 

recovery on bare soil surfaces.   

This research can provide information of interest to preserve water resources as 

catchments in mountain areas are main sources of water to lowlands. 
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FIGURES 

 

1.- Location of the Yesa reservoir. Sampling sites in the hydrological network of the 

Aragón river corresponding to the basin of the Yesa reservoir. Main lithological 

and geostructural units and landscape of  the basin of the Yesa reservoir.     

2.-  The grain size distribution of  bed sediments in the river channels at the sampling 

sites in the hydrological network of the Yesa reservoir.  

3.- The sedimentological facies, grain size distribution  and sedimentary units  identified 

in the cores C and D taken in the submerged plains of the Yesa reservoir.  

4.- Percentage distribution of grain size of the materials in the cores C and D and in the 

sedimentary  units of both cores.  

5.- Daily discharge records and occurrence of main floods (Q3, Q5 and Q10) for the 

1959-2000 hydrological period.   
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Table 1. Concentration of suspended sediments in the sampling sites of hydrological  
network of  the Yesa reservoir during the winter and summer surveys.  
 

Suspended Sediments  mgL-1

River Sampling sites Winter Summer 
     

 BE1 6.13 0.8 
 BE2 36.8 1.0 
 UZ1 50.0 9.0 
 EC1 54.4 1.0 

Esca EC2 10.0 2.3 
 BI1 18.2 3.0 
 BI2 33.5 0.5 
 EC3 20.4 3.2 
 EC4 15.7 4.8 
     
 VE1 14.3 0.5 
 VE2 51.2 1.2 
 VE3 38.9 0.5 

Veral VE4 6.73 2.0 
 VE5 0.57 0.7 
 MA1 1.00 - 
 VE6 2.30 6.0 
     
 SB1 0.06 1.0 
 SB2 0.0 0.2 
 SB3 0.50 0.2 
 SB4 2.27 - 

Aragón Subordán SB5 44.3 0.0 
 OS1 0.16 0.0 
 OS2 0.0 0.0 
 OS3 0.0 0.0 
 SB6 0.58 0.2 
 SB7 1.50 1.6 

     

 ES1 1.10 4.3 
Estarrún ES2 0.50 4.1 

 ES3 1.93 5.8      
 LU1 0.85 4.5 

Lubierre LU2 0.82 6.2 
 LU3 1.22 4.8 
     

 AR1 1.75 5.9 
 AR2 0.65 4.5 
 AR3 2.46 4.4 
 AR4 1.16 0.4 
 AR5 1.16 5.0 

Aragón AR6 3.06 9.2 
 AR7 4.0 6.3 
 AR8 - 5.5 
 AR9 - - 
 AR10 0.45 8.2 
 AR11 0.06 6.8 
 AR12 5.45 10.3 
     



 



Table 2. Percentage distribution of massive and  alternating layers in  Units 2 and 3 of 
cores C and D. 
 
 
      
  massive alternating 

thin layers
alternating 

thick layers 
not retrieved

  % % % %
      
CORE C      
unit 3 0-103 cm 15 25 60 2
unit 2 103-292 cm 50  - 15 35
   
      
CORE D      
unit 3 0-110 cm 23 26 15 36
unit 2 110-295 cm 64 - 27 9
   
      

 



Table 3. Frequency of floods (in number of days)  for the whole hydrological period and 

for the main subperiods.   

 
 

 1959-2000 1959-1979 1979-1988 1988-2000

> Q10 27 23 2 2

Q5 - Q10 246 182 37 27

Q3 - Q5 502 355 82 65

 
 
Q3  = 3 x Q mean for the whole period 
 
Q5  = 5 x Q mean for the whole period 
 
Q10 = 10 x Q mean for the whole period 
 
 



 

Table 4. Basic statistics of discharge records at the entrance of the Yesa reservoir for the 

different hydrological periods. 

 

 

 n Qmean sd Qmax Qmin Q3 Q5 Q10 

m3 s-1

1959-2000 14976 42.1 52.0 1018.5 0.8 126.2 210.4 420.7 

1959-1979 7305 51.0 61.1 1018.5 1.3 152.9 254.8 509.6 

1979-1988 3288 38.8 43.0 731.1 1.5 116.5 194.1 388.2 

1988-2000 4383 29.7 36.6 541.1 0.8 89.1 148.5 297.0 
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