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ABSTRACT

The present research is concerned with some numerical developments and practical application of
a physically based numerical model FreshWaterSheds that incorporates a finite element solution to
the steady/transient problems of the joint ground/surface fresh/salt water flows in inland and coastal
regulated watersheds. The proposed model considers surface and groundwater interactions to be 2-D
horizontally distributed and depth-averaged through a diffusive wave approach. Infiltration rates, over-
land flows and evapotranspiration processes are considered by diffuse discharge from surface water,
unsaturated subsoil and groundwater table. New improvements also allow for the management of sur-
face water flow control through the capacity of diversion on flooding zones of catchment areas, as
well as on river beds, spillways and outflow operations of floodgates in weirs and dams of reservoirs.
Practical application regards the flooding hazard of Aznalcéllar toxic spillages. This flooding disaster
was caused by the sequential ruptures of the dikes of two mining residual reservoirs of a pyrite mine,
releasing about 10-10° m? of contaminated wastewater and mining sludge onto the Guadiamar River.
The numerical model was adapted to the wastewater and sludge properties of both sudden spillages, as
well as to the river bed, the flooded zones and the underneath alluvial aquifer. The model simulation
and calibration were made during the date of this hydrological hazard to the likely discharges and dual
hydrograph produced by the sudden twofold failure of both reservoirs.

Keywords: extreme hydrology, finite elements, flood routing, integrated surface/subsurface flows,
numerical modelling, wastewater.

1 INTRODUCTION
Nowadays, there is an increasing need for integrated surface and ground water numerical
modelling. The philosophy and role of hydrological models in water resources has been
widely described [1, 2.

Recent numerical methodologies were also developed on combined surface and ground-wa-
ter applications to the whole of the water resources of a particular river basin [3, 4]. MIKE
SHE and MIKE BASIN are two examples of numerical and physically based modelling sys-
tems developed by DHI [5] for the major flow processes of the hydrological cycle which
integrates the Saint-Venant surface equation to a vertical 1-D Richards equation for unsatu-
rated flow and a 3-D finite element solver for saturated flow [6]; Camporese et al. [7], apply
a catchment’s hydrology model that couples a finite element solver for the Richards equation
describing variably saturated porous media, and a finite differences solver for the diffusive
wave equation describing surface flow.

Standard features of detailed process-based numerical models for water resources manage-
ment at the scales of the watershed could include: a large variety of numerical conditions
and sub-models for the different hydrological components, water uses and managements.
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These characteristics will not be described in any case here; this research will focus instead
on some new features and improvements, summarised below, on an integrated surface-
subsurface flow numerical model FreshWaterSheds that could be also suitable for applications
on flooding events of different nature.

In this field, a new methodology of finite element modelling is being recently devel-
oped which considers new numerical approaches for the joint surface and ground water
regional flows of continental freshwater and coastal saltwater on natural and regulated water-
sheds [8, 9].

The practical application regards the flooding hazard of Aznalcéllar toxic spillages of
1998. This flooding disaster was caused by the sequential ruptures of the dikes of the two
mining waste reservoirs of a pyrite mine, releasing about 10-10° m? of contaminated waste-
water and sludge onto the Guadiamar River. These two sudden spillages of mining
wastewater and sludge were caused by the sudden and sequential twofold failure of both
reservoirs, spreading downstream over the river bed and margins, flooded zones and under-
neath alluvial aquifer, producing the resulting flood routing and the recorded dual hydrograph
downstream the Guadiamar River.

2 MODEL DESCRIPTION
The FreshWaterSheds model for continental and coastal catchment applications couples sub-
surface and surface regional hydrology, by a diffusive wave approach, with a joint finite
element solver for the saturated porous media flows of fresh and saltwater through an immis-
cible sharp interface [8].

In this sense, this numerical approach (Fig. 1) was mainly developed in order to be able to
analyse anisotropic groundwater behaviour as well as surface water flows at a watershed
scale. It can also consider other water components such as the evapotranspiration processes,
that is, a diffusive discharge from surface water and soils within the unsaturated zone by a
root water uptake sub-model, as well as the overland flow by a rainfall-runoff sub-model
based on an exponential method for assessing the infiltration rates [10].

ETa
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—— | —

Figure 1: Surface/groundwater flows in FreshWaterSheds interactions. Thicknesses of
groundwater (zgw), subsoil (z) and stream/overland flow (z,). Water table (WT).
Actual evapotranspiration (ETa). [9].
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The regulation capacities of diversion works may be considered for withdrawing and
bypassing certain flow rates of water from a river bed towards other places, by transferring
them mainly through impervious channels, pipelines or tunnels. The place where the water is
transferred could be located in the same catchment area or in a different one.

FreshWaterSheds, the current tool used in water resources modelling, is a two dimensional
finite element model for regional surface and groundwater flows through drainage basins,
developed for a temporal implicit (Eulerian) centred (Crank-Nicholson) and spatially cen-
tered (Galerkin) numerical approach.

The inputs of freshwater could be exclusively due to rainfall; however, pumping and injec-
tion wells of prescribed flow rates have been also implemented, as well as irrigation and
artificial recharges, which could be also prescribed inside the considered domain. Therefore,
the boundary conditions of the modelled region, at the scale of the watershed, are mainly
those of the outflow or discharge conditions. To this respect, prescribed water heads, outflow
face and open boundary conditions are commonly used at the discharge zones of the drainage
basin [11].

2.1 Surface-groundwater interactions

FreshWaterSheds numerical model uses a simplification of the equations governing the free
surface flows. In particular, as often happens with other commonly used diffusive wave equa-
tions describing surface flow approaches in hydrology, only the classical mass conservation
or continuity equation is considered for the present 2-D model.
@+V-q=0;which leads to: @zv-(T*Vh) (1)
dt dt

In the context of flow diffusion, / represents the hydraulic head, 7* is the diffusivity tensor,
and ¢ is the mean horizontal water flow rate per unit length and defined by the Fick’s law as
a pure-diffusive process.

When a phenomenon is strongly diffusive, it is necessary to take into account the wave
nature of diffusive processes to perform accurate predictions, and the hyperbolic diffusion
theory is required. Then, the appropriate equation of continuity is derived substituting in
system (1) Fick’s law by a more general equation due to Cattaneo [12], namely

dh dq

“—+V.q=0; where: q+ Dq=q+7— =|q|=-T"Vh
Y a+Dg=q+7—"=lq|

. dh " dq
leading to: —=V-(T' VR)+ V| r— 2
eading to: — ( ) (7 dt) (2)

This equation defines the hyperbolic diffusion theory, where T is the so-called relaxation
factor which has dimensions of time.
If we make 1/dt = x, and knowing that because of continuity

L

= 3)

V-(dq

The following equations for the hyperbolic diffusion theory can be found:

(1 - x)% = V-(T"Vh); or otherwise: (1 - x) V. (dq) = —V-|q| 4)
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where, if we gave solutionto V- (dq) with respect to the vertical coordinate of the water depth
2 and Vg taken as the water velocity:

d(dq) _dq _Dq o(dv, z,) Doz Advy) _ Dvy-z, _ xdvy-z, )

b}

azs - Z? azs ’ ’ azs Z;( Zf

which can be rewritten after integration as: (5)

1-x

|q| = —dvg ~(l —X)(exis_x— 1) = _dvg 'f(Zs,X)

Z

1-x
(dv,-z,)=(dq)=av! (exl‘_x —1) ;

That gives the mean horizontal flow rates per unit length ¢ as a function of the diffusivity
and the hydraulic gradient.

Jof = =v0Vh- £ (20,%) = =K, £z, %)- Vh = =T "Vh (©)

Therefore, the f(z,, x) function, which has here dimensions of thickness, and the water
velocity v, which can be stated through the hydraulic conductivity K multiplied by the
hydraulic gradient, both help to define |q| as the hydraulic gradient and a function that
enhances the hydraulic transmissibility (7%), here behaving like a diffusive parameter adapted
to the free surface flow, that in fact depends on the surface water depth z_ and can be adjusted
numerically only through the x parameter.

In order to take into account the diversion capacity of a flooding event or a weir built on a
river bed, the following equation has been implemented, defining the velocity of diversion V,
in terms of the flow rate being diverted per unit area of flooded surface.

Zs (m) Vo

10 (m) @

V (m/s)=

where Z_ is the headwater depth of the overland flow (in meters) or amount of energy availa-
ble to convey water through diversion, and V,, is a parameter that defines a particular velocity
of the surface water diversion (in terms of flow rate, that is, diverted volume per unit time and
area of flooded surface).

Triangular elements of three nodes are used for the analytic integration of the correspond-
ing numerical formulation for steady and transient conditions. The preconditioned iterative
algorithm GMRES [13] provides the solution to the system of equations by means of a reduc-
tion in the computer memory requirements and allowing for a simple processing of the
numerical mesh.

3 MODEL APPLICATION
A large toxic spill occurred in Los Frailes (Aznalcéllar) last April 25 1998, following the
rupture of two large tailings reservoirs containing the effluents of a copper and zinc mine that
produces pyritic waste rock. Afterwards, it was reported that the failure was caused by a
landslide in the base of the joint earth dike of the two mining residual reservoirs, releasing
about 10-10° m? of contaminated wastewater and mining sludge onto the Guadiamar River,
near Sevilla city (South of Spain) (Fig. 2).
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Figure 2: Localisation of Aznalcéllar’s ponds, Guadiamar basin and main alluvial, Sevilla
(South of Spain).

Guadiamar

The aim of this research is to perform the transient simulation of these flooding events by
the simultaneous flows of surface and ground waters through the alluvial aquifer and the
rivers Agrio and Guadiamar during the 24 h of April 25 1998, the day that lasted the main
flooding events caused by the sequential ruptures occurred at the Aznalcéllar wastewater
ponds.

The location of the discharges that caused the flooding events should be restricted to the
area where the main breakage occurred. The site after rupture responds to an opening in the
earth dam of about 45 m wide and 23 m high. This, though relatively small to the scale of the
discrete model, can be seen in Fig. 3.
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Figure 3: Discrete numerical model in the vicinity of Aznalc6llar’s mining waste reservoirs.

The apparently first breakage of the ground retaining wall began in the early hours of Sat-
urday April 25, 1998, between 0:30 am and 1:00 am [14]. The origin of the spillage was then
in the area of intersection of the main wall with the dike that divides the reservoir into two
ponds: the pyroclastic deposit or pond located to the north, larger, and the pond of pyrites
located to the south. Essentially, the general breakage caused firstly the spillage of acidic
water from the pyroclastic pond, and secondly and afterwards, a significant amount of sludge
mostly from the pyrites pond [15]. This fact was recorded in the limnigraph of the gauging
station EA-90 El Guijo. There are two main peaks appreciated in the limnigraph, which are
interpreted as corresponding to the two phases in the breaking, one of them mainly from the
pyroclastic pond and the other from the pyrites pond [16]; Fig. 4).

The simulation conditions of the model have also been adapted in order to take into account
the lateral contributions of surface and groundwater coming from upstream and outside from
the watershed that drains its freshwaters throughout the alluvial discrete model of the Agrio
and Guadiamar rivers. As a result of the hydrological analysis, lateral contributions are dis-
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Figure 4: Observed and simulated limnigraphs at the El Guijo’s gauging station the 25 April,
1998.

tributed between surface and groundwater. All considered, the dry year adds up to 100-10°
m?>/year [17]. The distribution of these water contributions were also made up by sub-basins.
As aresult of all the above hydrological conditions, the simulation is performed for a known
averaged water contribution of a dry year that is characteristic of the alluvial of the rivers
Agrio and Guadiamar.

As follows up from the analysis of the existing data on the state of the two reservoirs of
mining waste, before and after the accidental release (Fig. 3), and the recorded limnigraph of
the events in the El Guijo’s gauging station (Fig. 4), it seems quite clear that the accidental
spillage occurred in two phases.

On the other hand, the volumes and types of materials involved in the breakages of both
reservoirs of pyroclasts and pyrites are relatively well known, essentially water, sludge and

Table 1: Likely distribution of released water, sludge and soils in the two spillages produced
by the breakage of the Aznalcdllar’s waste reservoirs.

Volumes Pyroclastic Pond of Total

(hm?) pond pyrites Dike materials Total

1st Spillage 6.0 water 6.0 water 6.0

2nd Spillage 1.58 water 0.85 water 2.43 water

0.84 sludge 1.05 sludge 1.89 sludge 4.5

0.18 soils 0.18 soils

Total 7.58 water 0.85 water 8.43 water

materials 0.84 sludge 1.05 sludge 1.89 sludge 10.5
0.18 soils 0.18 soils

Total 8.42 1.9 0.18 105 10.5
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mixed materials from the dikes or soils. Table 1 indicates a likely distribution of these mate-
rials in the two different discharges caused by the rupture of the main joint dike of both tailing
reservoirs of Aznalcoéllar.

The knowledge of the floods caused by the accident, as registered in EA-90 El Guijo gaug-
ing station (Fig. 4), as well as the hypothesis of the distribution of the volumes of the
materials involved in the discharges caused by the breakages of the ponds of pyroclasts and
pyrites (Table 1), allow somehow for an approximation of the evolution of the discharges
caused by the accident of Aznalcéllar (Fig. 5).

The two discharges have a temporal separation of 6 hours, and reached approximately the
discharged volumes, that is, 6 Hm? and 4.5 Hm?, respectively. In short, the maximum dis-
charge of the first spillage (greater volume) would have been smaller than the maximum of
the second spillage (smaller volume).

4 RESULTS AND DISCUSSION

It should first be checked whether the simulated water levels in the vicinity of the gauging
station EA-90 El Guijo properly compared with the limnigraph registered after the flooding
hazard. Figure 4 provides the comparison between the observed and simulated water depths
during the 24 h of the day of the accident.

The drainage simulated layout and the presented outcomes should, however, be interpreted
as indicative and approximate (Fig. 6). An overview of the velocity fields generated by this
flooding event can also be locally depicted (Fig. 7).

—*—  Observed
—=— Simulated

LA

Water depth (m)
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Figure 5: Hypothetical hydrograph of the two discharges produced by the twofold breakage
of Aznalcéllar’s waste reservoirs.
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Figure 6: General hydrological layout of groundwater levels and surface water depths in the
Guadiamar alluvial at 7:30 am of the 25 April 1998.
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Figure 7: Velocity field of surface water in the vicinity of Aznalcéllar’s waste reservoirs at
7:30 am of the 25 April 1998.

Thence this hydrological alternative involving a two phase release of 10.5 hm? of waste
water, where there are sequentially two discharges both with the same origin, gives rise to
two floods spaced in time and two stages of flooding in certain sectors. Thus the general
transient hydrological layout, as well as the different sorts of velocity fields, indicate a strong
relationship between groundwater and surface water, as there is a repetition of certain previ-
ously flooded areas as well as intermediate periods of temporary drying of a given soil
surface, including likely flooding periods of the same previously flooded surfaces.

5 CONCLUSIONS
Some new developments have been performed on a process-based integrated numerical
model FreshWaterSheds that incorporates a finite element solution to the steady/transient
problems of the integrated ground/surface fresh/salt water flows in inland and coastal
regulated watersheds. The proposed model considers surface and groundwater interac-
tions to be 2-D horizontally distributed and depth-averaged through a new diffusive wave
approach.

This research also aims to improve the acquired knowledge about the characteristics of the
alluvial basins of the Agrio and Guadiamar rivers during the period of rupture of the Aznal-
collar mining waste repository. The work has conducted to the analysis of a hydrological
alternative that releases a volume of waste water of 10.5 Hm?3, but nevertheless distributed in
a two-phase breakage of a waste water reservoir.
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The simulation conditions are prepared for the times of the reservoir breakages, with an
approximate first phase spillage of 6 hm? and a second phase spillage of 4.5 hm? with a 6 h
time in-between. In this sense, a brief calibration of the hydrological parameters of the
numerical model were needed in order to better adjust the simulated results to the water
depths recorded at the gauging station of El Guijo during the day of the accident.

It is noteworthy that, given the actual knowledge of these flooding events and its very par-
ticular hydrological conditions, heretofore the simulated outcomes about the groundwater/
surface water relationships, the velocity fields, the flooding surfaces and the general drainage
layout seem in general likely enough. It can also be concluded that the FreshWaterSheds
numerical model can provide useful and quite precise results with regard to the integrated
behaviours of groundwater and surface waters of different kinds as related to flood rout-
ing and flooding events which are significant in the analysis of extreme hydrology in river
basins.
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