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ABSTRACT: The Fonte Santa mine tailirdamsituated in theNortheastof Portugal failed on the7" No-
vember 2006 due to a combination of hazards, am@xtinary rainfall and an eventual clogging of sipdl-
way. The dam was an earthfill embankment about 2&igh and with a crest length of roughly 85 After
the overtopping of the crest, which originated bheaching process and consequent failure, the dasrcam-
pletely washed away with a fraction of the mudiretd in the reservoir. The present paper conssitatpre-
liminary report of the accident describing the dar@aching process and the morphodynamic changéseon
downstream valley. The breach geometry is chaiaettand estimates of the water and mud releasqeer
sented. The geomorphic changes in the valley aeritbed, including deposition volumes of the dantemal
and eroded volumes from the riverbed.

Serafim (1981), Ponce (1982), MacDonald & Mo-

nopolis (1984), Serafim & Coutinho-Rodrigues
1 INTRODUCTION (1989), Lempériére (1993), Santos (1995) and Singh

(1996), Franca & Almeida (2004), among others.
The consequences of such flood events as the onksportant contributions to the research on damlkbrea
resulting from the collapse of a dam include ecofloods were made with the detailed descriptions of
nomic losses related to lost project benefits amd p such specific accidents as the Ha! Ha! lake flood
tential damage to property in the inundated aess | (Lapointe et al. 1998) and the Tous dam break (Al-
of confidence in the dam owner and operators, alkrudo & Mulet 2005). Both served as benchmark
teration of the habitat and environment, social im-cases within the IMPACT Project (IMPACT 2005).
pacts on the local community and, most important oNevertheless, the phenomenology on the dam breach
all, loss of lives. These consequences make daevolution in earthen dams is not sufficiently under
break accidents amongst the most feared flood hastood, as emphasized by Wahl (2001). When possi-
ards. Within the dam safety context, tailing damdsle, field data provide variables describing the
from abandoned mines present added risk given thareach evolution, the extension of inundation greas
lack of surveying and maintenance. The contaminathe magnitude of morphologic impacts and the celer-
tion levels of the sub-products resulting from mgi ity with which the dam-break wave progresses.
processes make this specific type of dams highly This paper documents preliminarily a tailing dam
hazardous to the environment, which is demonbreak occurred in November 2006 in a remote area
strated by the impact of the tailing dam failuraled  of Northeast Portugal. We intend to document the
Los Frailes lead-zinc mine at Aznalcéllar in thecauses associated to the accident as well as the
Dofiana National Park (van Geen & Chase 1998 anloreaching process and the effect of the passage of
Achterberg et al. 1999). the flood wave through the downstream valley. The

Being a rare event, the documentation of damesults are based on field visits, adequate topog-

break accidents, including the breaching proceds arraphic surveys and local meteorological records.
the downstream flood propagation, is of extreme imHerein we describe the meteorological event, the
portance to help assessing the phenomena and paam breaching and the effect on the downstream val-
viding clues to further development of predictingley. The breach geometry is characterized and esti-
models. In the past several authors have compileshates of the water and mud releases are presented
important information related to accidents withuaat The topography changes in the valley are refewed t
ral and manmade dams, namely Babb & Mermeincluding alterations due to deposition of the dam
(1968), Johnson & llles (1976), Combelles (1979)material and due to riverbed erosion. Estimates of



erosion and accretion rates in the downstreamyallematerial and its discharge was drastically reduced.

were assessed locally. A detailed field surveyhef t The reservoir has approximately a maximum volume

valley was made within the reach where geomorphiof 22.9 hm® for a water elevation of 505.0 m asl

changes occurred. (crest elevation) and volume of 21.3 hfor a water
elevation of 504.4 m asl (spillway entrance). About
12.5 hmi of the reservoir is filled with the waste

2 CHARACTERIZATION OF THE DAM AND mud (Fig. 3).

RESERVOIR

The Fonte Santa tailing dam is situated on the m S
nicipality of Freixo de Espada a Cinta (Braganga)g=

on the creek Ribeiro da Ponte (Fig. 1; actually the
creek changes its name in he dam section, upstresa
the dam it is called Ribeiro das Caravelas). It be
longed to a mining complex abandoned for morg
than 30 years ago and its main function is to metai
the mud resulting from the washing process of th
extracted minerals. Fonte Santa tailing dam was g
earthfill embankment about 25 m high and with g
crest length of roughly 35 m. The crest elevati@s w
at 505.0 m asl. It was not object of a specialgtesi
the construction was made progressively with coars
and fine material from the mining works. The mate

rial used to construct the dam was fine gravelutto IFigure 2. General view of the Fonte Santa tailinghchfter the
venant’). The shape of the dam was quite IrI’e(‘:]madam break. Almost the totality of the dam body veasded.

with a large amount of the fine gravel spreadingrpe dam is located in a rocky and very stable seaf the val-
downstream along the valley banks. The total voltey. The mud deposited in the reservoir was retbéesaving a

ume of the dam embankment is estimated to bscar which is visible in this picture from downstne

of 4 500 Mi. The mud deposited in the reservoir,

with Dsp of 0.0186 mm, contributed to keep the damOn the 24" November 2006, an extraordinary rain-

body impermeable along the years. fall occurred in the region. The continuous feeding
of the reservoir for three days, combined with the
clogging of the spillway, lead to the overtopping o
the Fonte Santa dam crest originating breaching and

S Barcelona subsequent total failure. The dam was completely
drid washed with a small portion of the mud retained in

. the reservoir (Fig. 2). The immediate consequences

ishoa R of the accident were mainly loss of low densitypsro
Alféndéga da Fé - Mogadouro * and eventual soil contamination.
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Figure 1. General location of the mining complextad Fonte
Santa. It is situated at the Northeast Portugatthnfsom the
Douro river.

The dam is located in a section of the valley wizere
rock formation exists (Fig. 2). The flood discharge
was made through an uncontrolled spillway exca
vated in the_ rock mhanl adjlacent Va”ey’IWItt:j thee u Figure 3. Reservoir where 1.5 fiof the volume is filled with
stream section at the level 504.4 m asl and a 3.5 Whste mud from the mining processes. After the destdj a

diameter roughly circular section. Eventually the U temporary solution constituted by an embankmertitié in
stream section of the spillway was clogged wittkroc the photograph) was made to stop the downstreanreiease.




The mud deposited in the reservoir was releasedniga scar  plain of the creek. Abandoned structures such as
which is visible in this picture from upstream. mills and abandoned peasant villages exist.

Local contractors exploited illegitimately the em- Immediately downstream the dam, and roughly
bankment material (fine gravel used as a construggithin the first 350 m after the dam, the creek-sec
tion material) excavating directly from the down-tjon js very narrow and its bottom and banks are
stream dam toe. These actions may have contributggcky thus ‘stable. The access to the informal drave
to a destabilization of the dam body and may be igyploitation referred previously was made through
the origin of the complete washout of the dam. the downstream valley; for this purpose an embank-
ment road was built in the valley providing acctess
the dam toe. This road was made with dam material
and, after the break was washed away providing a
good method to infer the erosion potential of the

. , . flood. This road was present in the first 400 nthaf
The creek Ribeiro da Ponte flows into Sabor riger, gownstream valley and it still possible to seeréts

major tributary of Douro river (Fig. 4). From the mains. Downstream, the valley presents both, allu-

dam section until the downstream section of thgjg| and fixed bed sections. A field survey allowed

creek, no major infrastructures or habitation existihe jdentification of these different areas and an
within the floodplain. 1 800 m downstream the dameyjyation of the deposition and erosion within the
a bridge exists from a secondary road linking twaygjley.

small towns. The main activity developed in the
margins of the creek is low density agriculture for
local subsistence; some cattle are breed in tloelflo

3 CHARACTERIZATION OF THE
DOWNSTREAM VALLEY
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Figure 4. a) The valley of the creek Ribeiro datephetween the dam section and the confluenceSetior river (a major Portu-
guese river, one of the main tributaries of Douven). Adjacent roads and towns are indicated; dipifl of the downstream valley
with the sections where a detailed survey of thepmadynamic impact of the dam break event was made.



4 HYDROLOGY OF THE EVENT

4.1 River basin

The dam of Fonte Santa creates a river basin of a
proximately 14,0 krh and its main watercourse is

sheds systems using, as input data, the above men-
tioned river basin characteristics and a pre-ddfine
meteorological model. In the present case, observed
hyetographs were used. These were measured at &
meteorological station located in Mogadouro, a vil-
lage distancing 12.5 km from Fonte Santa dam. This
ptation was the only located on the interest aréa w
precipitation registers useful in the characterwrat

the Ribeiro das Caravelas (Fig. 5) which has abouwf the hydrology of the event. The meteorological

7.9 km and can be qualified as torrential, attegpdin
to its longitudinal profile. The concentration tiroé
this brook is about 3h and the basin area soil pacu

tion is characterized by a curve number of 90, con
sidering the most humid antecedent conditions

(AMCIII). This parameter was obtained from the CN
(AMCII) that was estimated in ARC-GIS with the
Soil Hydrologic Characteristics Map that is avaiéab

onwww.snirh.pt

Stream Length = 7,9 km

RIBEIRO DAS
CARAVELAS

L ocation of
the Dam

Basin Area= 14,0 km?

Figure 5 — River basin determined at the sectiothefFonte
Santa dam.

4.2 Extreme flood on the day of the event

On 20" November, 2006 a large low-pressure syst
tem was centered in the Atlantic North near Iceland

From the 28 till the 24" of November this system

moved towards the west coast of Ireland affecting

the Portuguese territory as well. In the area ef th
Fonte Santa dam basin, a sea level pressure drop

approximately 25 mbar was observed between th

days 28 and 24" of November (Fig. 6). After the

24" the system moved away from the Ireland wes

coast, causing a pressure ascent in all Portugeese

ritory. The 25 mbar pressure drop observed alon

those four days on the basin’s area was the cduse
the extreme precipitation occurred on the" 2sf
November.

The flood hydrograph presented in Fig. 7 was ob-

data was kindly provided by the Portuguese Institut

de Meteorologia I.P..
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Figure 6 — Low-pressure system formed in the Attahtorth

on the days a) 20th of November and b) 24th of K.

9935,

According to the meteorological information, be-
tween the 24 and the 25 of November 2006, a to-
tal rainfall of about 115 mm occurred on the basin
area. 63% of this precipitation took place on th8, 2
having the remaining precipitation occurred equally
distributed between the 23 and™November. The
peak flow of the hydrograph (20.4%s) at the Fonte
Santa dam was obtained on thd'24 November at
8:30 am (Fig. 7). The total volume of water inflow-
ing into the reservoir for the three days of raiasw
of 1 300 .
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tained with HEC-HMS 3.1.0, a software developedFigure 7 — Reconstructed hydrograph at the secfitine Fonte

by the U.S. Army Corps of Engineers, adequate t

&anta dam and Mogadouro precipitation hyetograph aviac-

simulate precipitation-runoff processes of Water-ggirsmon period of 10 min, for the 23, 24 and"25 Novem-



5 DAM BREACHING sion depth was about 25 m. Fonte Santa dam breach
geometric parameters are presented in Table 1.

5.1 Breaching process Table 1. Breach final geometry.

The understanding of the rupture process and the
subsequent evaluation of the outflow hydrograph refop width (m) 35m
sulting from a dam failure is of primary importance ﬁg?;oh“t” width éém
- - - .. |
g;r:lt g:’)en:I?tﬁ(tJ((e)sd erl:l]ogglesfnaslet():lo:"g‘rdt,ahrg (r:igEdrlrt'llggafO Right riverbank slope (angle with the horizontal) ~ 50°
u 9€%ft riverbank slope (angle with the horizontal) 450

ment in valleys (Almeida et al. 2003). Several ap-

proaches are pogsi_ble to esti_mat(_e the breach_ing Olfhe presence of fine mud elements within the gravel
flow hydrograph: (i) using historical dam failures -, nqqing the dam provided enough cohesion to
data and regression approximations (cf. Wahl 2001hq14"sych high average lateral slopes of the breach
(if) using semi-analytical methods established fromyopys. |ocally the breach walls are nearly vertical

the physical laws of breach progress and of re#eIvoThge gepgsition of the breach material was made

depletion (cf. Singh 1996); and (iii) stochasticdno :
els (cf. Kast & Bieberstein 1997). However, uncer-along approximately 2500 m of the valley.

tainties of about 50% in the estimate of the maxi-_
mum discharge are still dominant on the resultsifro
existent models (CADAM 2000). %
In the present case it is not clear how the brepkin
process occurred. As we may observe from the pre
cipitation data, an extraordinary rainfall evenvko
place in the region in the days"2and 24 Novem-
ber 2006. The meteorological information shows us
that an 18 hourts of continuous precipitation tookt
place on the 22 of November. However, local ac-
counts confirm the dam breaking event on th& 27
November 2006; the description of a loud sounc
heard at a distance of more than 1 000 m suggest{
rather sudden wave travelling the valley. Two situafE==
tions may have occurred: 1) the dam body may have
been overtopped for a period of three days and @gure 8. Final configuration of the dam breachthe figure, a
sudden destabilization of the body occurred finallyreconstruction of what could be initially the gedryeof the
on the 2*7‘; 2) the spillway discharged the incoming dam crest is represented in dashed; the cresteta®nzontal.
flood efficiently and eventually got clogged on theThe mud deposited in the reservoir was releasedniga scar

h i ; . .visible in the picture. The figure is not scaledl ahe dimen-
27" which induced the overflowing of the FESEVOIr gions are not proportional. In the picture one raeg works

and consequent overtopping of the dam. undertaken by the dam owner to stop the mud andrwat
lease.

5.2 Breach geometry 5.3 Estimate of the water and mud releases

Knowledge on the breach final configuration pro-By the configuration of the valley and the final

vides information for the calibration and validatio breach configuration, we assume that the water re-
breaching models (Singh 1996). Wahl (1997) afleased from the reservoir during the dam break was
firmed that the characteristic parameters of the da Stored above the mud accumulated behind the dam

breach in embankment dams are the width, the depfPdy € 500 m asl). Taking into account the reser-
oir accumulation curve and the hydrograph in the

:22 :)a\tltsrr\z/aile\tl)vagk ;li(r)]pﬁ ?fgdgg)]e.Ifﬁrembargzzh“meeor;;?}éam section due to the extreme precipitation \etifi
y sing : 9 }ﬁpon the accident, we estimate that the total amoun

was inferred in the field by adequate topography ing¢ \uater released to the valley was roughly
strumentation. Locally we observed that the totab3p oo m. According to Froehlich (1987) the

volume of what used to be the informal dam bodynaximum discharge may be estimated from the ex-
was washed away (80 to 90% of the 4 508 m pression:

cf. Fig. 2) contributing to the large gravel acmet 0295, 124

verified in the downstream valley. Fonte santaQu =0.60%,"h, (1)

breach has nearly a trapezoidal shape (Fig. 8). Thgnere \,, = initial water volume above the final

dam breach reached the valley bottom, thus the ergreach bottom position () andh,, = the initial wa-
ter height above the final breach bottom position

e



(m). With expression (1), we obtain a estimation fo of the dam break flood are visible, erosion or depo
the maximum discharge issued from the Fonte Santson of material.
breach of 3700 fits, which seems rather an overes-
timation when regarding the inflow hydrograph and 70 -
the reservoir volumeFroehlich’s formula was em- 60 -
pirically deduced using 22 documented dam acci-
dents and it is widely used as a first approaclih- Su
sequently, a breach model, calibrated with fielthda
and the accounts of witnesses, will be used by thez 301
authors to simulate the reservoir routing during th 20 -
event and to estimate a hydrograph resulting from™~ 1 -
the dam breaching. 0
During the dam break event the mud deposited S

(m)

50 4
40 4

Charf®l width

004

. - . e QQ QQ QQ QQ
immediately upstream the dam lost its stability and “ N N ® ¥
was eroded downstream, as it is evidenced by a scar Downstream distance (m)

in the reservoir bottom (Figs. 2 and 3). Locally we
could infer that a volume of 1600°rwas released Figure 9 — Lateral extension of the morphologicapacts of

and disseminated in the valley the flood passage.
When the field visit was made, flood marks corre-
6 MORPHODYNAMIC IMPACT ON THE sponding to the maximum water levels occurred dur-
DOWNSTREAM VALLEY ing the dam break flood were visible. This allowed

the mapping of the flooded areas along the down-

Dam break flood waves have a high erosive potentigi'éam valley. Figure 10 shows the maximum flood

and are responsible for major geomorphic changes gvels observed throughout the valley, caused by th
the downstream valley as was demonstrated in tH&M break flood event.

surveys made by Lapointe et al. (1998) and Alcrudo
& Mulet (2005). The documentation of prototype
dam break accidents are of extreme importance t
test existent models as was made previously in
INRS-Eau (1997) and Ferreira et al. (2005), amon
others.

An extensive field survey, supported by adequate
topographic GPS-based surveying methods, wa
made along the downstream valley. GPS data was—
collected, in Fast Static Surveying, by a rovert uni mhe\ s
Leica-GS20. The minimal occupation time for each ier 8
point was 3 minutes, with time intervals of 5 sec- Sabor g
onds. For the post-processing we used the Leica =
GlSDataPro with a reference station based in Miran-
iiLgl'OO.ﬁ:fgégmﬁlﬁefong Olgoll' 13\/:?98522 o: Ell_l?rg-gégr%% ilnotr_me\?elllg.y profile with the maximum flooevels ob-
soidal height 332.019 m; Mean Sea Level height

275.954 m). The reference station belongs to th@he maximum water depth verified with the passage
GPS/GNSS network, managed by the Portuguesst the flood is consequent with the channel geoynetr
Geographic Institute. The results of the post Fsece (cf. Fig. 9). Just after the dam, in the narrowcheaf
ing reveal a mean position and height quality of apthe valley, the water depths were as high as 5.5 m.
proximately 20 cm. . Downstream, major elevation of the water depths
The detailed survey was realized between the dagccurred occasionally before river constrictionsl an
position and the last section where morphodynamig, the bridge section which was overtopped over 0.5
changes were visible (erosion or deposition of then Upstream the narrowing sections, the destruction
riverbed and banks), see Figure 4. The dispersion Quas more evident on the vegetation, riverbed and
the mud released from the reservoir however wagccasional natural or manmade structures, dueeto th
observed until the creek outlet at the Sabor rfeer  apparent formation of a hydraulic.
Fig. 4), though with no significant impact on the ' Figure 11 shows the estimates of deposition and

river morphology. . , erosion volumes on the riverbed, obtained fromlloca
On Figure 9, we define the width across the changgsessment.

nel where morphodynamic impacts from the passage

t
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300001 are observed after the section 380 m. Bank erosion
20000 | (Fig. 13), though not assessed on Figure 11, was ob
L0000 served as well in sudden reductions of the availabl
’ 1y, I| | I| 1T flow area and where the bank material allowed
0,0 I rT ‘ ‘ \ Lk
[ UHH« N H

&

higher erosion rates.
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Figure 11 — Profile of the estimated erosion angbd#ion vol-
umes of the river bed, throughout the downstrealieywand
based on the field survey.

The erosion peak observed at the upstream secti
corresponds to the erosion of the dam body (est
mated in 4 500 M. The main erosion occurs imme
diately downstream the dam until roughly 380 m af-
ter the dam, where the valley was filled with the
illicit road referred previously. Actually, for treake  Figure 13 — Erosion occurred on the riverbank, hbw@?? m
of the morphodynamic impacts analysis, the exisdownstream the dam section.

tence of this structure was positive allowing adjoo

estimation of the erosion power of the passagaef t 1N€ remaining downstream valley, beyond roughly
flood. 2 500 m after the dam, does not have important ge-

Downstream, mainly deposition of the dam mate©®Mmetry changes; only a fine layer of mud is visible
rial is verified due to the immense volume of finewhere the flood went through until the confluence
gravel that composed the informal dam bodyWith the Sabor river..

(Fig. 12). Furthermore, part of the deposited maiter

throughout the valley is originated from the gravel

road embankment which is made from the same md- CONCLUDING REMARKS

terial of the dam body. The deposition occurred es- , . . .
sentially in the river sections where the available?S emphasized in the text, this paper constitutes a
flow area increased, allowing a reduction in tiefl  Preliminary report on the dam break accident of the
velocity and consequently the erosion capacityief t failing dam belonging to the Fonte Santa mining

flow diminished (cf. Figs. 8 and 10). complex. _ _
The hydrologic extreme event conducting to an

extraordinary inflow hydrograph in the reservoir is
described. First estimates of the water and mud re-
leases are presented. The maximum flood water
depths as well as a calculation of the depositet an
eroded volumes throughout the downstream valley
are given. The eroded and deposited volumes
throughout the area of the valley surveyed by the a
thors are in equilibrium, indicating that the main
morphodynamic impacts produced by the flood wave
are contained within this river reach.

The impact of such a flood wave as the one re-
sulting from this event on the geomorphic character
istics of the valley was large. The quantificatioin
this impact is of extreme importance calibration an
validation of dam break flood propagation models.
The first values herein presented give alreadyulisef
Figure 12 — Deposition occurred on the riverbedighty  jnformation to be used by researchers and engineers
500 m downstream the dam section. working on the field. The work in progress on the
documentation of this dam break event will produce
3 detailed report of the breaching process and geo-

or due to local singularities in the channel geoynet



morphic alterations within the downstream valley to Dams and Safety Management at Downstream Valleys

be, hopefully, used as a benchmarking case.
At the moment the Fonte Santa dam is being r

constructed by the dam owner in order to sustan th

Rotterdam: A. A. Balkema.

eI:apointe, M.F., Secretan, Y., Driscoll, S.N., Bexgg N. &

Leclerc, M. 1998. Response of the Ha! Ha! Rivertte
flood of July 1996 in the Saguenay Region of Quebec

re_:maining mud in the refserVOir and_to_ avoid fqture Large-scale avulsion in a glaciated valléyater Resources
disasters and the spreading of the miming muden th  Researct84(9): 2383-2392.

valley.
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