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Abstract

The palaeofloods of the Llobregat River are th&t tio be reconstructed for any Spanish
Mediterranean river basin. In total, 56 individg&ckwater flood units were identified
in eight valley side alcoves located along two gtuelaches, Pont de Vilomara and
Monistrol de Montserrat. The majority of the dep®sire fine sands or very fine sandy
silts, with a variety of sedimentary structuresniifeed, namely parallel laminations,
climbing ripples (both in-phase and in-drift) angkrent ripples. The estimation of the
palaeoflood discharges associated with these dspassing the HEC-RAS one-
dimensional hydraulic model, has provided long-tefata regarding flood magnitude
within the catchment. Palaeofloods at Pont de Vadmamradiocarbon dated to 2645
BP and 2580+ 75 BP, have minimum estimated discharges of 3BID4is”. The
largest palaeoflood at Monistrol de Montserratedab 305+ 50 BP, has an estimated
minimum discharge of 4700 3s". The results indicate that the instrumental dispha
series is of insufficient length to have witnessld largest magnitude flood events
within the Llobregat catchment and that the uspadéeoflood hydrology is a valuable
means of improving the flood record of Mediterrameatchments.
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Introduction

Conventional flood risk assessment is based onsthistical analysis of flood data
represented by associated probabilities of occaeennon-occurrence and/or
exceedence. This approach, however, is typicalgethaon river gauging stations that
are of a very short duration for most of the waltasins. In addition, as Baketral.

(2002) point out, the actual measurement of larggmitude flood discharge at gauging
stations is often flawed due to the complex hydcauhvolved and/or flood damage to
the recording devices, as was the case with thd Bd 2000 flood events of the
Llobregat River (this paper). The statistical estiion, therefore, of rare, large



magnitude flood events is based on the extrapoladiopotentially unrepresentative
data-sets, extrapolations that are not subjecestng against the real world (Baker,
2003a). The application of palaeoflood hydrolodye teconstruction of the magnitude
and frequency of large floods using geological enk (Bakeket al, 2002), provides
information about large magnitude flooding overgentime scales than is possible for
instrumental discharge series (see Bakal., 2002; Baker, 2003a, 2003b for critical
discussions of the methodology). As a result, flogdt assessment can be measurably
improved. Furthermore, physical evidence of extréimeds that occurred in the past,
as opposed to statistical probabilities such ashtmelred-year flood, can improve flood
risk perception for both planners and the geneudllip alike (Baker, 2003a, 2003b;
Benitoet al., 2003a; Thorndycra#t al., 2003a).

The use of palaeoflood hydrology for reconstructiogg-term flood magnitudes and
frequencies has been applied in many regions ofmbidd, for example in the USA
(Kochelet al., 1982; Ely and Baker, 1985; O’Conratral., 1994), Australia (Baker and
Pickup, 1987; Pickugt al., 1988), Israel (Greenbauah al., 2000), India (Elyet al.,
1996; Kaleet al., 2000), China (Yangt al., 2000) and Japan (Jonessal., 2001).
However, despite Europe’s increasing susceptibititfjooding, palaeoflood studies in
the region have been limited (Benito, 2003; Bemtal., 1998, 2003b; Ortega and
Garzén, 2003; Woodwaret al., 2001). This imbalance has been addressed by the
European Commission funded SPHERE project (Systenidlaeoflood and Historical
data for the improvEment of flood Risk Assessmehsit has promoted palaeoflood
research in a number of Mediterranean river basispain and France (Benigbal., in
press; Thorndycrat al., 2003b; Sheffeet al. 2003a, 2003b). This paper presents the
stratigraphy and sedimentology of slackwater flatposits ¢f. Kochel and Baker,
1988; Benitoet al., 2003c) discovered along two reaches of the Hgar River. The
estimated discharges of the largest palaeoflootisbeidiscussed in relation to those
from the Llobregat gauging station data.

Study area

The Llobregat River is located in Catalonia in hodast Spain (Fig. 1) and has a
drainage area of 4984 Knirhe study reaches are at Pont de Vilomara andd#ohde
Montserrat, where the catchment areas are 1845kch3370 krhrespectively (Figs. 1
and 2). The Llobregat River has a typically Med#eean regime with extreme
seasonal variations and flood peaks around 100stigneater than the mean annual
discharge of 21 fis’. Large flood events are triggered by rainfall ediag 200 mm
within a 24 hour period (Llasat, 1991). The majoof the largest floods over the last
century occurred in autumn and are associated avéinoptic pattern of anti-cyclonic



conditions over Europe and warm, moist, air confirmgn the south-east that causes
intense orographic rainfall over the coastal aredRyrenean mountains (Llasat, 1991).

At both study reaches the river is confined by bekrwalls, as the river cuts north-
south through the Eocene Conglomerates of thetterali Cordillera and the Montserrat
Massif. Slackwater flood sediments have been deggbsind preserved in valley side
rock alcoves developed within the predominantlyizeortal rock strata.

Methodology

In bedrock gorges, during high flood stages, eddiask-flooding and water stagnation
occur at marginal areas of the gorge, producing Velocities and/or flow stagnation
(slack water) that favours deposition from suspmnsif clay, silt and sand. These fine-
grained deposits, known as slackwater flood deposite stage indicators of these
floods that can be preserved in stratigraphic secgse They can provide detailed and
complete records of large floods that extend basleal thousands of years (Kochel
and Baker, 1988). The elevations derived from tipedaeo-stage indicators can then be
used to determine palaeodischarges through hydrenddelling techniques (O’Connor
and Webb, 1988).

Slackwater flood deposits were found in eight raldoves (small caves or rock shelters
formed in exposed bedrock on the valley sides), avé®ont de Vilomara and six at
Monistrol de Montserrat (Fig. 2). Stratigraphic asedimentological analyses of the
deposits were carried out both in the field andigheratory, with sediment peels of the
stratigraphic profiles, measuring approximatelyc@x 50 cm in size, made in the field
(Thorndycraftet al, in press). Individual flood units were determirtbdough a close
inspection of depositional breaks and/or indicatorssurface exposure. The former
include clay layers at the top of a unit and emagi@ontacts. Surface exposure may be
indicated by the presence of: bioturbation; angulast layers, where local alcove or
slope materials were deposited between flood eyventfine-grained, reddish, alcove
sediments. These latter deposits probably origifrata slope wash on the valley sides
above the rock alcoves, the clays and silts beiagsported by water entering the
alcoves through rock fissures. The individual flaguts identified are referred to in the
text by the alcove code followed by the flood unimber indicated in the stratigraphic
columns (Fig. 3).

Cross-sections and flood deposit elevations (sge. 2 and 3) were surveyed along
both study reaches using a kinematic differentildb@ Positioning System (GPS),
with additional data using a total station wherteléite visibility was poor. The river



channel bottom was surveyed using an echo-soundedewunted to a small boat and
connected to the rover GPS, the data collected)esimavigation software.

Flood chronology was determined by radiocarbonaaesium ¢'Cs) dating (see Table
1 for a summary). Radiocarbon dating was carrietl @u charcoal sampled from
individual flood units. Necessary preparation ame-peatment of the sample material
for radiocarbon dating was carried out by t€ laboratory of the Department of
Geography at the University of Zurich (GIUZ). Thatidg itself was done by AMS
(accelerator mass spectrometry) with the tanderel@@tor of the Institute of Particle
Physics at the Swiss Federal Institute of Techngl@urich (ETH). Calibration of the
radiocarbon dates was carried out using the CalibeE5b (1991) programme of the
Institute for Intermediate Energy Physics ETH ZricSwitzerland, using the
calibration curves of Kromer and Becker (1993),niak et al. (1986) and Stuiver and
Pearson (1993)3'Cs analysis was first used successfully in datimglenn slackwater
flood sediments of the San Francisco and Pariasiire the USA (Elyet al, 1992).
Sample'®*'Cs activity was determined at the University of fxeusing a p-type coaxial
HPGe detector. Count times were typically 30,0080 seconds, providing a
precision of +10% at the 95% confidence level. Aaded discussion of thé*Cs
results can be referred to in Thorndycedfél. (submitted).

Discharge estimation by hydraulic calculation wabkiaved using the step-backwater
method (O’Connor and Webb, 1988), currently the tneosnmonly utilised method in
palaeoflood hydrology (Webb and Jarrett, 2002). @iszharge associated with the
slackwater flood deposits was carried out by comguthe water surface profiles for
various hypothetical discharges that were routedoujh the river reaches.
Computations were run using the HEC-RAS one-dinmeradi model (Hydrologic
Engineering Center, 1995) run within a GIS envirentn By comparing the model-
generated profiles to the slackwater flood depe$itvations palaeodischarges are
specified. A sensitivity test performed on the made®wed that for a 25% variation in
Manning’'s n roughness values, an error of 5-10% was introductxthe discharge
results. A more detailed discussion of the disohasgtimation for the Llobregat River
palaeofloods is provided in Thorndycrefftal. (in press).

Results
Palaeofl ood stratigraphy and chronology

In total, 56 individual flood units have been id&atl at the two study reaches (Fig. 3).
In general, the number of flood units preservedtled different sites reflects



relationships between flood magnitude and frequewith greater numbers of modern
flood events located in the lower elevation alcosash as alcove E. The two high
elevation sites, A and C (Figs. 2 and 3), are thiest deposits preserved. Two
radiocarbon dates from alcove A (Table 1 and F)gind8icate that the middle flood
units of this sequence were deposited around 260(8B3-776 cal. B.C. and 794-554
cal. B.C.). The flood unit at alcove C has beenoeatbon dated to cal. A.D. 1516-
1642.

The next oldest dated sediments are from alcoweth,the basal flood unit (F1) dated
to 185+ 55 BP (cal. A.D. 1686-1913, Table 1). This datebeyond the reliable
applicable age range for radiocarbon dating (Trueb®000) however, it is likely the
sequence dates to the nineteenth century. Thedagisty control for the remaining
slackwater sequences is provided'®Cs analysis, as the most recent sediments could
only be assigned as modern, based on the radiotadsults alone (Table 1). The
benefit of the caesium method is that is permitsrtiodern sedimentary record to be
divided between those flood units deposited betwrafter the mid-1950s (Elgt al.,
1992). Due to local hydrological conditions at thierent alcoves (Thorndycradt al.,
submitted) the technique was not applicable fomdadglackwater flood sediments at all
sites (Table 1). However, at the majority of theosks the measuref’Cs was
associated with sediment mobilised from the upstre@tchment by erosion and
transported to the alcoves during floods, perngttime dating of post mid-1950s flood
deposits. Alcove E has most modern flood unitshwvili0 units post-dating the mid-
1950s, this reflecting its close proximity to theer channel. The®'Cs data from
alcoves D, G and H indicate that only the largest, two and three post mid-50s floods
reached these alcoves respectively.

The characteristics of LIobregat River slackwater flood deposits

The slackwater flood deposits of the Llobregat Riaee predominantly composed of
very fine to fine-grained sand with parallel lantinas alternating with climbing ripples
in drift and climbing ripples in phase (Table 2gF8). The particle size data from all
the alcoves are presented in the ternary plot ofgmeage clay, silt and sand (Fig. 4).
The finer-grained sediments, with higher percentage contents, are those from
alcoves A and C. The coarsest sediments are tHadeaves B, D, E, G and H. They
are characterised by mean medium sand contenxs@s® of 10% and greater than 40%
fine sand (Table 2). There are no significant défees in the mineralogy of the
sediments from the different sites of depositione Hrain mineralogy is dominated by
carbonates and quartz with micas and feldspars pitssent. The heavy mineral
assemblage is dominated by tourmaline, zircon atitr The remaining mineral suite,



including staurolite and garnet, is indicative afaurce in the metamorphic rocks of the
Pre-Pyrenean headwaters of the Llobregat River.

The main characteristic sedimentary structuresiwithe flood deposits are parallel
laminations alternating with climbing ripples iniftrand climbing ripples in phase,
indicating an upstream flow direction (see Fig. B)is deposition is interpreted herein
as having been generated in a zone with a highmsedi concentration. Sand excess
produced aggradation by the migration of climbimgples that indicate variations in
flow velocity and high rates of vertical sedimentild-up from suspension. As the
deposits have been generated in a zone of flowctdation, drift climbing ripples
migrate upstream as a consequence of the returantsirgenerated inside the alcove
(Benitoet al., 2003c). Climbing ripples that change verticditym climbing-in-drift to
climbing-in-phase are normal when there are lokaitdiations in velocity and a high
sediment concentration. The parallel laminatioresent correspond to aggradation on a
planar surface produced by sediment fallout withtnagtion. Similar sequences were
described and interpreted in slackwater flood diépad the Tagus River in Central
Spain by Benitet al. (2003c).

Palaeodischarge estimates

The longitudinal profile of the Monistrol study e (Fig. 5) presents the location of
each alcove and the water surface elevations agedaivith a range of discharges. The
largest estimated minimum discharge is 6206 mmatching the slackwater deposits of
the C1 unit (Fig. 3). Also shown on Fig. 5 is a éswdischarge of 4700 is' associated
with the energy line that we consider a more adeusstimation of the minimum
discharge (Thorndycraft al., in press). At this site, modelled channel floalocity
was over 6 m$, with sub-critical flow conditions (Froude Number 0.5). This
indicates a sharp velocity transition from the clento the canyon side where
sedimentation was associated with stagnant watedittons, as evident from the
parallel laminations of the C1 flood deposit. ThecHarge of 4700 fs*was obtained
assuming that the sedimentation at the alcove @vter velocity head equals zero) was
close to the maximum flow stage and related tottit@l energy head for the cross-
section. Therefore, the discharge associated wéhtl unit is estimated as 4700-6200
m®s?, with a preferred value closer to 4708sth

The ranges of estimated discharges associated thaéthremaining slackwater flood

deposits at each alcove are indicated in Table H&yTare based on the discharge
estimates required for floodwaters to reach eitherbase of the alcove or the top of the
palaeoflood sequence. In addition to the high estoh discharge associated with unit



C1, those of alcove A were also deposited by vagl magnitude floods of 3700-4300
m®s?, as illustrated by the rating curve from crossisec8 of the Pont de Vilomara
study reach (Fig. 6). Like the discharge associatiéinl C1, this range in the magnitude
of minimum discharges is based on the energy liso illustrated in Fig. 6 are the
minimum discharge estimates for the modern slackwlibod deposits (B2) of the
1971 flood, with a range of 2300 to 2606sth calculated using the energy line and the
water surface elevation, respectively.

There are a number of alcoves (B, D, F and G) albegstudy reaches that require
discharges in excess of 2008sthto top the flood sediments. Only two alcoves (B an
H) were covered by the 2000 flood event, with a snead peak discharge of 1206sm

! The elevation of floodwater during this eventlmove H (Fig. 5) was marked by silt
lines on the gorge wall and fissures in the rott&diwith flood debris.

Discussion

The Llobregat River palaeoflood sequence presavielence of large magnitude floods
that have occurred during the last few thousandrsyeRadiocarbon dating of
palaeoflood sediments associated with dischargd®@® nis™ or greater indicates that
at least two of these extreme events occurred drthenperiod of the 2650 BP climatic
event (van Gesdt al., 1998) and one during the Little Ice Age (ca. AlB0O to 1850).
Both these periods are recognised as cold-humidgshaf climatic variability. The
earlier phase is thought to be the result of irmedasolar activity around 800 cal. BC
(van Geekt al., 1998). Within Spain, there are few radiocarbated fluvial sequences
from this period. In Central Spain, two radiocarluates (245@ 60 BP and 237& 80
BP) have been obtained from the middle section ralvg) deposits formed by the
actively meandering Jarama River (Alonso and Gard®96). In S.E. Spain, at the
confluence of the Librilla Rambla with the GuadaierRiver, an 11 m sequence of high
energy fluvial deposits is bracketed by radiocartates of 388% 60 BP and 250%
45 BP (Calmel Avila, 2000 and 2002). There is ¢elyamore evidence of increased
fluvial activity at this time elsewhere in Europmwever, the presence of% plateau
during this period makes precise correlation betwtee fluvial record and the climatic
event difficult to make (Macklin and Lewin, 2003rdsvn, 2003).

The Little Ice Age is widely recognised as beingexiod of increased flooding in
Europe (for example, Rumsby and Macklin, 1996; @rad®001; Macklin and Lewin,
2003; Benitoet al., 2003b). Despite the single dated palaeoflood fumin the Little Ice
Age (C1), there is sedimentological evidence frdm tlcove A slackwater flood
deposits for a number of flood events with presgrsediments from this period. In the



upper flood units at the Pont de Vilomara site (A&- Fig. 3) there is a pronounced
shift in the particle size distribution. This caa been in Fig. 4, where there are two
distinct clusters of samples from alcove A, withe thinits A6-A8 containing an
increased silt content and, therefore, plottingsefoto the silt apex of the ternary
diagram. Although the particle size distributioraatite of deposition may be dependent
on the flow characteristics of the flood (Bendtoal., 2003c) it may also be dependent
on the available source material. In this case,hygothesise that the increased silt
content is caused by widespread woodland clearareeyring since the f5Century

in the region (Schulte, 2003), that caused incikaates of soil erosion. Interestingly,
the C1 deposit dated to the Little Ice Age fornduster with the A6-A8 samples in the
ternary diagram (Fig. 4). The increase in soil st this time resulted in alluviation
elsewhere in Catalonia, for example in the Bisksitlement where alluviation post-
dated cal. AD 1298-1422 (Schulte, 2003).

The alternative hypothesis for the increase in grgage silt content, related to an
increase in flow velocity at the site of depositiols not supported by the
sedimentological information available. The seditagn structures are similar
throughout the alcove A sequence, with parallelitation the main structure visible
(Fig. 3). As noted earlier these can be interpretediggradation produced by fallout
with no traction (Benitcet al., 2003c) indicating low flow velocities throughotite
alcove A sequence. It is likely that, at the valsgge alcoves, away from the main flow
thalweg, there were no significant differencedawfconditions between different flood
events. The use of palaeoflood slackwater depasiiadicators of changing catchment
stability is a theme that merits further researcthe Llobregat basin.

Irrespective of the precise dating or climatic eao$ these extreme flood events, the
slackwater flood deposits and associated paladuatige estimates provide tangible
evidence of flood magnitudes greater than thosesuomed during the modern
instrumental period. Fig. 7 presents the most cetmgsive instrumental flood record
possible for the last ca. 100 years. The majoritihe data comes from the Castellvell
gauging station, located 3 km upstream of the Morlistudy reach. The palaeoflood
record from alcoves A and C indicates much lar¢mod magnitudes than that of the
1971 flood, considered the largest on record. Anigmol, the 4700 ris* minimum
discharge associated with the C1 flood depositspewes to a recorded discharge of
2300 nis’ for the 1971 flood. The palaeoflood evidence, efae, illustrates that the
gauging station data is not a representative regbtide largest floods that may occur in
the Llobregat catchment (Fig. 7). The implicatianthat the hydrological series is
effectively too short to make informed decisiongareling flood risk and that additional
palaeoflood data provides valuable evidence ofdilog over longer timescales. In fact



this may be even more so with respect to other tddedinean basins as the discharge
series of the Llobregat River, despite at timesidpe discontinuous record, is probably
one of the longest in the region.

Conclusions

The palaeoflood record of the Llobregat River is flist to be reconstructed for any
Spanish Mediterranean river basin. The preservdingmtary evidence indicates that
large magnitude floods occurred around the periothe® wetter and cooler 2650 BP
climatic event. Two flood units were dated to 85&% ¢al. B.C. and 794-554 cal. B.C.
at the Pont de Vilomara study reach. The rangestifnated minimum discharges
associated with the Pont de Vilomara deposits B03%300 nis*, compared to 2300-
2600 nis* estimated for the highest modern slackwater déeposiose of the 1971
flood. At the Monistrol study reach, the minimunscharge of the largest palaeoflood,
was estimated as 47001 for a flood unit dated to cal. A.D. 1516-1642 sthialue
being significantly larger than the recorded disgeaof 2300 rs* for the 1971 flood.
The use of palaeoflood hydrology has shown thatiieumental flood record of the
Llobregat River is insufficient to make fully infored decisions regarding flood risk as
it is not a representative record of the largexidk within the catchment. Indeed, with a
continued increase in the development and urbammsaf Mediterranean catchments,
there is a critical need for improved flood risks@ssment based on real flood data
rather than statistical extrapolations of shorbdaseries. Sedimentological evidence of
former flood stages is one means of achievinggbd.
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Study reach Alcove Caesium-137 Radiocarbon
Caesium No. of flood Laboratory No. Flood Age One sigma
dating units since mid- Unit (yrs BP)  calibrated age
1950s (Fig. 3)
Pont de A No - UZ-4523/ETH-23673 A4 2640+ 55 853 BC, 776 BC
Vilomara UZ-4524/ETH-23674 A5 2580+ 75 794 BC, 554 BC
B Yes 1
Monistrol de cC No - UZ-4605/ETH-24418 C1 305+50 AD 1516, AD 1642
Montserrat
D Yes 2 UZ-4738/ETH-25509 D2 modern
UZ-4515/ETH-23665 D2-3 modern
E Yes 10 UZ-4520/ETH-23670 E2 modern
UZ-4521/ETH-23671 E6 modern
UZ-4522/ETH-23672 E11-12 modern
F No - UZ-4517/ETH-23667 F1 185+55 AD 1686, AD 1913
UZ-4518/ETH-23668 F5 120+50 AD 1712, AD 1904
UZ-4519/ETH-23669 F11 modern
G Yes 3 UZ-4516/ETH-23666 Gl modern
H Yes 3 -

Table 1




Alcove

Mean particle size data (%)

Sedimentary structuregno. of flood units)

Medium Fine sand | V. fine Silt Clay Climbing Climbing Parallel Current
sand sand —in drift —in phase | lamination | ripples

A 3.9 14.7 17.0 42.4 20.8 - - 7 -

B 10.4 53.9 11.8 12.0 10.3 - 1 1

C 1.4 6.3 20.3 59.2 12.5 1

D 18.6 45.1 12.6 12.6 9.4 1

E 15.8 56.1 13.2 8.5 5.6 5 4 4 3

F 12.2 32.9 16.6 11.4 7.7 3 3 6

G 7.0 54.1 23.10 12.9 5.3 3 1 2

H 11.9 62.1 13.7 6.8 4.9 4 5 2

Table 2




Alcove Discharge Estimates (1is7)
Base of alcove Top of flood sediments

A 3700* 4300*

B 2300 2600

C - 4700*

D 1250 2500

E 200 440

F 860 2200

G 1800 2500

H 750 1000

Table 3
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