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Modelling of a coastal aquifer in Mexico 
The simulation of the salt -water interface motion 

ABSTRACT 

Alfonso RIVERA* I** 
Emmanual LEDOUX* 

The application of a numerical model to a coastal aquifer is here presented, including the simulation ..of 
single-phase and two-phase fluid flow. The single-phase part of the model solves the diffusivity equa
tion and helps to identify certain parameters of the aquifer and to simulate the flow field (fresh water) 
under different conditions. The two-phase part of the model solves the partial differential equations 
describing the motion of salt water and fresh water separated by a sharp interface. The model was 
calibrated using the observed piezometry of the aquifer for the fresh-water flow field. Simulations were 
made both in steady and unsteady-state conditions, to establish the position and movement of the inter
face toe under different types of pumping. Results show that the model reproduces very accurately the 
flow field of fresh water. It identifies the potential salt-water intrusion (upconing) into some of the 
pumping wells, thus helping in the identification of optimal pumping schemes. 

1. INTRODUCTION 

The analysis of the fresh-water/ salt-water inter
face either in steady-state or in transient condi
tions can no longer be omitted from studies in the 
design and planning of groundwater systems in 
coastal areas. One of the principal difficulties 
found in modelling coastal aquifers involves the 
efficient and accurate simulation of the movement 
of the salt-water/fresh-water front. Considering 
a narrow transition zone between fresh water and 
salt water and taking into account the extent of 
the whole aquifer, the simulation can be simplified 
by assuming that the two fluids are immiscible 
and separated by a sharp interface. Then, one 
can incorporate the movement of the interface in 
the modelling of the groundwater system. 

Two numerical models were applied to a coastal 
aquifer in Mexico. The studied area, in a small 

valley forming a phreatic coastal aquifer, here
after referred to as "El Viejon", consists of 
approximately 20 kmZ of alluvium irrigated by the 
"El Viejon" intermittent river (fig. 1). A consi
derable amount of geological information on a 
larger area (> 1000 km 2 ) including this valley, 
can be found in MOOSER & SOTO (1978), hydro
geological information can be found in RIVERA 
(1987). 

The purpose of this work is to use two numerical 
models to : 

(1) identify and/or verify the value of certain 
parameters of the system, 

(2) evaluate the hydraulic behaviour of the El 
Viejon aquifer, and 

(3) establish the position and movement of the 
salt-water interface in order to use it as a 
guiding factor in the design of the ground"" 
water management policies for water supply. 
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France • 
.... 
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Simulation of salt-water interface motion, Mexico 

Fig. 1. Location of study area. 

2. THE AQUIFER 

2.1. Geology 

The El Viejon aquifer consists of a series of 
strata of granular materials and scattered lenses 
of clay resting on an impermeable andesitic bed
rock. The materials consist of Quaternary alluvi
um composed of sand and gravel and vary in 
thickness between 20 m to the west and 30-40 m 
to the east, near the coast-line. 

2.2. Boundaries 

The aquifer is bounded by the bedrock walls of 
the valley of andesitic-dioritic rocks from the 
Miocene with very low hydraulic conductivity 
(l.E(-9) m/s), to the north, west and south. 
The coast-line of the Gulf of Mexico is the wes
tern boundary; there is a shallow lagoon of salt 
water to the north-east. The aquifer is hydrau-
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lically connected with the El Viejon river; this 
intermittent river recharges the aquifer for 5 to 6 
months a year and it drains it for approximately 2 
to 3 months until the water table declines beneath 
the stream-bed. 

2.3. Water-levels conditions 

Data on the water levels of the aquifer have been 
collected since 1979 in 14 piezometers and 5 wells 
(fig. 2). The data collected during the six years 
have shown that the evolution of the static levels 
is directly affected by precipitation in the area 
through direct inf"Iltration. Fig. 3 shows typical 
water-level fluctuations at a selected piezometer in 
relation to precipitation data collected at a nearby 
station. 

2.4. Pumping history 

The pumping of groundwater in the El Viejon 
aquifer began in 1974 from 3 wells drilled in the 
valley (fig. 2), to supply the construction of the 
Laguna Verde Nuclear Power Project (LVNPS). 
These wells were operated at an average rate of 
10 1/ s each, and as construction advanced, the 
rate was raised to 15 1/ s in each well until 1979-
1980, when two additional wells were installed 
with an initial yield of 20 and 25 1/ s. Plans are 
being made by the L VNPS to increase the pum
ping rate in order to satisfy the needs created by 
the construction of two other units and, at the 
same time, to supply water for the future opera
tion of the station during its estimated 30-40 
years life-time. 

2.5. Recharge 

Recharge to the aquifer occurs mainly by natural 
replenishment from precipitation with some stream 
infiltration. RIVERA (1987) estimated an average 
recharge rate of 260 mm per year (7 I. s -1. m -z) 

representing 20% of the average annual precipita
tion in the area (1300 mm). The recharge indu
ced by the El Viejon-river infiltration is rather 
difficult to quantify because there are no regular 
measurements of its discharge. This recharge is 
only qualitatively estimated to be between 125 and 
190 mm, distributed over 5 to 6 months per year. 
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Fig. 2. Study-area map, showing potentiometric surface contours of a typical wet season. 

Both the recharge from precipitation and the 
recharge by the river infiltration were left as 
parameters to be identified with the numerical 
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Fig. 3. Water-level fluctuations (h) at selected 
observation wells, and the precipitation (P) 

measured at the LVNPS. 

3. AQUIFER ANALYSIS 

to Several pumping tests were carried out to deter
mine the hydraulic characteristics of the aquifer. 
Aquifer transmissivities (T) were estimated to be 

5 between 1,25.E(-2) and 5,07 .E(-2) m2/s. With 
these values of T and the measured piezometric 
distribution of the aquifer, RIVERA (1985) deter
mined the specific yield of the aquifer (Sy) to be 
between 0,03 and 0,05 • 

These two parameters, T and Sy, were left as 
parameters to be verified with the numerical 
model; T seemed a little overestimated and Sy a 
little underestimated. 
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Fig. 4. Cross section· of the aquifer system. 

Fig. 4 shows a cross section of the aquifer sys
tem (see also fig. 2) with the different parame
ters as discussed above. 

4. AQUIFER MODEL 

4.1. Computer model - single-phase flow 

The Paris School of Mines Two-Dimensional, 
Multilayered Flow Model NEW SAM (LEDOUX, 1985), 
was used to simulate the hydraulic behaviour of 
the El Viejon aquifer, as a first step. This 
computer model was recently extended to simulate 
two-phase flow. This modified code, called 
NEWVAR (E. LEDOUX, S. SAUVAGNAC & A. 
RIVERA, 1988), was also applied to simulate the 
fresh-water/salt-water interface motion in the El 
Viejon aquifer, as a second step. 

The NEWSAM code uses ·the point over-relaxation 
implicit procedure to solve a finite-difference 
approximation of the diffusivity equation (ground
water single-phase flow equation). One of the 
principal characteristics of NEWSAM is that it 

allows the use of nested square meshP.s. Four 
squares of different sizes are acceptable, provi
ded that two adjacent squares have, at most, a 
factor 2 difference in size (size a, 2a, 4a and 
Sa) . This allows for more precision in some parts 
of the study area (e.g. pumping wells or places 
close to the shore in this case) with a minimum of 
computer memory without having to use unneces
sary meshes : for further details see G. de 
MARSILY, E. LEDOUX, A. LEVASSOR, D. POI
TRINAL & A. SALEM (1978). 

The NEWSAM computer model makes the following 
assumptions : 

(1) Darcy's law is valid and hydraulic-head 
gradients are the only significant driving 
mechanisms for fluid flow, 

(2) essentially horizontal, say x-y-plane, 
groundwater flow is considered : Dupuit's 
hypothesis is valid; and 

(3) permeability is constant in each mesh. 
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4.2. Conceptual model 

A finite-difference grid of variable size (nested 
squares) was superimposed on the aquifer (fig. 
5). The domain considered in the grid (an area 
of 15,5 km2}, was divided into 141 elements of 
three different sizes : a big square mesh of 
532 m side, an intermediate mesh of 266 m, and a 
small mesh of 133 m. The th:ree model-boundary 
conditions adopted : constant head, constant flux 
and no flow, are also shown in fig. 5. 

To achieve the first purpose of this work : the 
identification and/or verification of the value of 
certain parameters, a calibration process was 
devoloped using the trial-and-error procedure. 

The first task was to adjust transmissivity va
lues, which provide the principal control of flow, 
in an effort to match historical head measure
ments. The calculations were made under tran
sient conditions. The year of 1983 was chosen 
for fitting the different parameters. 1983 was 
considered very close to the average hydrologic 
year in the area with a total rainfall of 1200 mm 
(fig. 3) . Both the dry and the wet season (6 
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months each) is clearly marked and so are the 
variations in the elevation of the hydraulic heads. 

The model was run directly under transient state 
with, as initial conditions, the observed piezome
try of December, 1982. Initial values of T and 
Sy were those obtained from pumping tests. 

Three parameters of the model - pumping, hy
draulic heads, and boundary flux - were kept at 
a constant rate during the first period of the 
simulation. This period lasted six months, coinci
ding with the dry season (no recharge) and it 
was used to calibrate the transmissivity and the 
storativity (or specific yield). 

In order to identify the roles played in recharge 
of the aquifer by natural replenishment from 
precipitation and by river infiltration, the wet 
season (July-December) was used. During this 
period of simulation the values of T and Sy 
verified from the first simulation were used as 
input for the second, and held constant during 
the simulation. Pumping and boundary flux were 
also kept constant. 
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Fig. 5. Finite-difference grid used to model-study area. 
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4.3. Results single-phase 

Fitting 

Hydraulic heads were matched for the period 
beginning December 15, 1982 and ending Decem
ber 15, 1983 with a 30 day time-step. Simulated 
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hydraulic heads were considered satisfactory with 
a maximum difference o"f 1 metre between observed 
and calculated heads during the whole period. 
The match obtained was very satisfactory with a 
maximum head difference of 0, 78 m during the 12 
month period : table I. 

Table I. Maximum errors between observed and calculated hydraulic heads during match period. 

_,_ 

_a. 

Observation 
Well 

1 
3 
5 
7 
8 

10 
16 
17 
18 

-----

GULF 

Observed 
(m) 

2,4 
3,3 
2,5 

12,0 
4,3 
5,0 

-0,2 

, 
;' , 

0,5 
1,4 

OF 
MEXICO 

Calculated Maximum difference 
(m) in 12 months (m} 

1,98 0,42 
2,95 0,35 
1,91 (),59 

11,52 (),48 
5 ,il2 0,72 
5,74 0,74 
0,58 0,7.S 
1,05 .0,55 
0,94 0.46 

--5.0- SiJIIu_lated $10tentiometric 
contour at June 15, 1983 
(m above MS!..) 

-- ---5 Observed 90tentiometric 
contour at June 15, ~Bl 
(111 above MSL) 

Fig. 6. Simulated and observed .potentiometric 
surface at the end of the dry season. 
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Fig. 6 shows the reproduction of the potentiome
tric contours calculated by the model at the end 
of the dry period, compared with the observed 
one. Fig. 7 shows the variation of the hydraulic 
heads at selected observation wells compared with 
the observed heads, during the two seasons • 

With the two hydraulic aquifer characteristics T 
and Sy, calibrated during the dry season the 
simulations went on to identify the recharge of 
the aquifer during the wet season. Both the 
direct replenishment from precipitation over the 
whole area and the one induced by river inflltra
tion were estimated. In order to match hydraulic 
heads with different recharge rates the observa
tion wells along the river were selected as control 
wells. 

The final satisfactory results for the period of 15 
July to 15 December, 1983 are shown in table II. 

As a conclusion we can say that the mean annual 
aquifer-recharge rate is 0,001 m/day or 1,15E(-8) 
m3/s.m 2 , representing 0,178 m3Js for the whole 
surface area. 

5. TWO-PHASE FLOW APPROACH 

The extensions of the NEWSAM code to simulate 
two-phase flow are given in the code NEWVAR • 

5.1. Governing equations 

observed heads, during the two seasons. Details of the equation development are given in 

Table II. Results of aquifer recharge as identified by the model. 

-

RECHARGE July August September October November December 

Infiltration 
from 
precipitation 120 77 30 10 0 0 

(1/s -km2} 

Infiltration 
from 0 290 290 118 83 83 
the river 
(1/s} 
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LEDOUX et al. (1988) and only the major assump
tions and the final equations are presented here. 
The major assumptions are 

(1) 
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-immiscible and separated by a sharp mterfa- -~ h 
the two fluids (fresh water, salt wat~r) are ~ _

1
_- -------

ce, i.e., the effects of hydrodynamic disper- ~ fresh-water 
Q. j 

- 1n. 
Zl 

(2) 
sion are neglected, ;: .. :·.·. . Z.~ K' P 1 

the Dupuit approximation is valid (the heads ::=){;:::;::::: :;:;::;.;::;.;:;) ·~. -::: ·::::.~;, ;:-., ~~-;·"='·"='· ':". :-. :-. -~.:-:.:-:.-:-,-:-.-"T"T ...... ..-• ..-. ~-.:-:.:-::.~. 
in both fresh and salt water do not vary .·.·.·.·.·:·:·:·:: :·:·:···.· .·.·.·.·.·.·:·>:·:-:.:·:·:····· .... ;.;.;.;.;.;.·.· ... ·.·.·.·. , 
vertically), and :;:::;:;:;:;:;:;::. ::::':.\{;:·;:;:;:;:;:;:·~ea wa~·e·r··::::::;. p 2:;:;::::;:;:;·:.;. 

(3) 
• • • • I : ·=·=· .... ·. ·. • ..... ·. · ...... : . :. . . . . . . . . . ~ . I • • ••••• ••• ••••• • ••••• : ••• :·: •••• 

permeab1hty 1s constant over the vertical. •· · · .·.·.·.;.;. · ·.:.:: ;.·.·.· · :··:-:.;.;.;.;.·.·.·.·.·.·:·:·:·:·:·:-:·:·:·:·:· ·:·.·.·:· 

In addition, leakage (steady-state and transient) 
to or from an adjoining aquifer is allowed for the 
fresh water, solving first the single-phase ap
proach (NEWSAM code) but was not necessary 
here. Finally the two-dimensional movement of 
the salt-water toe can be estimated and a first 
approximation to the upconing is possible provi
ded that very dense nested meshes are used 
between the shore and the pumping wells. Invo
king these assumptions and considerations gives 
the following set of equations (see fig. 8) : 

_! .(K~(h 1 - Zl) ~~] + _! (K 1 (h1
- Zl) ~1 ] 

ax ax ay y ay 

= 0 1 • 5 ah
1 

_ E az1 
at at 

_! ( K: (ZI- ZS) _! ( 2: h1 + p•- P
1 

ZIJ] 
ax ax p 1 pI 

+ ~ (K; (ZI- ZS) _! ( £.: h1 + p'- p' Zl)] 
ay ay p' p 1 

= 0 •• e az1 
at 

which are the vertically-integrated (areal) fresh
water and salt-water balance equations, 

where 

s 
e: 

f s 
p ,p 

Q 

fresh-water hydraulic conductivity, 
salt-water hydraulic conductivity, 
fresh-water hydraulic head, 
interface elevation (sea-level datum), 
elevation of the bottom of the aquifer 
base (impervious), 
storage coefficient of the aquifer, 
displacement porosity between fresh water 
and salt water, 
fresh-water and salt-water densities, 
respectively, 
recharge or withdrawal. 

Fig. 8. Schematic cross section of the initial 
conditions to simulate steady state (see table III) . 

5.2. Solution to the set of equations 

The technique used to solve the set of equations 
is based on the finite-difference method. 

5.2. 1. STEADY-STATE 

The steady-state finite-difference form of the 
system is expressed in matrix form as follows 

I 'T.,_ (H) = (o:l __ 
(p'-p') 'T· . (Zi) 

p' 
P, -r· 
p' 

t~) 

where 

=f 
T 

(ZI) 

matrix composed with transmissivities of the 
fresh-water zone, 
matrix composed with transmissivities of the 
salt-water zone, 
vector containing the unknown approximation 
functions of the fresh-water head Hi for all 
meshes not containing a constant head condi
tion, 
vector containing the approximation functions 
of Zli of the interface elevation for all 
meshes not containing a constant interface 
elevation condition (sea-water boundary 
condition), 
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-
(Qf )vector of the known fresh-water recharge or 
__ w withdrawal, 
(Qs )vector of the known salt-water recharge or 

w withdrawal. 

In this system Tf and Ts depend on H and ZI. 
The system is solved using the Gauss-Jordan 
direct method successively in the fresh water and 
the salt water with iterations over the values of 
the intermesh average transmissivities until H and 
ZI become stable. 

5.2.2. UNSTEADY-STATE 

The unsteady-state FDM of the system is solved 
using a semi-implicit method. 

The coefficients of the matrix which depends on 
Hi and Zli are defined at the beginning of the 
time-step. This semi-implicit method is stable for 
any value of the time-step. 

5.3. The movement of the interface 

The equations just described, respresent an 
appropriate description of system behaviour : 
however their numerical solution entails some 
difficulties if one wishes to simulate the interface 
movement in transient conditions. Some authors, 
to avoid the difficulty of the moving boundary at 
the interface discontinuity, ignore the existence 
of an impervious bedrock, or at least consider it 
very deep to avoid such discontinuity. This 
procedure assumes a constant transmissivity for 
the salt water and then considers the aquifer as a 
lens. 

Others (SHAMIR &: DAGAN, 1971) have circum
vented this problem in one dimension by tracking 
the toe regenerating a finite-difference grid each 
time-step such that the toe coincides with the 
edge of a grid block. However,· for a 2-D areal 
flow, this technique involves prohibitive compu
tational difficulties. 

Some other authors (e.g. J. MERCER, S. P. 
LARSON l Ch.P.· FAUST, 1981) have evaluated 
the use of explicit corrections to prevent mass
balance errors. T.hese techniques however were 
not succesful in a problem with im advancing 
salt-water edge. SA DA COSTA l WILSON (1979) 
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propose a technique to track the movement of the 
toe using the Finite Element method with the 
Gauss Quadrature points. 

In order to overcome the toe dilemma, which 
presents difficulties in the numerical ~olution of a 
two-dimensional areal flow, the NEWV AR code 
adopted a stratagem consisting of various proce
dures which are discussed in LEDOUX et al. 
(1988). 

5.4. Results two-phase flow 

The NEWV AR code was applied to the El Viejon 
aquifer to achieve the third purpose of this 
work : establish the position and the movement of 
tlle salt-water interface. This was done by 

,~treating the problem as a regional one and taking 
into account the whole area of the aquifer. 

In order to assess the effects of the planned 
additional pumping of the L VNPS on the movement 
and location of the interface between salt water 
and fresh water, RIVERA (1987) originally exami
ned this problem using a simplified model combi
ning a numerical solution (program BV 13-2, in 
BEAR &: VERRUIJT, 1987) with an analytical one. 
He found that the numerical solution could give 
acceptable results for the position of the interface 
in a vertical cross section in steady state, and 
that it was in agreement with an analytical solu
tion (Ghyben-Dupuit approximation). He found 
the interface toe 40G metres inland from shore. 
However, the movement of the interface in tran
sient conditions for a very refined grid was 
impossible to obtain with the numerical solution. 

We extended the work by treating the problem 
with the code NEWVAR using a very fine grid, 
shown in fig. 9 with its boundary conditions. 
This grid is essentially the same as the one used 
in the single-phase approach (fig. 5) but this 
time it was extended to 852 elements of 4 diffe
rent sizes, the smallest one being a 66 m square. 

5.4.1. STEADY-STATE 

We have seen above that the El Viejon aquifer is 
very sensitive to the distribution of precipitation 
in the area and that its natural recharge comes 
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Fig. 9_ Finite-difference grid used to simulate the salt-water/fresh-water interface motion. 

Table III. Input data for the steady-state solution. 

Kl ;;:: 1 x 10-3 m/s 
QR ;;:: 0,0004 m/day 
Qw ;;:: 0 

ho ;;:: -5 m 

Qinj.;;:: 0, 04 m 3/ s constant flux boundary 

from direct infiltration of rainfall over the whole 
area. This gives the aquifer a typically hydrau
lic behaviour with two very well marked seasons : 
dry and wet (fig. 3), We tried to use piezome
trical measurements to obtain a behaviour repre
senting the steady state in order to start the 
simulations with a steady-state condition. We 
concluded that the El Viejon aquifer is always in 
transient state : the hydraulic heads. vary rapidly 
in time. 

pl ;;:: 1,0 kg/m3 

p2 ;;:: 1,025 kg/m 3 

ZS ;;:: 10 m to the west to 30 m to the east 

Nevertheless, we took the mean head values over 
an average year and obtained the "average" 
steady-state position of the interface. Table Ill 
summarizes the input parameters that were used 
for this simulation (see fig. 8). Fig. 10 is a 
cross section showing the position in a vertical 
plane of the calculated interface for mean head 
values. 
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Fig. 10. Simulated steady-state interface at different recharge rates (QR), 
section at X = 2000 m. 

Y(•) 
1000 

IDO 
600 

400 

200 

0 

0 

1 o1 • 0.004 a/day 

2 01 • 0.001 •/day 

3 Q) • 0.0004 a/day 
4 0. • 0.0001 ./day 

ml 

f vall 

•• 

-----·---------------------------------------

o.s I 
1.0 

----3--------------

I 
1.5 

I 
2.0 

I I 
2.5 ].0 

I 
J.S 

I 
4.0 X (ka) 

Fig. 11. The steady-state position of the toe for different recharge (QR) rates. 
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Fig. 12. Simulated average steady-state salt-water/fresh-water interface. 

Simulations were also made with different recharge 
rates ( QR) in steady state to compare with the 
mean steady state position of the interface as 
shown in fig. 10. Fig. 11 shows the simulated 
steady-state two-dimensional position of the toe 
for different recharge rates ( QR). Finally, fig. 
12 shows the adopted simulated mean steady-state 
two-dimensional salt-water heads together with the 
fresh-water heads in the El Viejon aquifer. This 
was adopted as the initial condition for further 
simulations on the movement of the toe in the 
unsteady state. Note that in this case - steady 
state - no discharge ( QW, pumping) was conside
red, as it was possible to model it in a very 
detailed manner in the unsteady state. 

5.4.2. UNSTEADY-STATE 

Starting from the mean steady-state position of 
the interface, we simulated its movement over 365 
days for a withdrawal of 50, 75, 100, and 120 
1/s; input data are shown in table IV (we wrote 

Table IV. Input data for the unsteady-state 
solution. 

QR = 0,0004 m/day 
Qw = 50 1/s 
Q = 75 1/s 

~= ~ ~~~ ~~= 

s = 0,1 
£ = 0,3 

Sy = S which is the storativity of the aquifer in 
order to be consistent with the nomenclature used 
by NEWVAR). We can say that 120 II s is a very 
extreme and unlikely condition the L VNPS 
pumps between 20 and 40 1/s divided between the 
five existing wells, and their plans for the future 
are to double the pumping rate to about 80 1/ s. 

Fig. 13 shows the unsteady-state position of the 
toe for the gradual increase in pumping from 50 
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Fig. 13. The unsteady-state position of the toe for different well-discharge rates 
after 365 days of pumping starting from an average steady-state position. 
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Fig. 14. The unsteady-state position of the interface (ZI) at different discharge rates (QW) 
after 365 days of pumping starting from a steady-state solution (section at X = 2000 m). 
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Fig. 15. The simulated fresh-water heads 
(m above MSL) for t = 546 days and QW = 120 

1/s. Results shown at the end of a dry period. 

to 120 1/s. It can be seen that after 365 days of 
constant pumping, the toe does not reach any of 
the wells. Fig. 14 shows the same in vertical 
cross section. 

The maximum discharge capacity of each well is 20 
1/ s and the L VNPS does not pump the 5 wells at 
the same time nor at a constant rate. Neverthe
less, we wanted to explore the aquifer response 
to an extreme condition, i.e. : the five wells 
simultaneously pumping 20 1/s each constantly for 
a long period of time. 

An additional pumping well (fictitious) was in
cluded with a 20 1/ s pumping rate and two condi
tions ( 100 and 120 1/ s) were simulated for 181, 
365, 546, and 730 day periods. A bimodal condi
tion was chosen, dry and wet season, alternating 
the recharge to the aquifer as identified previ
ously, to simulate the movement of the interface 
toe while m'Pntaining a constant pumping rate. A 
30-day time-step was used in each simulation. 
Results are shown in figs 15 to 21. 
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Fig. 16. The unsteady-state position of the 
interface toe for t = 546 days and QW = 120 11 s. 

Results shown at the end of a dry period. 
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As can be seen from these figures the salt-water 
intrusion would reach the pumping wells A,B,C, 
and F after 1,5 years of pumping at a constant 
rate of 120 1/s. For a QW of 100 lis only wells A 
and B would be contaminated 2 years after pum
ping. We carried out several other simulations 
varying the pumping rates for different simulation 
times always with bimodal conditions, alternating 
six-month dry and wet periods. It would take 
too long to show all the results here; we can 
summarize the most important results as follows : 

(1) In most cases simulations showed that the 
movement of the interface toe due to pum
ping would follow a path in the direction of 
the zone of pumping wells A, B, and C. 

(2) Local upconing due to excessive pumping was 
identified at : wells A, B, C , and F for 
QW = 120 1/s after 1,5 years of constant 
pumping; wells A and B for QW = 100 1/ s 
after 2 years of constant pumping; and none 
for QW = 80 1/s. 

(3) For a total pumping of QW = 80 1/s using 
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Fig. 17. The unsteady-state position of the 
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steady-state solution (section at X = 2066 m). 
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Fig. 19. Simulated fresh-water heads 
(m above MSL) for t = 730 days and 

QW = 100 1/s. 
Results shown at the end of a humid period. 
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Fig. 18. The unsteady-state position of the 
interface (ZI) at different times starting 

from a steady-state solution 
(section at X = 2000 m). 
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Fig. 20. The unsteady-state position of the 
interface toe for t = 730 days and QW = 100 1/s. 

Results shown at the end of a humid period. 
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wells A, C, D, and E the interface toe would 
.move slightly during the dry periods (no 
more than six months, July-Dec.) but that 
would not cause upconing. 

( 4) In no case should wells A, B , and C be 
pumped together. 

( 5) In case of need, it is even possible to pump 

at a total constant rate of 100 1/s provided 
the periods are no longer than 6 months. 
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Fig. 21. The unsteady-state position of the 
interface (ZI) at different times starting from a 

steady-state solution (section at X = 2000 m). 

6. DISCUSSION 

We do not have precise measurement data on the 
position of the fresh-water/salt-water interface to 
strengthen our results. The only way to justify 
the calibrated model is through fresh-water 
heads. In any case, in the sampling of ground
water quality in the area (RIVERA, 1987), no 
evidence of salt-water intrusion was found in any 
of the observation or pumping wells after eight 
years of monitoring. 

The mass balance of groundwater for the average 
steady-state solution with the two-phase flow 
approach indicates that, within the study area, 
approximately 60 % of the recharge to the aquifer 
comes from uniform infiltration (rain and river). 
The total remaining 40 % of the recharge comes 
from lateral inflow. This balance leaves approxi
mately 100 1/s of the aquifer's fresh-water dis
charge into the sea. This is a rather conserva-
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tive estimate because, for an average hydrologic 
year such as 1983, the mean fresh-water dischar
ge into the sea as calculated with the single 
phase approach is 230 1/s. 

7. CONCLUSIONS 

Two types of conclusions can be drawn from this 
study, one concerning the code NEWV AR and the 
other concerning the application of the two-phase 
approach to the El Viejon aquifer. 

The recent extension of the NEWSAM model 
given in the code NEWV AR can be used to 
identify the sea-water intrusion in aquifers, 
if an immiscible interface is assumed. Simu
lations can be made either in steady or 
unsteady state conditions. 
The NEWV AR code might be beneficial in 
evaluating different proposed management 
policies and their corresponding effects on 
the shape and position of the salt-water/ 
fresh-water interface. 
Concerning the approach used at the El 
Viejon aquifer, the study shows .. that simpli
fied two-phase flow modelling enables the 
prediction of the behaviour of a coastal 
aquifer in response to pumping near the 
coast, even if precise information on the 
initial exact position of the salt-water wedge 
is not given. 
The validity of the results is, of course, a 

function of the quality in the initial calibra
tion of the model on the fresh-water flow 
data. A future validation could be obtained 
from a groundwater-quality monitoring pro
gram near the coast or from geo-electric 
measurements. 
The results can, however, give an approxi
mate indication of the rate of interface 
movement of the salt-water wedge for condi
tions encountered in the coastal aquifer in 
Mexico. The modelling exercises provide the 
tools that could aid the LVNPS in making 
decisions for the operation of the El Viejon 
aquifer. 
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