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Spatial Modelling with Geographic I nformation Systems
for Deter mination of Water Resour ces Vulner ability
Application to an areain Massif Central (France)*

Francois Laurent, Wolfram Anker and Didier Graillot?

ABSTRACT: A method for water resources protection based on spatid variability of vulnerahility is
proposed. The vulnerability of a water resource is defined as the risk that the resource will become
contaminated if a pollutant is placed on the surface a one point as compared to another. A spatid
moddling method is defined in this paper to estimate atravel time between any point of a catchment and
a resource (river or well). This method is based on spatid analyss tools integrated in Geographical
Information Systems (GIS). The method is illustrated by an application to an area of Massif Centrd
(France) where three different types of flow appear: surface flow, shdlow subsurface flow and
permanent groundwater flow (baseflow). The proposed method gives results Smilar to classcd
methods of estimation of travel time. The contribution of GIS is to improve the mapping of vulnerability
by taking the spatid variability of physca phenomenainto account.

(KEY TERMS. Water Resources Protection, GIS, Watershed Management, Pollution Modeling,

Spatiadl Modeling, Massif Central)

INTRODUCTION
Protection of water resources (rivers or aguifers) againgt pollution is an important chalenge for decison

makers in water resources. To make the decisons necessary to reduce the impact of potentia polluting
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activities, it is necessary to condgder the vulnerability of the water resource. The vulnerability of awater
resource to a pollution event can be defined as the risk that the resource will become contaminated if a
pollutant is released a one point of the surface as compared to another point (Madment, 1993). The
vulnerability depends on the intringc ability of the natura medium to trandfer a pollutant. The water
resource in this context can be ariver, a lake, an aquifer or a well. When the whole aquifer is regarded
as a resource and not smply as a pathway for pollution towards rivers or wells, it is necessary to
identify the watershed which flows into the aguifer by laterd inputs.

The am of a vulnerability mep is to define the areas vulnerable to a priori unknown but dissolved
pollution: pollution type, duration, location, quantity and nature (Albinet and Margat, 1970). A map of
water resource vulnerability could serve to protect the most vulnerable sections (for example by
reconversion of intensive agriculture areas, collection of wastewater, plantation of riparian forest) and to
andyse the impact of a proposed activity which presents a pollution risk.

The map can dso be used to locate new wells or new diversons of rivers or lakes. Indeed, it would be
more relevant to choose a Site not only on criteria such as discharge or immediate water qudity but dso

on the potentid risk of future pollution (Laurent, 1996).

GlSand water resources

GIS have many gpplications in water resources management and hydrology. The knowledge of terrain
and land cover features is improved by GIS which are used to anayze topographic dope, channd
length, land use and soil characterigtics of awatershed (Maidment, 1993 ; LaBerberaet d., 1993). The
topologica data structures of GIS dlows the hydrologists to increase the degree of definition of spatid

units into the digtributed modds (Madment, 1993). Spatiad moddling with the GIS is used to extract
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relevant information such as dope, watershed limits or flowpath (O’ Cdlaghan and Mark, 1984 ; Jenson
and Domingue, 1988 ; Quinn,1991 ; Quinn et d., 1991).

GIS have been used for the determination of vulnerabilty of groundwater. DRASTIC (Depth to water,
net Recharge, Aquifer media, Topography, Impact of vadose zone, hydraulic conductivity of the
aquifer) (Aller et d., 1987) and SEEPAGE (Sysem for Early Evauation of Pollution Potentid of
Agriculturd Groundwater Systems) (Richert et d., 1992) are methods based on an overlapping of
numerica map sheets. A weight is assigned to each geographicd layer and a score is obtained which
represents the vulnerability. There are some amilar gpproaches usng muticriteria andyss in other
countries of the world (for example: Munoz and Langevin, 1991, in Guatemda ; Peverieri et d., 1991,
in tdid). In United States, these models are applied on a regiond scale (from 1 : 250,000 to 1 :
2,000,000) (Navulur and Engdl, 1996).

The exiging methodologies for producing water resource vulnerability maps are based on an
overlgpping of criteria and not on an analyss of pollutant motion. These methodologies are used to
evaduate a vulnerability representative of spatiad unities but their is no reation between the unities. There
are no explicit physicd laws imbedded in the mode rdationships (Maidment, 1993). These methods
ignore the dynamics of the groundwater flow system (Snyder and Wilkinson, 1992), the results depend
on the weights assigned to each criterion and do not take the flow path into account. GIS are used only
to automatize overlgpping but the methodology is smilar to the manua approaches (Laurent, 1996).
Contaminant trangport in soil is moddled by fidd scde modds as GLEAMS (Ground Loading Effects
of Agriculturd Management Systems), NLEAP (Nitrate Leaching and Economic Analysis Package),

MikeShe (Hydrologic European System) (Vested et d., 1992) or RUSTIC (Risk of Unsaturated /
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Saturated Trangport and Transformation of Chemica Concentrations) for nonpoint agricultura pollution.
But, the fidd scale modds require more detalled data like evaporation, hydraulic parameters or
management practices (Navulur and Engd, 1996). These models are used on sma| watersheds because
the high level of detalled parameters of inputsis to expensive on large aress.

Snyder and Wilkinson (1992) have used groundwater flow models in conjunction with partcle tracking
to evduate aguifer vulnerability. The method is based on the delinegtion of recharge aress for a
hydrogeologic unit by tracking particles backward from each cdll in the unit to their recharge points. A
minimum travel time is evaduated between each cdl and its recharge points. The DRASTIC rating
cdculated on each cdl is used with the trave time to determine aquifer vulnerahility.

The method for vulnerability mapping proposed in this paper is based on the flow path and the travel
time between any point of the watershed and a well or a river. No weighting is used in this method.
Topography and soils are used to determine flow types, flow path and velocities. Saturated areas which
result in quick flow are located and the interactions between surface water and groundwater are taken

into account.

PARAMETERS CONTROLLING WATER RESOURCESVULNERABILITY

The vulnerability criterion conddered here is the minimum trander time between a pollution point and a
water resource (Laurent et d., 1995). As Barrocu and Bidlo (1993) have pointed out, pollution danger
decreases when transfer time increases, because if the travel time is long enough, it is possble to
intervene in order to stop the pollutant’s propagation or to look for an aternate resource (see aso,
Ldlemand-Barrés and Roux, 1989 ; Snyder and Wilkinson, 1992).

Adsorption, mechanicd filtration, biodegradation and dilution phenomena are complex and show gresat

vaiability in space and time depending on the kind of pollutant. Moddling of these phenomena a a



catchment scale is impossible without an adequate number of measured data of the catchment’s soil

properties and pollutant concentrations. Therefore, the method presented here does not quantify
concentration variaions as aresult of the pollutant reduction.

Convection (De Margly, 1986) is the mechanism of particle trangport used in the proposed modd: a
space represented by a mesh of regular cdlls. The displacement of a water volume is assumed to be
without mixing with the neighbouring cells The concentration in a study cell does not change. This
corresponds to a directed current in which flow velocities are given by Darcy’s Law. A convective flow
modd is relevant to caculate the minimum trave time disperson processes have tendency to delay

trander times and diffuson is negligible.

The proposed method dlows the cregtion of a vulnerability map for any soluble pollutant without a
priori knowledge of its chemicad nature. Therefore, the vulnerability map will be built from transfer times
of the pollutant from a possible point of release to the consdered water resource which can be ariver, a
lake or awdl exploiting an aquifer.

Therefore, we have to determine the flow path and the velocity (Figure 1) : the pollutant, transported in
a solution, follows a particular path a a given velocity which depends both on the type of flow (surface
or subsurface). Furthermore, a distributed approach must take into account the spatid variability of

parameters which determine the type of flow: soil, topography and meteorologica conditions.

MODELLING OF THE DIFFERENT FLOW TYPES

Pollution transport can occur in a catchment through different media. These are viaoverland flow or via
flow through subsurface porous or fissured medium. The proposed mode is gpplicable to overland flow
and subsurface flow in porous media. For subsurface flow in a fissured medium (karst in limestone or

dolomite, basdt, and gap faults in any consolidated rock), more sophisticated models and more



information such as gatigticd andyss of fissures are required.

Overland flow

The occurrence of overland flow is controlled by soil hydraulic conductivity, topography and westher.
Impermeable soil horizons prevent infiltration of water and induce overland flow (Pilgrim and Cordery,
1992). Overland flow can aso occur on permeable saturated areas. The location of the saturated areas
depends strongly on the topography. The bigger the upstream area, the flatter the terrain at a point, the
more saturated it is. Kirkby has proposed a topographic index which represents the propensity of any
point in the catchment to develop saturated conditions (Kirkby, 1975): In(a/tanb), where a is the
upstream area of the point and tanb isits dope.

The hydrologic model (TOPMODEL) is based on this parameter. TOPMODEL alowsto estimate the
discharge a the outlet of a watershed and the saturated areas as function of the topography, the
transmissvity and the meteorologica conditions (Beven, 1986, and Beven et d., 1995).

To evduate the overland flow aress it is possble to sdect the vaues of the topographic index which
correspond to saturated conditions in a gauged watershed which is similar to and near the Study area, in
ahumid meteorological period. This cdibrated vaue can be reasonably extrapolated to the study arealin

order to estimate the sub-areas showing the tendency of saturation.

How through a permanent aquifer

The gpplication of the topographic index is based on the assumption that 'the hydraulic gradient of the
saturated zone can be approximated by the locd surface topographic dope, tanb” (Beven et d.,
1995). Thisassumption isnot correct in dl geologica contexts.

In some types of soil such as sandy sediments or graves (for example, dluvium), a permanent

subsurface aquifer frequently exists. The hydraulic gradient of such dluvid aguifersis often not amilar to



the topographic dope. The topographic index is not gppropriate in this geologica context to estimate the

saturated areas.

Shdlow subsurface flow or interflow

Discontinuities in the soil cause large variations in hydraulic conductivity. Verticd flow can be stopped
when it meets a soil layer of less hydraulic conductivity and the resulting interflow generates atemporary
shdlow aquifer. This case can be observed in weathered rocks on low permesble substratum
(weathered sand on granite for instance) or illuviated soil (Filgrim and Cordery, 1992).

This phenomenon is more dgnificant when the hydraulic conductivity and the porogity of the first
decimeters of subsurface soil are increased by biologicd activity or human activity such as plowing or
vegetation. Brakensek and Rawls (1988) have observed a rise of effective porosties of 10 to 20%
after plowing. Skaggs and Khaed (1982) have measured infiltration velocities two times higher in

grasdand than in bare crusted soil.

Flow type and transfer velocity

Overland flow

Surface runoff shows complex dynamics. divergence and convergence of flow vary quickly in space and
time and depend on smdl scde variability of vegetation and topography. Since surface velocities are
tens or hundreds of meters per hour then the travel time may be consdered ingtantaneous for the

purposes of the model. Indeed, a useful time step for the purpose is one day.

Subsurface flow (for example De Marsly, 1986):

In a porous medium, propagation velocity of a pollution front (m.s*) can be determined by Darcy's Law

which is defined for a porous medium by:
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where k is the hydraulic conductivity of the aquifer (m.sY), i is the hydraulic gradient (dimensionless) and

Wegr IS the effective porogity (dimensonless).

Data availability for analysis

Detalled, spatid information on aquifer properties (such as hydraulic conductivity) are needed to
determine travel times of a pollutant. However, maps of measured conductivities of soil with high spatiad
resolution are rarely available and limited in spatid extent. In most cases, very few measurements exist
for an aquifer of interest.

Therefore, in this study information about physica parametersis only given in a quditative manner, such
as the type of geologicd formation or the soil type. Maps of these variables can be different in
resolution, semantic precison, geographic continuity and consst of only symbolic vaues ("sandy clay”

for example). Therefore, inferences on hydraulic conductivity for determining the vulnerability of water
resources have to use thistype of qualitetive information

Hydraulic conductivity is determined by soil texture. Severd authors have quantified the relaionship
between soil texture and hydraulic conductivity (for example Saxton e d., 1986, Rawls and
Brakensiek 1983, 1985). However, in most cases, granulometric percentages are not quantified in

geologica maps. Often, we find quditative expressons such as day sand, sandy silt, etc. which imply a
large range of hydraulic conductivity. These quditative values dlow us to infer a range of soil water
properties by gpplying geologica knowledge.

Therefore, for a range of soils described by texture in geologica or soil maps, the largest possible

hydraulic conductivity vaue is considered to yield the most conservative result.



IMPLEMENTATION INTO GIS

GIS are quitable to ded with the spatid variability of parameters and the spatid analysstools integrated
into GIS can be used for modelling the travel time of a convective flow.

Maidment (1993, 1996) has emphasized that it is possble to do some hydrologic modeling directly
within GIS, s0 long as tempord variation is not needed. It is possible to route water through networks
and to esimate the travel time using andogies to traffic flow routing in which each arc of the network is
assigned an impedance and flow is accumulated going downstream through the network (Maidment,
1993). The proposed approach is smilar but we do not use a vectoriad network of arcs. The subsurface
travel time in the porous medium between any point of a watershed dope and a river or awdl is

esimated by means of the Darcy’ slaw in this paper.

Initial cartographic data

Topographic data (contour or Digita Elevation Model) are used to caculate the topographic index.
Geological data and soil data are used to determine impermegble soil areas where the flow occurs on
the surface and to estimate the hydraulic conductivity and effective porosity of the top soil layer
(between 0 and 0.3 meters) and of the bottom soil layer (between 0.3 and 3 meters), respectively Kigp
and Wigp and Ko and Wi

In the aquifer areas, piezometric data are necessary to calculate the hydraulic gradient, the subsurface
flowpath and the thickness of unsaturated zone (difference between topography and piezometry).

As can be seen in the gppendix, a model based on the Darcy’s Law is sengitive to the evauation of the

hydraulic conductivity and of the hydraulic gradient.



Deter mination of flow type

Obtaining surface runoff areas on impermeable soil

Impermesble outcroping materials are sdected from the map Kiop: day, marl, consolidated rocks

(granite, schigt, gneiss, sandstone, conglomerate, etc.) without soil cover.

Obtaining surface runoff areas generated by topographic location

The Kirkby index In(a/tanb) is cdculated with the GIS at any point by spatiad andlyss of the Digitd
Terrain Modd (Moore et al., 1991). In another granitic area of the Massf Centrd, the Renaison
watershed, TOPMODEL cdibration gives saturated aress for topographic index In(a/tanb) > 6 in
highly rainy periods. This threshold vaue is wsed in the studied area to extract the potentid overland

flow subaress.

Obtaining shadlow subsurface flow areas

Occurrence of shdlow subsurface flow is determined by the hydraulic conductivity of the lower soil
layer (Laurent et ., 1995).

If the hydraulic conductivity is high Kpe: 2 10™ m.s?), then no shalow subsurface flow will occur
because verticd drainage will be high enough.

If the hydraulic conductivity is moderate or wesk (Kpo: < 10 m.s?), the amplitude of the discontinity
of hydraulic conductivity between bottom and top layer must be tested: a discontinuity is judged
ggnificant if it is greater than the uncertainty of estimated permesbilities which is assumed as a factor of

5 (cf. Appendix). Therefore, if Kiop > 5* Kot @ shallow subsurface flow is supposed to occur.

Obtaining areas with flow through permanent aguifer

Where the geologicd formation is permeable in severa meters in depth, we assume that a permanent



aquifer exists and its hydraulic gradient can be different from the topographic dope.

Mapping the velocities

Parameters of laterd transfer veocities are a function of flow type. In surface runoff aress, an
instantaneous transfer is supposed. The hydraulic gradient is supposed equd to the topographic dope
for the shalow subsurface flow and equd to the piezometric gradient for the flow through a permanent
aquifer.

Another map alows the representation of the verticd transfer velocities in the areas of permanent

aquifer.

Obtaining a"travel cost"

The travedl cost means the resstance of the medium to the moving of water. This resstance is
represented for each cell by the inverse of velocity. Doing thisfor laterd and vertical trandfer velocities,
we obtain respectively amap of lateral and vertical travel cost (snm?) from the velodity u (m.s?):

cost=1/u 2

Cdculaion of laterd travd time

Functions implemented in some ragter-based GIS dlow the moddling of a movement by a map unitary
cost (i.e. a cost per unit distance). These functions are based on a grgph modd: spatid reations are

modelled by nodes which represents the cell center and by links between these nodes (Burrough, 1986

; Tomlin, 1990) with a length equa to the cdl size (for the orthogond paths) or J2 timesthe cdll size
(for diagonal paths). To each node is assigned a unitary cost (i.e. travel cost in days.nit). To each link is
assigned a cost equa to the node's cost multiplied by the length of the link. The caculated vadue is
cdled "cost-digance’. The computation of cumulated cost-distances starts at the locations of the

resources and covers the whole study area using a backtracking agorithm. If two cost-distance vaues



are obtained in asingle link, only the smdlest is kept to maintain a consarvative estimate.

Typicdly the flow path is determined by the line of grestest dope and not by a straight line.

For determination of vulnerability, atravel timeis cdculated for the flow path of each possible pollution
point.

The agorithm used to obtain thisresult is

- assgn avduet = 0 to the cdls which represent awater resource,

- from each source cdl with t=0, select among the eight neighbouring cells, the cdllswhich flow into it,

- caculate travel time t; (seconds) between the processing cell i and each neighbouring cell j by the
following formula (if a neighbouring cell flows into two processng cels, keep only the minimd time):

d..
tj: d
(Up)ij

3

with:  d; distance between cdllsi and j (meters)
(W)ij mean velocity between the cdl i and j:

(4)

U, caculated after Darcy’s Law (see equation 1)

- condder the previous neighbouring cdls as new processing cdls and sdect the neighbouring cells
flowing into these cdlls,

- give them the new cumulated vaue as the sum of their old cumulated vaue plus the value of the nearest

cdl where they flow into,

- repest this process for each cdll of the whole study area.

n n n
t:éti p t:é(di/ui) Dt:é(di*COSti) ®)
i=1 i=1 i=1



where d; is the length of the link i in m between a node and each of its neighbouring cdlls thet is in
direction of the lowest mean cost (or the higest mean veocity u). This function squares with the Focal
spreading in function defined by Tomlin (1990).
For moddling transfer times, we dso have to regard the direction of hydraulic head gradient. If the z
component of the gradient is pogitive from alocation to another, the flow in this direction is impossible.
We can take flow direction into account by using a vertica factor. Weassgntoitavadueequd to 1if z
component of gradient is lower or equa to 0 and a vaue equd to 1000 if it is podtive. Therefore, the
cdls outsde the catchment areawill gppear with very high vaues of travel time.
Therefore, atravel timet is obtained on each link between cdlls:

t=d* cost* VF (6)
where t is the travel time in seconds and d is the actua (non-euclidean) distance in meters, cost is the

reverse of velocity in m.s* and VF isadimengionless verticd factor.

Cdculation of travd time through unsaturated zone

This caculation is useful for permanent aquifer areas where the depth of the unsaturated zone is
ggnificant (above 5 or 10 metersfor dluvium in generd).
For each cdl, the travel time for verticd transfer is cdculated from Darcy’s Law. By overlays, GIS

dlowsto obtain the verticd trave timet, (seconds) from the equation (1):

®kigp 0

=g P 7)
' We top @

h is the thickness of unsaturated zone in meters, ko is the hydraulic conductivity of unsaturated zone
and W qp IS the effective porogty of unsaturated zone.

It would be possible to moddl some vertica variationsin soil by using n layers



n
ty=a (ty); (8)
i=1

where (t,); isthetrave timein soil layer, i.

Obtaining the tota travd time

Totd travel time between a possible pollution point and a water resource condsts in travel timesin the
unsaturated and in the saturated zone. In the unsaturated zone the flow is mainly verticd, in the saturated
zone mainly laterd. Therefore, our approach is to obtain the tota subsurface travel time by addition of
vertica and laterd travel times.

The laterd trave time is a cel-by-cdl cumulated time because it is cdculated in two dimensions,

wheress the vartical travd timeis non-cumulative: it is cdculated in one dimengon.

Reclassfication

Given the rdative nature of the travel times and the uncertainty of results (see the gppendix), the vaues
have to be classfied by intervals of severa days. This representation squares better with the quditative
neture of information.

The range of trave time intervals can be modified. Indeed, according to the problem, the user may be

interested in the locations with either a high travd time (i.e. greater than 30 days), for example to

authorize the implementation of an indudtria activity susceptible to releasing water pollutions, or a mean
travel time (i.e. greater than 10 days), for the implementation of less polluting activities such as domestic

sewerage.



APPLICATION TO AN AREA IN THE EAST OF MASSIF CENTRAL (FRANCE): THE

GRANITIC PIEDMONT OF PELUSSIN AND THE ALLUVIAL PLAIN OF CHAVANAY

This area covers 55 km? and is Stuated in the Rhone Vdley (Figure 2). The Rhone River is associated
with an aquifer in the dluvid plain of Chavanay. This aguifer is exploited by some welsfor irrigation and
drinking water supply. Aquifer is recharged by the Rhone river and some smdl rivers which drain the
granitic piedmont.

The sudy area is intendvely occupied by severd villages, and exploited by fruit growing in the dluvid

plain, pasture and vineyard in the granitic piedmont. Furthermore, it is crossed by a national road and a
rallway. In 1990, arailway accident caused severe hydrocarbon pollution which threastened the drinking
water wells in the dluvid aguifer. From this event, it has been concluded that it is necessary to improve

the protection of the water resourcesin this area.

Daaavailable

The geologicd map of Bureau de Recherche Géologique & Minieres (BRGM, 1970) have been
digitalized for granitic piedmont, we have completed this map by field observations in order to map the
areas without soil cover. For dluvid areas, we have digitaized a piezometric map and the location of
wells (Pierlay and de Bellegarde, 1986).

For each s0il type (Figure 3), we have assigned two vaues of porosity and hydraulic conductivity (one
for top layer and another for bottom layer) which depend on texture (from the table of Rawls and
Brakensiek, 1985) and structure.

The contours of the topographic map of Inditut de Géographie Nationa (IGN, 1990) have been
digitized. We have interpolated the vector map by a Triangulated Irregular Network, then we have

ragterized the result to obtain a Digitd Elevation Modd (DEM). Some corrections of the DEM have



been necessary to smulate the flow (Jenson and Domingue, 1988). The west of the Study areais more

uneven than the flat dluvid plainin the eest (Figure 4).

Superficial Water Vulnerability Map (Figure 5)

The resulting map shows two types of functioning. It implies different decison srategies for activities
with arisk of pollution.

The travel times are very variable on this area. The shdlow and sandy soils and the high dopesin the
western granitic piedmont are respongble for great flow veocities, wheress, in the eastern part, the
permegble dluvid plain dlows an infiltration into the dluvid aguifer and a dower trandfer to the river.
River qudity protection must be srengthened in the granitic piedmont and activities with potentid

pollution must be located only in areas with a sufficient travd time to the rivers.

Wel Vulnerability Map (Figure 6)

The Figure 6 shows two wells Stuated in an dluvid plan. These wels, "Jassoux” and "Petite Gorge'’,
supply drinking water repectively for the Saint-Michd-sur-Rhone village and another group of villages
(Besey, Roisey, Mdleva). Pumping drinking water causes a drawdown cone that modifies the flow
directions. Hence, dthough the naturd flow direction of dluvia aquifer is towards the South, the intakes
of the wdls results from the northern and southern part (Pierlay and de Bellegarde, 1986). The rivers
touching the influence zone of the wells can cause their pollution: as can be seen on the map of the trave
time to the wells, travel times are rdatively long (between 2 and 6 months) in the catchment of Jassoux
Wil but the travel times on the catchment of Petite Gorge Wl are only about a few days. Indeed,
Petite Gorge Wdl is near rivers which drain an area of shdlow soils and high dopes, thus the transfer

from this area can be fast.



Validation of transfer times against piezometric data

For an exact vdidation of the modd, it would be necessary to measure an experimentd trave time.
However not having these measurements, the vaidation of our method is restricted by the limited nature
of the available data.

In order to test the proposed dgorithm of backtracing for a zoning of transfer times, we have compared
the results of this zoning method to piecewise gpplication of Darcy’s Law to piezometric level data,
following the subsurface flow (Table 1).

The travel times are close between both methods when the gradient is not too low as on the western
dopes (paths 3 to 5). In dluvid plain, however, the results can vary by twice as much between both
methods (paths 1 and 2). The ARC/INFO algorithm, pathdistance or focal spreading in function
(Tomlin, 1990), seems to be unsuitable when the surface is too flat. In such cases, the results must be
taken cautioudy.

It should be emphasized that a vaidation by fidd measurments must give different results then the
cdculation: indeed, as we can seein the Appendix, the modd is highly sendtive to hydraulic conductivity

and hydraulic gradient, two parameters known with alow accuracy.

Further work

The present work shows a method which garts from the location of a water resource which has to be
protected. We have traced back the shortest way of a potential pollutant. If we have presented an
"upstream mode approach”, further work will take into account the complementary approach, regarding
a pollutant which is released at some arbitrary point and previewing its way, travel times and spreading
behaviour in a porous medium. By this agpproach, we can link GIS with hydrodispersive models based

on differentia equations such as flow and disperson equation. The results of flow and disperson



caculations can be evduated in asmiliar way asin the approach proposed here.

CONCLUSION

A method for estimating water resources vulnerability to pollution has been presented. The method
consds of a zoning of a given study area for a reative vulnerability of one zone to another. Absolute
travel times can be included but have to be handled with care.

For this, the influencing parameters for the different runoff mechanisms and thair spatid distribution have
been studied. Cdculation of cogt esimation by the inverse of transfer vedocity and multiplying with
transfer distance yields reasonable results for transfer times as compared with traditiona methods.
Redative zoning is useful to prescribe the impacts of a potentid pollutant activity. For studying more
detailed trandfer mechanisms of pallutants, it is possble to couple this tool to more specific modes
which can take into account other phenomena such as disperson, adsorption phenomena and bio-

degradation.

APPENDIX: ERRORS AND ERROR PROPAGATION
The cdculation of transfer velocity in aquifer and subsurface is based on Darcy’s Law (equation (1)).
The estimation of velocity error needs estimation of the error of the parameters intervening in this law.
Each parameter x can be expressed by amean value x and astandard deviation s

X=X £ Sy 9)
We obtain the following expressons
Hydraulic conductivity k: a logarithmic error is assumed equd to (log 5) on the mean hydraulic

conductivity:



logk=log k +log5U k= k*50rk=k/5 (10)
to expressthis relation (10) by a summeation such as equation (9):

k=k £sy (11)
with: s, = 4k (overvauation) or s = gE (undervaluation)

Gradient i: The gradient i of a watertable is defined as i = Dz/Dx. Regarding one cdl having a grid
distance of 50 m, we obtain for the different compartments:

Permanent watertable WT: We assume S, wt = 0.05 m.

hences; wr = 0.05m/50m = 10°

Shalow subsurface watertable SUB: As for the permanent water table, we assume S, sy = 0.05 m.

hences; sus = 10°. But here, as the flow follows topography, we aso have to consider the error of

the digitd devation modd DEM:

We assume S, pev =1 m. Hence s pegv = 1m/50m = 0.02

For the error of the shalow subsurface watertable s, syg, pem We obtain:

Si,SUB,DEM :\/Si,SUBZ +Si pEm® (12)
Hence s sus, pem = 0.02 (piezometry of shalow subsurface watertable contributes weekly to the
error).
Effective porosity w: We assume s, = 0.01, where w = 0.06 for dluvid aguifer, and w = 0.04 for
shdlow subsurface flow.

With these results, we obtain for the error of k*i:

S k*i Z\/k2$i2+i28k2 (13)

and for the error applying Darcy’s law for calculating flow velocities u,.



S ki 72
S = 14
Up W2 ( )
Therefore, the error on trave time:
d
=— (15
Up
will be
2. -4 2
St :\/d Xp™ Sy, (16)

where d is the distance (with negligible error).
We have performed an error caculation, assuming atypica Stuation of pollutant migration in the

plain of Chavanay, our study site. Assuming a hydraulic conductivity, k = 5* 10 mv/s, an overvauation
s =5k or anundervauation sy = gR, effective porosity w = 6% + 1%, hydraulic gradient i = 5¢10°

+ 103, corresponding to a measurement error of 5cm and a travel distance of d = 500 m (with
negligible errors), we cdculate a trave time of 14 days. The reative error would be 84% with an
undervauation of k and 501% with an overvauation of k. Yet, supposng precise vaues of hydraulic
conductivity k, would result in an error of 26% in travel time. The error depends mainly on the error of
the estimation of k-vaues. Other sources influence the result weekly, thus confirming the necessity to

estimate k-vauesin acautious way by rather overestimating them.
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path 1 path 2 path 3 path 4 path 5
mean hydraulic gradient 0.07% 0.12% 14.68% 8.40% 12.17%
travel time calculated with| 227 170 13 20 25
GIS (days)
travel time caculaed| 568 133 10 15 26
manudly (days)

Table 1: Comparison of results obtained by GIS method and by manua piecewise gpplication of

Darcy’ Law
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