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Abstract

Slackwater palaeoflood deposits were identifiech@ltsvo bedrock gorge study reaches
of the Llobregat River, at Pont de Vilomara and twol de Montserrat. The compiled
palaeoflood record consists of two principal flemties: a) a relatively complete record
of low to high magnitude flood events from the lest 100 years and b) evidence of the
largest palaeoflood events that have occurred theelast ca. 2700 years. The longer
term extreme palaeoflood record indicates thatlteeharge of the 1971 flood, the
largest on record, was exceeded on at least 8ioosasver the lasta. 3000 years, with
two periods of high magnitude flooding identifieg:the Late Bronze Age (2500-2700
years ago) and b) the Little lce Age (AD 1500-17@Q)Pont de Vilomara,
palaeodischarge estimates of ca. 3666 mompare to a discharge of 2308 sfor the
1971 event. Downstream at Monistrol, an estima#680 ni/sfor flood deposits dated
as AD 1516-1642, and believed to be those of thelBD7 event, compared to 2600

m°/s for the 1971 flood.
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Introduction

Flooding is a major hazard in Mediterranean regouns to its extreme spatial and
temporal variability. Furthermore, flood risk haeeln increased over recent decades as
socio-economic factors have led to increasing ugadgion and development along the
Mediterranean coast that has resulted in everddi@zd prone areas and societal
vulnerability. With regards to flood risk preventio the region, the estimation of rare,
large magnitude floods is problematic due to sbatiging station records and their
limited spatial distribution. A further problem Wwisystematic flood records is that of
accurately measuring extreme flood discharges (Betkal., 2002), which in
Mediterranean regimes are often 100 times grelaser the mean flow. During these
large floods, gauge stations are frequently eiloeded or destroyed, meaning that, in
many cases, the reported floods from stream flo@smements are themselves

estimated discharges using indirect methods asstall extrapolation.

To reduce risk associated with floods there igtecat need to increase the length of the
extreme flood record beyond that of the instrumlgreaod. The flood record can be
extended by hundreds to thousands of years by sacting past flood discharges
using geomorphological indicators (palaeofloods) dacumentary evidence.
Palaeoflood hydrology, the reconstruction of thgnide and frequency of large
floods using geological evidence (Baker et al.,20Bas been employed in many
regions of the world for compiling long term floogcords for improving flood risk
estimation (House et al., 2002a). In particulaapaflood records have been
reconstructed in southwest USA (Kochel et al., 188¢ and Baker, 1985; Partridge

and Baker, 1987; O’Connor et al., 1994), Austréliaker and Pickup, 1987; Pickup et



al., 1988; Wohl et al., 1994), Israel (Greenbaurale2000), India (Kale et al., 2000),
Japan (Jones et al., 2001), China (Yang et alQR®vance (Sheffer et al., 2003) and

central Spain (Benito et.all998, 2003a).

This paper presents the results of a palaeofloeesiigation of the Llobregat River, one
of the study basins of the SPHERE project, a Ewaoggommission funded project that
aims to improve flood risk estimation by incorpamgtpast flood information and
developing new scientific frameworks and technioals within a European context
(Benito et al., 2004). The main objectives aret@lieconstruct a catalogue of major
flood events using the stratigraphic record oflshaater flood deposits, (2) to
understand flood processes and timing of extrereatewvithin Mediterranean regions;
(3) to study the palaeoflood hydraulics associatitk these flood events in order to
estimate flood peak discharges; and (4) to proketkvant long term data regarding the
largest magnitude floods that can be applied iodlbazard planning for the lower
Llobregat River. This is of particular interestaarew flood protection channel, with a
design discharge of 4000, is currently under construction on the Llobtetglta, an
important area of economic activity to the souttBafcelona, with numerous industrial

estates and the city’s international airport lodateere.

Study location

The Llobregat River is located in Catalonia in hedst Spain (Fig. 1). The river flows
north-south from the Pre-Pyrenean Cordillera toMlegliterranean Sea, immediately
south of Barcelona, draining a catchment area 844@f. The study sites at Pont de

Vilomara and Monistrol de Montserrat are both ledain the middle reach of the



Llobregat River (Fig. 1), draining catchment aref$845 knf and 3370 krh
respectively, with the Monistrol reach located dstream of the Cardener River
tributary. The Llobregat River has a typically Miedranean regime with a low mean
annual discharge (21%s), extreme seasonal variations and flood peaksnar100
times greater than the mean discharge. Mean anauédll in the catchment varies
from 900-1100 mm in the headwater reaches to 50047 in the middle and lower
reaches, however, large flood events are triggeyadaximum rainfall exceeding at
least 200 mm within a 24 hour period (Llasat, 199he majority of the largest floods
over the last century occurred in autumn and aeaated with a synoptic pattern of
anticyclonic conditions over Europe and warm, maistoming from the southeast that
causes intense orographic rainfall over the coastadlpre-Pyrenean mountains (Llasat,

1991).

At both study reaches the river is confined by beklwalls, as the river cuts north-
south through the Eocene Conglomerates of thetférali Cordillera and the Montserrat
Massif. The river channel is predominantly bedradijough on the wider gorge bends
gravel bars occur (Fig. 1). Slackwater flood seditadcf. Kochel and Baker, 1988;
Benito et al., 2003b) have been deposited and medén valley side rock alcoves

developed within the predominantly horizontal rettata.

Flood hydrology of the Llobregat River

A summary of the largest floods recorded in thebkégat catchment over the last

hundred years is presented in Table 1. The mospletendischarge record is from

Martorell, the gauging station located furthest detkeam with a drainage area of 4561



km? (Fig. 1). This record covers the periods 1911-183@ 1944 onwards and records
five flood events with discharges of at least 1660s. Table 1 lists four additional
floods — the 1907, 1940 and 1942 events, whichroedwhen the Martorell station
was unoperational, and the July 2000 event thaiadanhit. At the Pont de Vilomara
study reach discharge data has been recorded¥é&e with a gap between 1923 and
1942. The record shows three major floods ovetabies0 years: 1500 s (September
1971); 950 n¥s (November 1982); and 587t (November 1962). The reference
gauging station for the Monistrol de Montserratigtoeach is located at Castellvell
(3293 knf), 3 km upstream, where records began in 1942.astellvell, three floods
with discharges greater than 1008/'sthave been recorded in the last 60 years (the
1971, 1982 and 2000 events). The largest flooceoard is that of 20 September
1971, with a discharge of 2300 at Castellvell (minimum discharge) and 308%sm
at Martorell. It is important to note that the lesgfloods at Castellvell are reported in
the gauging station record as minimum discharggisating the great difficulty in

accurately recording extreme floods.

Documentary flood evidence

Historical archives record 35 catastrophic floodreég on the Llobregat River since AD
1315 (Codina Vila, 1971; Llasat et al., 1999). émparison to the rest of Catalonia,
however, documentary sources regarding the Llob@gapoor (Barriendos, personal
communication). For NE Spain, historical archivee@ch has highlighted a number of
periods of increased flooding: namely, the lat8 tc6early 17 century; the late 18
century; and the mid 9century (Barriendos, 1996-97; Llasat et al., 199e recent

floods, most historical floods occurred during amtumonths (Llasat et al., 1999),



including the November%1617 event that registered the highest observéerevel
at El Prat on the Llobregat delta and caused wigasbdamage, and even famine,

throughout the region (Barriendos, 2001).

Methodology

During high flood stages in river gorges eddieskbfooding and water stagnation
occur at the gorge sides, producing low velocitied/or flow stagnation (slack water)
that favours deposition from suspension of cldyasid sand. These fine-grained
deposits, known as slackwater flood deposits, tagesndicators of these floods that
can be preserved in stratigraphic sequences (Behiab, 2003b) providing detailed and
complete records of flood events that extend bagkral thousand of years (Baker and
Kochel, 1988). Slackwater flood deposits were foimeight rock alcoves (small caves
or rock shelters formed in exposed bedrock on #iley sides), two at Pont de
Vilomara and six at Monistrol de Montserrat (Fig. $tratigraphic and
sedimentological analyses of the deposits wergéethout both in the field and the
laboratory, with sediment peels of the stratigragirofiles, measuring approximately
80 cm x 50 cm in size, made in the field (Fig.I&§ividual flood units were identified
through a variety of sedimentological indicatorakBr and Kochel, 1988; Benito et al,
2003Db): the identification of clay layers at the taf a unit; erosion surfaces;
bioturbation indicating the exposure of a sedimegnsarface; angular clast layers,
where local alcove or slope materials were depdfiegween flood events; and changes
in sediment colour. As well as identifying indivaldlood units, sedimentary flow

structures were also described in order to elueidaly changing dynamics during a



particular flood event and/or infer flow velocitidsat can improve discharge estimation

(Benito et al, 2003Db).

Slackwater flood deposit chronology was determugidg anthropogenic indicators,
such as plastics, to identify recent flood eveatsl radiocarbon dating of charcoal
collected from individual flood units. Necessargparation and pre-treatment of the
sample material for radiocarbon dating was camigichy the™'C laboratory of the
Department of Geography at the University of ZuiGttUZ). The dating itself was
done by AMS (accelerator mass spectrometry) wightdimdem accelerator of the
Institute of Particle Physics at the Swiss Fedmstitute of Technology, Zurich (ETH).
Calibration of the radiocarbon dates was carrigdusing the CalibeETH 1.5b (1991)
programme of the Institute for Intermediate EndPipysics ETH Zurich, Switzerland,
using the calibration curves of Kromer and BecH&9@3), Linnick et al. (1986) and
Stuiver and Pearson (1993). A summary of the sasrglbmitted for dating, and their
associated results, is presented in Table 2. Albcarbon dates are quoted in the text as

the one-sigma calibrated age range.

The estimation of discharges associated with tfierdint flood units/features was
accomplished by computing the water surface profibe various hypothetical
discharges that were routed through the study emad&y comparing the model-
generated profiles to the palaeostage indicatogs $eackwater flood deposit
elevations) palaeodischarges were specified. Digehestimation by hydraulic
modelling was carried out using the step-backwaiethod, the most commonly
utilised method in palaeoflood hydrology (Webb dadett, 2002). Two discharge

values were estimated for each alcove based ugomdidelled water surface profile



matching (1) the base of the alcove; and (2) thbdst end-point of the flood
sediments. Computations were run using the HEC-BrA&dimensional model

(Hydrologic Engineering Center, 1995) run withiGE environment.

The assigned Manningisvalues used in the HEC-RAS modelling are indicated
Table 3. A sensitivity test performed on the maddicated that for a 25% variation in
roughness values, an error of 5-10% was introdugedhe discharge results.
Uncertainties in Manning’s values and energy loss coefficients had muchimegact
than uncertainties in cross-sectional data on digghvalues estimated from hydraulic
modelling (O"Connor and Webb, 1988). Model calilorais critical for the modelled
discharge results. Field evidence of the June 20dlfregat flood at the Monistrol
study reach was used in “tuning up” the model. Tloisd was recorded at Castellvell
as 1100 s whereas in the study area the surveyed highrwedeks match with a
discharge estimate of 1240/ for the selected Manning'sand energy loss

coefficients.

Cross-sections (see Fig. 1 for locations) and fldeplosit elevations, the input data for
the hydraulic models, were surveyed along bothystadches using a Trimble 4700
kinematic differential GPS, with additional datangsa Sokkia total station where
satellite visibility was poor. The GPS comprise® t&PS receivers (a fixed base station
with known co-ordinates and a rover to measuretbss-sections) with a radio link
between them both to allow real time data procgs#wstudy of morphological change
in a Scottish gravel bed river allowed the accumaidhis type of GPS to be tested, with
a vertical accuracy of 5 cm at the 95% confidemterval stated (Brasington et al.,

2000). The river channel bottom was surveyed uaimgchosound device mounted in a



small boat and connected to the rover GPS, theatéiscted using a navigation

software.

At the Monistrol reach, 15 cross-sections were sygd along a 2 km reach (Fig. 1).
The geometry was completed with an additional @8sisections obtained from a
1:5000 scale map and surveyed channel geometrg al@xb km reach downstream to
the Cairat Gap. Critical flow was selected as thenlolary condition at Cairat Gap,
whilst it was assumed for the calculations thatvfleas subcritical along the rest of the
modelled reach. At the Vilomara reach, 12 survegreds-sections and 29 additional
cross-sections from a 1:5000 scale map were ust inydraulic model. Boundary
conditions were set to critical as the canyon rsaveer and steeper at the lower part of
the study reach. In the upper part of the readhedieval bridge introduces an added
complexity to the hydraulics of flood events thatwrred after its construction. The

first documentary reference to the bridge was inJA2 (Asarta et al. 1991).

Palaeoflood Stratigraphy

The stratigraphic columns described along the stadghes are presented in Figs. 3-5.
Specific flood units discussed in the text aremref@to by the alcove letter (see Fig. 1
for alcove locations) and the flood unit numbersgrged in stratigraphic columns (Figs.
3-5). Table 4 presents summary information regardisch alcove, namely the
elevation of the alcove above the present rivensbbottom; the number of flood

events preserved in each alcove; mean flood uickriess; and mean particle size data.

Sackwater flood deposits at Monistrol de Montserrat



The palaeoflood stratigraphy for Alcoves C-E iswhon Fig. 3, alongside the valley
cross-section that indicates the relative elevatmieach of the alcoves. The highest
elevation palaeoflood deposits, of the Monistralate are located at Alcove C, 15.5 m
above the channel bed. Only one flood unit is pxeskhere, this being a 14 cm thick,
bioturbated sandy silt, composed of 59.2 % silt 82& % clay. Radiocarbon dating of
the unit provided an age of cal. AD 1516-1642. Ak® records 4 flood events,
separated by undifferentiated fine grained depdwiith occasional clast layers),
reddish in colour, probably composing a mix of akand slope wash sediments and
reaching up to 90 cm in thickness between unita®D3. The flood units can be
distinguished by their greyish colour and coarsgture, containing a greater
percentage of medium sand (mean 18.6%) and leggrokzan 9.4%). Charcoal from
unit D2 was dated as modern, indicating an ageepbsiition during the lasa. 100-

150 years for the upper three flood sediments.Heropposite bank of the river, Site E,
at 5.4 m above the channel bed (Fig. 3), is thestwlevation alcove of the study
reach. Three modern radiocarbon ages from floots &2 and E6, and a charcoal layer
separating units E11 and E12, indicate that thelevbequence records 18 flood events,
probably deposited over the last 100 years. The textures of the flood units are fin
sands with low silt and clay contents (8.5% and&®&réspectively), reflecting the
proximity of the alcove to the channel. The profégeords both low and high magnitude
flood events, the latter represented by units, [EL1B and E16 that reach 26 cm, 33 cm

and 20 cm in thickness, respectively.

The stratigraphy of the remaining three alcovethefMonistrol reach is illustrated in

Fig. 4. Profile F shows the most complex stratigsapf the reach due to its position on



the outside of a river bend creating a higher gneryironment, and the proximity of
slope deposits immediately upstream providing alleapply of coarse material. The
stratigraphy, therefore, is dominated by distinataiof greyish sands, similar to the
slackwater deposits found within the other profiksd reddish silt-clays and clast
layers, at times these clasts being incorporatéaimihe grey sands. The ‘normal’
slackwater flood deposits, those without clastshwiprofile F, have mean patrticle size
characteristics similar to those from the othe¥ssdt Monistrol de Montserrat, with a
medium sand content of 12.2%, 11.4% silt and 7.1&. &Jnits F1 and F5 were
radiocarbon dated to cal. AD 1686-1913 and cal.1AM2-1904, respectively, whilst a

modern age result was given for unit F11.

Alcove G contains 4 flood units that represeneast 2 distinct flood events. This is
because the two highest elevation flood units (&8@4) are located at the back of the
alcove, separated from units G1 and G2, and, thexefay be repeated in the profile.
Unit G1 was radiocarbon dated as modern. The GXG@hfliood units are separated by
layers of locally derived angular clasts, granaled clay layers. Site H is located
downstream of Site G and on the inside of a riverd(Fig. 1). The alcove is at a lower
elevation than Alcove G, being 7.9 m above the nbbbottom. A total of 7 flood units
are preserved, with 62.1 % fine sand and low mégaarsl clay contents (6.8 % and 4.9
%, respectively). No radiocarbon dates were obthihewever, the deposits are likely

to be modern in age, like those of Alcove G.

Sedimentary records of the 1971, 1982 and 2000 flood events



Along the Monistrol study reach, high elevatiorcklaater flood deposits containing
plastic materials provide geomorphological evideiocehe largest recent floods. At
Alcove H, the uppermost two units (H6 and H7) confastics (Fig. 4) indicating that
this alcove was inundated by both the 1971 and 1888 events. Fluid escape
structures in these units indicate that the watdase elevation was significantly higher
than the alcove, as they indicate high pressurdezken the deposits. At Alcoves D
and G, only the uppermost flood unit at each otgain plastics (D4 and G2), these

deposits belonging to the 1971 event, the 1982tevaireaching these alcoves.

The June 2000 flood, the third largest in the Glastiégauging station record, occurred
during the fieldwork campaign. This flood eventtiwa recorded discharge of 1100
m>/s, only covered Alcoves E and H. The flood depukitnit E18, the uppermost unit
at site E. At Alcove H, evidence such as silt lineghe rock wall and plant debris
within rock fissures above the alcove indicated thes alcove was covered by the
floodwaters. The sediments from this flood, howeware embanked against the older
deposits, with the uppermost sediments pinchingbthie level of the fluid escape
structures in unit H6 (Fig. 4), illustrating thaetsediments in this case were deposited

at least 1 m below the flood water surface.

Sackwater flood deposits at Pont de Vilomara

The highest elevation deposits at the Pont de \alanstudy reach are located at Alcove
A, 15.9 m above the river channel bottom. The pgafontains eight individual flood
units, characterised by sandy silt textures witfhhalay contents (Figs. 5 and 6). The

sedimentary structures, predominantly parallel fetions, and the fine grained



sediments indicate a low flow velocity at the aleoVhe chronology of the profile was
determined by radiocarbon dates of 853-776 calaB&€794-554 cal. BC from units A4
and A5, respectively, indicating that the firsi&old events recorded in the profile
occurred around or prior toa. 2650 yrs BP. There is, however, no radiometricngat

control for the uppermost three flood units.

The slackwater flood deposits of the Pont de Vileraach are completed by the two
flood units of Alcove B, a small alcove locatead 20 m upstream of, and
approximately 3.5 m lower than, Alcove A. Theseisethts are characterised by a
greater thickness (25 cm), an increase in sanegngnwith over 50% fine sand, and
lower silt and clay contents. The lower unit is atedl, however, the presence of plastic
material in the upper flood unit dates this as nmodmost probably related to the 1971

event.

Hydraulic Modelling

Discharge estimation at Monistrol de Montserrat

Fig. 6 illustrates the calculated water surfacdilg® of various discharges related to the
slackwater flood deposits along the study reacle. Stap-backwater results indicate that
a discharge of approximately 6206/sxmatches the known palaeostage evidence
corresponding to the Alcove C flood deposits, tighést found along the study reach.
At this cross-section (Fig. 3), channel flow vetgavas over 6 mSwith subcritical

flow conditions (Froude Number about 0.5). Thisi@atles a sharp velocity transition

from the channel to the canyon side where sedirtientvas associated with stagnant



water conditions. A lower bound discharge of 468¥smas obtained assuming that the
sedimentation at the alcove (where the velocitydrespuals zero) was close to the
maximum flow stage and related to the total enéwepd for the cross-section. In other
words, this conservative discharge was obtainech&tghing the energy line, instead of
the calculated water surface profile, to the padtesge evidence. These two discharge

estimates are illustrated in the rating curve lier Alcove C sediments (Fig. 7).

The next highest discharge estimates are for atcGyéd and F with minimum

discharge ranges of 1800-2508/sn 1250-2500 fits, and 860-2200 ifs, respectively
(Figs. 4 and 7). The uppermost flood units at ladtloves G and D, that were found to
contain plastic materials, indicate that the largesent flood, the 1971 event, reached a
minimum discharge of 2500¥sat this study reach. This discharge can be compared
that of 2300 s, the minimum discharge estimate from the Castitfjauging station
data. The water surface of the June 2000 eveimatsd at 1240 ffs, covered and
deposited sediments at alcoves E and H. A dischrargge of 200-440 ffs was

estimated for the low elevation Alcove E and 750€Lat/sfor Alcove H.

Discharge estimation at Pont de Vilomara

A peak discharge of 1650°tawas estimated at the Vilomara gauging stationter t
1971 flood event. About 200 m downstream of thedej at Alcove B, slackwater
flood deposits containing plastic material aredaadd to have been deposited by this
flood event. The step-back water calculations mlted discharge estimate associated
with these deposits as between 2300 and 2638 # photo of the Vilomara Medieval

bridge taken during the flood by a local residdsb allowed calibration of the model as



the water ‘ponded’ behind the bridge reached andisagricultural terrace identified

within fields on the left bank of the river.

As indicated earlier, Alcove A contains a recorcbleast 8 high magnitude flood
events (Fig. 5). Discharge estimation resultedim@mum discharge of 4400%s at
the base of the alcove and 5108 smelated to flood unit A8. The water surface
elevation of the A8 discharge is plotted relativeélte Medieval bridge and the 1971
flood in Fig. 5. The channel velocity at this diaofe is about 4 rifs whereas the
sedimentary structures found in the slackwater siépélling the alcove indicate much
lower velocities. A lower bound discharge matchimg energy line to this palaeostage
evidence, as carried out for Alcove C, resulted minimum discharge of 3700°s for
the base of the alcove, and 4308stior flood A8 at the uppermost part of the

stratigraphic profile.

Discussion

The stratigraphic and hydraulic modelling data enésd indicate that the Llobregat
slackwater flood deposits primarily represent tlood series. The most complete
record is that of flood events that have occurnegl the lasta. 100 years with
sediments from low, medium and high magnitude flewents all preserved. At the
Monistrol study reach, Alcove E records 18 modéosod events with a range of
minimum discharges from 200-44C/s1 Alcove H, 8 flood events with a discharge
range of 750-1000 ffs; whilst 1250-2000 ftswas estimated for the 3 modern flood
events of Alcove D and 1800-250G/sfor the 2 events preserved at Alcove G. One

modern flood event at Alcove B at Pont de Vilomiarassociated with an estimated



discharge of 2300-2600%s. This palaeoflood record shows a progressive sel
censoring of flood stratigraphy that occurs duthtoprogressive elevation of the
sediment banks caused by vertical depositionak#iocr (House et al., 2002b). The
phenomenon of progressive self-censoring introdacasmplexity for reconstructing a
complete catalogue of palaeofloods, since somel fla@nts are not represented
throughout the studied stratigraphic profiles, aejeg on the elevation of the
particular site of deposition. That the largesergdloods have not eroded the low
elevation deposits suggest that higher magnitudats\occurred that periodically
flushed these alcoves of sediments from earlierdad medium magnitude floods.
Evidence for such extreme flood events, with esthaischarges of 3700%s at Pont
de Vilomara and 4680 #sat Monistrol, comprises the second flood seriesrahive
that extends baadta. 2700 years. The Llobregat slackwater flood depasitord at
least 8 flood events of this magnitude over thisqek At this site, the evidence
suggests that floods able to exceed this elevatienvell represented within the

stratigraphic record.

The palaeoflood hydrology of the Llobregat Rivéerefore, provides valuable
geomorphological evidence for: 1) testing the aacyof extreme flood discharge
measurement at gauging stations and 2) providiogger-term context for high
magnitude flood events within the catchment. Theerent difficulty associated with
accurately recording extreme flood discharges (Bakal, 2002) can be illustrated by
the Llobregat gauging station record, where theldisge of the 1971 event, the largest
on record, could only be stated as a minimum digghastimate at Castellvell. At both
study reaches, high elevation slackwater flood depof the 1971 event (units B2, D4

and G2), identified by virtue of plastics and othathropogenic materials within the



deposits, provide a further means of dischargenasion. At the Pont de Vilomara
gauging station, the recorded maximum discharges66 ni/sis lower than the 2300-
2600 ni/sdischarge estimated for the Alcove B deposits énimtg plastic material. At
the Castellvell gauging station, a minimum disckarsj2300 rnyswas recorded. The
minimum estimated discharge associated with highation modern flood deposits at
the Monistrol study reach was 2508/sat Alcove G. The geomorphological evidence,
therefore, indicates that the gauging station gxat Vilomara and Monistrol

underestimated the discharge of the 1971 event.

With respect to flood risk and planning in the Liegat catchment, it is of particular
interest to know how the magnitude of the 1971dlcompares with the longer term
palaeoflood archive. It is evident from the palé@od field and hydraulic modelling
evidence that the 1971 event was not the largesessed in the Llobregat Basin. The
palaeoflood record indicates that at least 8 higlgmtude events, with estimated
palaeodischarges greater than that of 1971, hauared over the lagka. 2700 years.

In terms of palaeodischarge estimates, and assumaiglggible channel bed change
within the bedrock gorge study reaches, the Alcd\ont de Vilomara) palaeoflood
events (3700 ffs) are up to 38% greater in magnitude than thd f®6d, the largest
on record. Downstream of the Cardener tributargtion, the estimated discharge for
the Alcove C palaeoflood (4680°), dated t@a. 400 yrs BP, is 46.5% larger than that
of the 1971 event and is also greater than thgdeischarge of the flood protection

channel in the delta region of the catchment (4088).

In terms of the chronology of these extreme palaedfevents, the two units, A4 and

A5, radiocarbon dated to 853-776 cal. BC and 794 €. BC respectively, suggest a



period of high magnitude floodinga. 2500-2700 years ago. Climatologically, these
flood events correlate with a short period of ocelel/ conditions described during the
Late Bronze Age (2658'C yr BP or 800 BC; van Geel et al., 1998). In othestern
Mediterranean regions, general phases of aggradassociated with high river
discharges (including torrential floods) and seditrleads, have been described not
only during this period (ca 700-500 BC), but alsd’bst-Roman times (ca. AD 500-
1000) and at the beginning, or during, the Litde Age (ca. AD 1500-1700) (Vita-
Finzi, 1969; Coltorti, 1997; Provansal, 1992, 19B6tler et al., 1998; Benito, 2003).
Within the Llobregat catchment there is no presgesdence of large magnitude Post-
Roman flooding, however, the C1 flood event, datechl. AD 1516-1642, is evidence
of an extreme flood that occurred during the Little Age. This is a known period of
increased flood frequency in Spain (Benito et896, 2003c; Barriendos and Martin-
Vide, 1998). Whether slackwater flood deposits fithis period were also deposited in
Alcove A at Vilomara is still open to speculatioitiout further radiometric dating
evidence from the upper flood units at this sitewidver, the severity of flooding at
Vilomara during the Little Ice Age can be illustdtby historical evidence. The AD
1617 flood, believed to be the largest event indbeumentary record (Barriendos,
2001), destroyed the three central arcs of thenvalia Medieval bridge (Asarta et al.,
1991). It is of particular interest to note that thate of this flood is within the one-
sigma envelope of the C1 radiocarbon date (cal1lAD6-1642) from the Monistrol
reach, indicating that these deposits probablyeetathis specific flood event. The
main historical evidence for the elevation of titd 7 floodwaters comes from the
Llobregat delta, an area too complex for accuraeharge estimation by hydraulic

modelling. The value of the palaeoflood evidencina it provides a robust discharge



estimate ¢a. 4680 ni/s), from a stable bedrock reach, for one of thgest known

floods within the catchment.

Conclusions

The palaeoflood hydrology of the Llobregat Rivepydes evidence for extreme flood
events that were of a greater magnitude than tigesafloods recorded in the gauging
station record. At Pont de Vilomara at least 8exi palaeofloods, associated with a
range of minimum discharges of 3700-4308snoccurred over the last 2700 years. The
largest instrumental flood, the 1971 event, wasneged from palaeoflood evidence at
this reach as 2300%s. At Monistrol, one extreme palaeoflood datedab AD 1516-
1642, and believed to be the AD 1617 event, hagsimated minimum discharge of
4680 ni/s. This compares to a minimum discharge of 2588, restimated from
slackwater deposits of the 1971 flood. The reshdtge important implications for flood
prevention and risk assessment in the catchmeptarticular, a flood protection

channel in the delta region of the river has bessighed with a maximum discharge
capacity of 4000 fits, lower than the estimated discharges of thekinalaeofloods.
The palaeoflood evidence provides discharge estgnattreal floods that can be used to
reduce reliance on statistical discharge estimati@sed on short instrumental flood

series.
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years, whilst Alcove C just preserves the depasiitsne extreme high magnitude low
frequency event that occurred in the Little Ice Aééso indicated are the minimum
discharge estimates for the upper flood units chesddcove and the Manning'svalues
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Fig. 4. The stratigraphies of Alcoves F-H of the mirol study reach. In Alcove G a
small rock shelf at the back of the alcove separtie upper and lower profiles. The
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Fig. 6. Calculated water surface and energy lirevaglons for selected discharges
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along the Monistrol study reach. The elevation&brs and silt lines left above Alcove
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water surface elevations and the total energy hddwk conservative discharge
associated with the total energy head was consldage accurate as the palaeoflood
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Year Date Peak Q (ns) at Fatalities and economic
Martorell (4561 km?) losses
(Llasat et al., 2001)
1907 October 7 1500, 2875 -
1913 September 29 1540 -
1919 October 7 1500 -
1940 October 18 2200 -
1942 October 28 1500 -
1962 September 25 155G 441 deaths
€159 m
1971 September 20 3080 9 deaths
€42.1m
1982 November'd 1600 6 deaths
€270.5m
2000 June 10th 1160 5 deaths

€66.1 m




Study reach Flood Lab code Age Calibrated age One sigma
unit no. (yrs BP) calibrated age
range
Pont de A4 UZ-4523/ETH-23673 2640+ 55 798+ 75 BC 853 BC, 776 BC
Vilomara A5 UZ-4524/ETH-23674 2580+ 75 669+ 114 BC 794 BC, 554 BC
Monistrol de C1 UZ-4605/ETH-24418 305+ 50 AD 1585+ 79 AD 1516, AD 1642
Montserrat
D2 UZ-4738/ETH-25509 Modern -
D2-3 UZ-4515/ETH-23665 Modern -
E2 UZ-4520/ETH-23670 Modern -
E6 UZ-4521/ETH-23671 Modern -
E11-12 UZ-4522/ETH-23672 Modern -
F1 UZ-4517/ETH-23667 185+ 55 AD 1790+ 92 AD 1686, AD 1913
F5 UZ-4518/ETH-23668 120+ 50 AD 1813+ 81 AD 1712, AD 1904
F11 UZ-4519/ETH-23669 Modern -
G1 UZ-4516/ETH-23666 Modern -




Surface description

Minimum Maximum
Manning’s n value Manning’s n value

Channel

Exposed bedrock (rough)

Soil surface without vegetation
Vegetated surface (dense tree)
Vegetated surface (disperse)
Agricultural land

Gravel bars (unvegetated)

0.028 0.030
0.040 0.045
0.035 0.040

0.060 -
0.050 -

0.040 -

0.030 0.035




Alcove Elevation  No.of Mean unit Mean particle size data

above flood thickness Medium Fine sand V. fine Silt Clay

channel events (cm) sand sand

bottom (m)
A 15.9 8 11.9 3.9 14.7 17.0 42.4 20.8
B 12.3 2 275 10.4 53.9 11.8 12.0 10.3
C 15.5 1 14.0 14 6.3 20.3 59.2 12.5
D 10.9 4 17.0 18.6 45.1 12.6 12.6 9.4
E 5.4 18 11.5 15.8 56.1 13.2 8.5 5.6
F 7.5 12 16.3 12.2 32.9 16.6 11.4 7.7
G 10.8 4 13.3 7.0 54.1 23.10 12.9 5.3
H 7.9 7 17.3 11.9 62.1 13.7 6.8 4.9
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