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ANALYSIS OF GROUND-WATER FLOW IN THE A-SAND
AQUIFER AT PARAMARIBO, SURINAME, SOUTH AMERICA

By C.B. Hutchinson

ABSTRACT

A numerical aquifer-simulation model was
developed for a 619-square-kilometer area to help
understand the ground-water flow system and to aid in
the management of pumpage from the A—Sand aquifer in
Paramaribo, Suriname, South America. Thirty years of
continuous increases in pumpage from the A-Sand
aquifer have created broad cones of depression in the
aquifer’s potentiometric surface that extend over
hundreds of square kilometers. As a result of these
water-level declines, the aquifer is experiencing
problems of well-field interference and saltwater
encroachment.

The understanding of the hydrogeology of the
A-Sand aquifer was improved during calibration of the
model. Aquifer tests had indicated a large variability in
hydraulic conductivity;, however, an acceptable
calibration was achieved by using a uniform hydraulic
conductivity of 90 meters per day. Simulated transmis-
sivity of the 2- to 50-meter thick aquifer wedge varies
from 180 to 4,500 square meters per day between the
southern and northern model boundaries, respectively.
The aquifer previously had been conceptualized as
being bounded above and below by impermeable beds
with the only source of inflow being from the north.
However, the model simulation used a leakage coeffi-
cient representative of marine clay, and model results
indicated that approximately one-third of the pumpage
may be derived from vertical leakage. This leakage is
divided approximately evenly between aquifer systems
above and below the A-Sand aquifer. Contribution to
pumpage from storage is insignificant in this thin,
confined aquifer.

Three simulations were made to demonstrate how the
model can be used as a tool for water management.
A transient simulation was made to assess
potentiometric-surface changes resulting from pumpage
during the period 1958 to 1987. Potentiometric-surface
maps for selected years show expanding and coalescing
cones of depression as the number of well fields
increased from one to six and pumping rates increased
from 1,643 to 40,230 cubic meters per day. A hypothet-
ical new well field, with a 6,000 cubic-meter-per-day
pumping rate, was simulated to demonstrate how addi-
tional pumping can lower the potentiometric surface at
existing well fields. Another simulation redistributed

pumpage by adding the above hypothetical new well
field, but with an equivalent reduction in pumpage at the
two most heavily pumped well fields, Zorg en Hoop and
Livorno. Head gradients between Zorg en Hoop and the
area where chloride concentrations in ground water
exceeded 300 milligrams per liter were compared with
1987 gradients to show that redistributing pumpage
might slow saltwater encroachment and extend the
useful life of the well field by 5 years.

A particle-tracking program was used to assess
results of the flow simulations. It was used to delineate
pathlines and approximate zones of well-field capture
under 1987 pumping conditions and when a hypotheti-
cal new 6,000-cubic-meter-per-day well field is added.
Four of the six active well fields in 1987 drew water
directly along pathlines from the model boundary,
indicating a potential to draw in water with high
chloride concentrations. The particle-tracking program
also was used to estimate time-of-travel along selected
pathlines from the area of high (300 milligrams per
liter) chloride concentrations to individual well fields.
The simulated velocity averages about 133 meters
per year within 4 kilometers of the Livorno well field.
Simulated velocities from the area of high chloride
concentrations are highest toward the Leysweg and
Zorg en Hoop well fields, indicating a high potential for
increasing chloride concentrations in water from these
well fields.

INTRODUCTION

In 1987, Paramaribo, Suriname, and nearby areas
(fig. 1) on the tropical north coast of South America,
withdrew about 40,000 m3/d of water from wells 130 to
190 meters deep that tap the A—Sand aquifer. The
A-Sand aquifer is bounded above and below by confin-
ing units and has no surface outcrop or direct recharge
area, except possibly offshore in the Atlantic Ocean.
The consequences of 30 years of continually increasing
pumpage include: (1) broad cones of depression in the
potentiometric surface that extend over hundreds of
square kilometers; (2) interference among closely
spaced wells and among well fields; and (3) saltwater
encroachment, as indicated by increasing chloride
concentration. These problems were recognized in the
early 1980’s, but until recently, no plan or technique for
aquifer management had been developed.
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A study, which would provide a technique to aid in
the management of the ground-water resource, was
conceived in 1985 and sponsored by the Organization
of American States (OAS) in conjunction with the
Suriname Water Company (SWM) and an equivalent
governmental organization, the Water Supply Service
Ministry of Natural Resources and Energy (DWV). The
U.S. Geological Survey, which was approached in
1985 to conduct the study, completed the compilation
of data necessary to construct a digital model of the
aquifer system in October and November 1988 at the
headquarters of SWM in Paramaribo.

Purpose and Scope

The purpose of this report is to describe the
development of a numerical model of the aquifer system
and to illustrate how the model can be used to simulate
the response of the A-Sand aquifer to various manage-
ment alternatives. The area of study occupies 619 km?
and encompasses six active well fields. Conceptualiza-
tion of the hydrologic system and data input to the
numerical model were based on existing engineering
reports and historical records. No new data were
collected.

A conceptual model of the hydrologic system was
developed based on existing literature. Then, based on
the conceptualization, a numerical model was designed
to simulate the hydrologic system under steady-state
and transient conditions. The model’s sensitivity to
changes in input parameters was tested to determine
which hydrologic properties critically affect simulation
accuracy and, therefore, should be further defined
through field studies. Next, hypothetical simulations
were run to show how the model can be used to evaluate
various management alternatives by providing informa-
tion on well-field interference and potential for salt-
water encroachment. Output from the numerical model
was then used with a particle-tracking program to
generate pathlines and time-of-travel information used
to estimate the rate of movement of saline water toward
public-supply wells.

Previous Studies

Results of several studies were used to delineate the
hydrogeologic framework of the A—-Sand aquifer and
provide insight into aquifer hydraulic characteristics.
A report published through the United Nations Devel-
opment Programme (1972) describes a 4-year study
that established the hydrogeologic framework in
coastal Suriname. Major aquifers were defined and
tested, and a generalized water-supply plan for
Paramaribo and its metropolitan area was provided.
A follow-up report by International Water Supply

Consultants (1981, in Dutch) from the Netherlands
focused on expansion of the water supply by testing
other aquifer systems south of Paramaribo. That report
also presented a transmissivity map, model grid, and
transient simulation results of six pumping plans for the
A-Sand aquifer. Little other information concerning
the model was described. The model program and data
files were not provided to the Suriname Government
because there were insufficient computer facilities in
the country in 1983. A third report, prepared by Organi-
zation of American States’ (OAS) consulting hydrolo-
gist Albert Mente (1984), described a ground-water
monitoring plan with wells that corresponded to those
initially monitored in the United Nations Development
Programme (UNDP) study. This report provided the
impetus for generating the modeling investigation
described herein. A fourth report, by Planning
Research Corporation Engineering, Inc. (1988), pro-
vides maps of three well fields, graphs of water-quality
data, and up-to-date well-field production figures.

Two reports that document computer programs were
utilized in the A-Sand aquifer study. A report by
McDonald and Harbaugh (1988) documents the U.S.
Geological Survey’s modular ground-water flow model
and describes how to create the data files called for by
the program. A subsequent report by Pollock (1989)
documents a particle-tracking postprocessing program
called “Modpath,” which computes pathlines based on
output from the modular model.
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HISTORY OF WATER-RESOURCES
DEVELOPMENT

Exploitation of water resources within the A-Sand
aquifer began in mid-1958 with the establishment of the
Zorg en Hoop well field (fig. 1). Since then, the SWM
established well fields and treatment facilities at

Leysweg (1973) and Livorno (1980). The DWYV estab-
lished small rural supply well fields at Santo Boma
(1960-73), Meerzorg (1963), Koewarasan (1969), and
Helena Christina (1981). The Zorg en Hoop, Leysweg,
Koewarasan, and Helena Christina well fields also have
production wells that tap the overlying aquifer. The
average annual pumping rates from the A—Sand aquifer
are listed in table 1. As indicated in this table, the
average pumping rate increased from 1,643 m3/d in
1958 to 40,230 m3/d in 1987. Between 1983 and 1987,
pumpage was fairly stable, which has been reflected in a
stabilization of the potentiometric surface of the
A-Sand aquifer. Approximately 227 million cubic
meters were withdrawn from 1958 to 1987. The water
was used for municipal supply. Pumpage for irrigation
and industry in the study area is negligible.

Table 1.—Average daily withdrawals from the A-Sand aquifer well fields, 1958-87

(Values are in cubic meters per day)

Zorg en Helena Koewar- Santo
Year Hoop Livorno Leysweg Meerzorg Christina assan Boma Total
1958 1,643 1,643
1959 2,740 2,740
1960 2,740 548 3,288
1961 2,740 548 3,288
1962 2,740 548 3,288
1963 2,740 547 548 3,835
1964 8,219 547 548 9,314
1965 8,767 547 548 9,862
1966 10,958 547 548 12,053
1967 10,958 547 548 12,053
1968 10,958 547 548 12,053
1969 16,438 548 548 548 18,082
1970 16,438 548 548 548 18,082
1971 16,986 548 548 548 18,630
1972 16,986 4,931 548 548 548 23,561
1973 15,068 4,931 1,370 548 21917
1974 15,342 5,205 1,370 548 22,465
1975 15,342 7,671 1,370 548 24,931
1976 15,342 6,027 2,192 548 24,109
1977 17,260 8,013 2,192 548 28,013
1978 17,260 8,013 2,192 548 28,013
1979 17,260 8,013 2,192 548 28,013
1980 17,260 8,013 2,192 548 28,013
1981 18,630 7,671 7,397 2,465 548 36,711
1982 16,438 9,589 6,849 2,465 1,917 548 37,806
1983 16,164 8,219 8,219 2,400 1,950 2,400 39,352
1984 15,081 10,360 2,131 2,400 1,950 2,400 34,322
1985 14,789 10,353 3,645 2,400 1,950 2,400 35,537
1986 16,238 10,976 3,708 2,400 1,950 2,400 37,672
1987 19,059 10,877 3,538 2,880 1,950 1,926 40,230
1958-86
average 12,398 1,971 3,199 1,209 335 596 245 19,953
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HYDROGEOLOGIC SETTING to north. This wedge-shaped system has a

Suriname may be divided into two hydrogeologically
distinct provinces (fig. 1). About 80 percent of the
country (the southern part) is underlain by Precambrian
crystalline rocks, and the remaining part, a northern
coastal basin, is underlain by unconsolidated sediments.
In the southern province, surface water is the major
source of supply, whereas in the northem province,
which encompasses Paramaribo, ground water is the
major source.

The coastal basin consists of sequential sands and
clays that thicken northward from the pinchout at the
crystalline rocks (fig. 2). The wedge is approximately
40-km wide and is about 300-meters thick at the north-
em boundary of the modeled area near the Atlantic
Coast. Abundant ground water occurs in the coastal
basin under confined conditions with artesian heads
near land surface. Water quality is variable. The aqui-
fers consist mainly of coarse-grained, angular quartz
sand that is somewhat kaolinitic. Hydrogeologic units of
interest in this study are:

1. The Onverdacht aquifer system consists of multiple
sand lenses within the Onverdacht Formation of
Paleocene to middle Eocene age. The top of the
formation is generally between 120 and 250
meters below land surface and slopes from south

maximum thickness of about 125 meters within
the modeled study area. Permeable zones contain
saline water and, therefore, are not a source of
potable supply. The Onverdacht is hydrologically
important as a potential source of upward leakage
to the overlying A—Sand aquifer.

2. The A-Sand aquifer consists of a coarse-grained
sand of middle Eocene to Oligocene age and
overlies the Onverdacht Formation. Wells
completed in this aquifer typically yield about
1,000 m3/d. The aquifer thickens from about
2 meters in the south, where beds are truncated by
crystalline rocks, to about 40 meters at the north
coast (fig. 3). The aquifer also thickens toward the
southeast Bakhuis fault, which was mapped in the
United Nations Development Programme (1972,
Enclosure 1II-3) study. Lateral aquifer boundaries
are the crystalline rocks in the south and pinchouts
just east of the Suriname River and westward in
the vicinity of the Saramacca River. There is no
known physical boundary or seafloor outcrop in
the north.

3. The Coesewijne aquifer system consists of multiple
sand lenses within the Coesewijne Formation of
Miocene age. The principal permeable zone lies at
depths of 110 to 130 meters beneath Paramaribo.



The system has a maximum thickness of about 100
meters within the modeled study area. It contains
freshwater in the northwest part of the city,
whereas in other areas, the chloride concentration
of the water exceeds 250 mg/L. The Coesewijne
aquifer system is less permeable than the underly-
ing A-Sand aquifer, but it may be an important
source of downward leakage to the heavily
pumped A-Sand aquifer. Pumpage from
Coesewijne is less than 10 percent of the total
pumpage from the A—-Sand aquifer.

4. The Coropina and Zanderij aquifers consist of
undifferentiated sands and clays of Pliocene to
Pleistocene age. Their maximum thickness is
about 100 meters, however, they are not an impor-
tant source of ground water within the study area.
Near the coast, the chloride concentration is
greater than 250 mg/L and well yields are low
compared to the A-Sand aquifer. Approximately
50 km south of Paramaribo, a large well field is
being developed in this system to augment
pumpage from the A-Sand aquifer.

Ground-Water Levels and Movement

Ground-water levels in the A-Sand aquifer have
been measured intermittently since 1958. Hydrographs
for three wells that have the most measurements are
shown in figure 4. The hydrographs show a
prepumping level in the late 1950’s of about 3 meters
above sea level. Measurements during the late 1960’s
were reported in the United Nations Development
Programme (1972, fig. 111-43) study, and measurements
during the mid-1980°’s were taken from a long-term
monitoring program instituted by Mente (1984). The
hydrographs show gradual declines in water levels until
about 1985 when a leveling off occurred. Between
1985 and 1987, pumping from all well fields, except
Zorg en Hoop, was constant, and when water levels
stabilized in 1985, it is probable that a
quasi-steady-state flow condition existed. Under this
dynamic equilibrium condition, aquifer storage was not
changing, and water that was being pumped from the
A-Sand aquifer was being replenished by leakage and
inland movement of saltwater.
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model. Intervals 2, 4, 5, and 10 meters

O 340 WELL-FIELD—Open circle is at approximate center of well
field. Number is estimated hydraulic conductivity, in
meters per day (Mente, 1984, p. 56)

Figure 3.—Thickness and estimated hydraulic conductivity of the A—Sand aquifer within the modeled area.
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The potentiometric surface of the A~Sand aquifer for
August 1987 is shown in figure 5. The heavily pumped
Livorno and Zorg en Hoop well fields are encompassed
by deep, broad cones of depression that coalesce with
smaller cones at nearby well fields. The 1987 map
represents an average pumping condition of 40,230
m3/d, as indicated in table 1. Water-level declines of
more than 5 meters have occurred since predevelopment
time throughout the 619-km? mapped area. The greatest
declines, between 15 and 20 meters, have occurred at
the Livorno and Zorg en Hoop well fields. A steep
gradient north of Zorg en Hoop is a probable indicator
of a source of inflow. Spacing of contours to the south
and east indicates that relatively little flow is being
derived from those areas. Thickness and transmissivity
of the A-Sand aquifer decrease to the south; thus, less
flow from that region would be expected.

Further evidence of inflow from the north is the
dramatic southward shift between 1958 and 1972 in
lines of equal chloride concentration, which represents
movement in the brackish transition zone between

saltwater in the Atlantic Ocean and freshwater inland in
the A-Sand aquifer (Mente, 1984, fig. 16). Figure 6
shows the estimated positions of the 250-mg/L chloride
lines for 1958, 1972, and 1986. Between 1958 and
1972, the 250-mg/L line was estimated to have moved
2,400 meters in the vicinity of Zorg en Hoop. By 1986,
wells in the northern half of the well field produced
water with more than 300 mg/L of dissolved chloride, as
did wells in the eastern half of the Leysweg well field
(Planning Research Corporation Engineering, Inc.,
1988, figs. 2.1.9 and 2.1.14).

Hydraulic Properties of the A—-Sand Aquifer

Little data have been reported on hydraulic
conductivity, transmissivity, leakance, storage
coefficient, and porosity of the A—Sand aquifer. The
United Nations Development Programme (1972, p. 52)
study reported hydraulic conductivity values at 12 sites,
based on “old incomplete data.” The values are
variable, but generally range from 20 to 100 m/d,
although some values were as high as about 300 m/d.



The variability may be related to well construction and
development, testing procedures, or aquifer
heterogeneity. Because of the variability and the
unknown method by which the values were calculated,
a constant hydraulic conductivity value of 90 m/d was
estimated. Transmissivity, based on this estimate of
hydraulic conductivity, ranges from 180 m2/d at the
southern aquifer boundary, where the aquifer is
2-meters thick, to 4,500 m2/d along the southeast
Bakhuis fault and north coastal area, where the
thickness is 50 meters (fig. 3). Transmissivity calculated
using aquifer thickness and estimated hydraulic
conductivity does not compare well with point

transmissivities calculated by multiplying reported
values of hydraulic conductivity by thickness, or with
the range of transmissivity reported for the A-Sand
aquifer, between 2,000 and 4,000 mz/d for a test at
Leysweg (United Nations Development Programme,
1972, p. 52). However, the calculated transmissiv-
ity of 900 m%/d compares closely with the 950 m%/d
derived from a test at Livorno (United Nations Develop-
ment Programme, 1972, fig. 11I-45). That a model
calibration was achievable using a constant value for
hydraulic conductivity suggests that the porous medium
may have a more uniform nature than indicated by the
single-well tests.
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Figure 5.—Observation-well network and potentiometric surface of the A—Sand aquifer, August 1987.



Storage coefficients of 3.0x10™* and 2.0x10" have
been determined from aquifer tests at Livorno and
Leysweg, respectively (United Nations Development
Programme, 1972, figs. 11I-44 and 111-45). Because the
aquifer is about 10-meters thick at these sites, specific
storage is probably in the range of 3.0x10° m! to
2.0x10°% m'!. Effective porosity of the A-Sand aquifer
was estimated to be in the range of 0.07 to 0.15 (United
Nations Development Programme, 1972, p. 52). This
estimate seems low in light of the typical values of 0.1
to 0.3 that have been reported for specific yield of sand
(Driscoll, 1986, p. 67). International Water Supply

Consultants (1981, p. 18) used an effective porosity of
0.25 in calculations of ground-water traveltime in the
A-Sand aquifer.

A calculation was made to check estimated effective
porosity values independently. From figure 6, the
250-mg/L line of equal chloride concentration moved
2,400 meters toward Zorg en Hoop in 14 years, or
0.47 m/d. The estimated hydraulic conductivity of the
aquifer is 90 m/d. From the simulation of historical
water levels, the average head difference between the
250-mg/L line of equal chloride concentration and Zorg
en Hoop from 1958-72 was 2.6 meters. Effective
porosity can be calculated from the equation:
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circle at approximate center of well field

LINES OF EQUAL CHLORIDE CONCENTRATION—Show chloride
concentrations for indicated years.

——200—— LINES FOR 1958—Have an interval of 50 milligrams per liter
(United Nations Development Programme, 1972, fig. HI-3).

--=--250---~ LINE FOR 1972—Shows position of the 250-milligrams-per-liter
concentration mapped by Mente (1984, figs. 8 and 16).
------ 250----- LINE FOR 1986—Shows position of the 250-milligrams-per-

liter concentration based on data by Planning Research
Corporation Engineering, Inc. (1988, figs. 2.1.9 and 2.1.14)

Figure 6.—Inland movement of chloride toward well fields that tap the A—Sand aquifer.
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where

n = effective porosity;

K = hydraulic conductivity, 90 m/d;
Ah = head difference, 2.6 m;

1 = length of flow path, 2,400 m;

v = average linear velocity of ground-water

flow, 0.47 m/d.

The calculated effective porosity, based on the above
values for equation variables, is 0.21. The porosity
value can be considered as a maximum because of
vertical leakage along the flow path. Leakage would
tend to dilute the chloride concentration, thereby moder-
ating the velocity used in equation 1. The calculated
porosity falls within the range of estimated values.

CONCEPTUAL MODEL

The preceding analysis of the hydrogeologic
framework forms the basis for developing a conceptual
model of ground-water flow, which is transformed into
mathematical terms in the numerical model. Procedures
in the conceptualization include the development of an
understanding of the flow system’s boundary conditions
and the mechanics of ground-water movement.

Figure 7 is a schematic diagram that shows the lateral
hydrogeologic boundaries. The southern boundary of
the A-Sand aquifer coincides approximately with the
A-Sand aquifer-crystalline rock contact. Part of the
eastern boundary also coincides with a pinchout of the
A~-Sand aquifer. Because the A—Sand aquifer terminates
at a featheredge, this is considered a no-flow boundary.
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The A-Sand aquifer is known to occur beyond the model
area to the west, north, and northeast. The model bound-
ary is considered to be a “general head boundary”
through which water is allowed to enter or leave the
system at rates that are dependent upon the aquifer
properties and hydraulic gradients near the boundary.

The A-Sand aquifer had previously been
conceptualized as nonleaky, being bounded above and
below by impermeable beds, with the only source of
replenishment of pumped water being lateral flow from
the north (United Nations Development Programme,
1972; International Water Supply Consultants, 1981;
Mente, 1984). One basis for this concept is that
measured drawdowns during aquifer tests of less than 2
days follow the Theis nonleaky type curve, or plots as a
perfectly straight line on a semilogarithmic graph.
Supporting evidence is given in that, if the system were
leaky, saltwater would have been drawn in long ago
from overlying or underlying aquifers or both. Another
factor is that isotope data indicate that water in the
A-Sand aquifer is 13,000 to 20,000 years old; hence,
water is not being recharged and is not moving rapidly
through the system.

There are several contradictions to the nonleaky
aquifer conceptual model. First, low to moderately
leaky aquifers may not necessarily show a leaky
response during aquifer tests of less than 2 days (such as
those conducted at Livorno and Leysweg). Second,
there are numerous references in the report by the
United Nations Development Programme (1972, p. 104
and Annex 10, p. 7, for example) to suspected hydraulic
interconnection between the A—Sand and overlying and
underlying aquifers. Also, chloride concentrations
inland in some wells at Livorno, where drawdown is
severe, have increased markedly between 1976 and
1986, whereas chloride concentration in the coastward
Leysweg and Zorg en Hoop well fields have not shown
similar increases as would be expected for a nonleaky
system (Planning Research Corporation Engineering,
Inc., 1988). Perhaps the most convincing argument for
support of a leaky system is that marine clays, such as
those that compose confining units above and below the
A-Sand, typically have a hydraulic conductivity within
the range of 10 to 10”7 m/d (Freeze and Cherry, 1979,
p. 29). Depending upon sand content, hydraulic con-
ductivity of a confining unit could be at the high end of
this range. Therefore, the leakance coefficient of a
10-meter thick sandy clay confining unit may be on the
order of 107 (m/d)/m or more. Thus, it seems reason-
able to assign these confining units values of hydraulic
conductivity characteristic of sandy marine clays rather
than treating them as impermeable beds.
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Figure 8 is a schematic north-south vertical section
that shows the conceptual model with three aquifer
layers. The top and bottom layers correspond to the
Coesewijne and Onverdacht aquifer systems, respec-
tively, and are separated from the A-Sand aquifer by
confining units. Under prepumping conditions prior to
1958, there was upward flow. The head of 4 meters
above sea level in the Onverdacht aquifer system caused
water to flow upward through the A—Sand aquifer where
the head was 3 meters and into the Coesewijne aquifer
system where the head was 2 meters above sea level.
Under pumping conditions existing in the 1980’s, the
A-Sand aquifer head has been lowered below heads in
the Coesewijne and Onverdacht aquifers systems. The
pumped water is replaced by downward leakage from
the Coesewijne aquifer system, upward leakage from
the Onverdacht aquifer system, and lateral movement
across boundaries on the west, north, and northeast.
Assumptions are that heads in the Onverdacht and
Coesewijne aquifers systems are not affected by
pumping from the A-Sand aquifer. These aquifer
systems are at least four times as thick as the A—Sand
aquifer (fig. 2) and contain large volumes of ground
water in storage above and below the pumped aquifer.
Drawdown in these aquifer systems probably is negligi-
ble on a regional scale; however, at the well fields, it
may be important.

NUMERICAL MODEL DEVELOPMENT

A digital model can be used to simulate a hydrologic
system and its response to hydrologic stress, such as
pumping. A numerical finite-difference method is
applied to solve partial differential equations of ground-
water flow. A digital model was selected over analytical
techniques because of the complexity of the hydrologic
system, especially with respect to well-field interference.
For example, complex patterns of pumping can be rep-
resented in a digital model, whereas it is cumbersome
and difficult to represent more than two pumping centers
analytically.

The three-dimensional Modular model (McDonald
and Harbaugh, 1988) was selected because of its ability
to simulate the conceptualized hydrogeologic system
and because it has been adapted to run on personal
computers. The model is “quasi-three-dimensional” in
that it computes two-dimensional (x,y) flow in a middle
layer that is recharged by vertical leakage from inactive
layers above and below. Because of the lack of
evidence of vertical head differences within the A—Sand
aquifer, the aquifer was deemed suitable for simulation
as a two-dimensional system.



Procedures employed in setting up the Modular
model for simulating the response of the A-Sand aquifer
to hydraulic stresses are diagrammed in figure 9. First,
the hydrogeologic system was assigned three layers
with vertical leakage to the middle A-Sand aquifer layer
from constant-head layers above and below. Lateral
boundaries are no-flow boundaries on the south and
southeast, which correspond to limits of the aquifer.
General-head boundaries on the west, north, and north-
east allow the exchange of water between the modeled
area and the area beyond the boundary where the
aquifer, hypothetically, is a continuous region. Lateral
flow rates are based on a head of 3 meters in the outer
region, a calculated head in the boundary cell, and a
conductance that generally corresponds to aquifer trans-
missivity. The conceptualized framework in a 34- by
20-km area was discretized in space and time and each
1-km-square grid block and year-long time step was
assigned hydraulic properties and temporal information.

In the southeast corner, grid blocks are inactive where
the A—Sand aquifer pinches out, leaving an active grid
of 619 blocks. A steady-state calibration was achieved
when the model accurately simulated the 1987 potentio-
metric surface. Next, aquifer storage coefficient and
pumping history were entered and adjusted during the
transient calibration in which long-term hydrographs
were simulated. With the independent calibrations each
simulating observed conditions, the model was
considered to be calibrated and ready to simulate
hypothetical pumping scenarios.

Input Parameters

Input parameters for the steady-state calibration,
transient calibration, and predictive model are listed in
table 2. Parameters were estimated from available
reports. Where estimates of certain parameters were not
available, representative values were selected from
ranges in published reports.

ONVERDACHT AQUIFER SYSTEM POTENTIOMETRIC SURFACE

DECREASING
HEAD

PUMPING
N WELL

COESEWIJNE AQUIFER SYSTEM POTENTIOMETRIC SURFACE

" A-SAND AQUIFER

gl POTENTIOMETRIC SURFACE

LAYER 1 (inactive)
constant head = 2 meters

!

GENERAL HEAD BOUNDARY

LAYER 3 (inactive)
constant head = 4 meters

ONVERDACHT AQUIFER SYSTEM

Figure 8.—Schematic north-south cross section with conceptualized flow.



Steady-State Calibration

A steady-state calibration was achieved by
methodically adjusting model-input parameters until the
simulated heads matched the observed 1987 heads
shown in figure 5. Figure 10 shows the comparison
between the potentiometric surface contoured from
observed heads and the machine-contoured surface
simulated by the model. The surfaces are similar, with
deep cones of depression centered at Zorg en Hoop and
Livorno. Residuals, calculated by subtracting the simu-
lated head from the observed head at the 619 active grid
blocks, indicated that simulated heads are within a range
of 1.3 meters above and 1.4 meters below observed
heads, the mean is 0.15 meter below observed heads, the
standard deviation is 0.43 meter, and the mean of the
absolute values of the residuals is 0.36 meter. In com-
paring the 14 water-level control points (fig. 5), the
greatest calibration error occurred at the Zorg en Hoop
well field where the simulated head was 1.1 meters too

MODELING
PROCEDURE

CONCEPTUAL
MODEL
STEADY-STATE
INPUT PARAMETERS

STEADY-STATE

low. The water balance indicated that 33 percent of the
pumpage is derived from leakage, divided approxi-
mately evenly between aquifer systems above and
below the A-Sand aquifer, and 67 percent is from
boundary flow. Every grid block contributed leakage to
the A-Sand aquifer, and the average over 619 active
blocks is about 22 (m3/d)/km?. Leakage during 1987
would form an equivalent 8-mm deep sheet of water
over the modeled area. The calibration was judged to be
excellent considering that simulated heads matched the
observed heads, as indicated by the close agreement of
the simulated potentiometric surface to the actual one.
It should be kept in mind, however, that the actual
potentiometric surface was constructed from only 14
control points (fig. 5) and there may be substantial error
in areas of no data.

A sensitivity test was made to demonstrate the
viability of a nonleaky aquifer model, as previously had
been considered. As expected, when leakance was set

RELATION TO A-SAND
AQUIFER MODEL

DEFINE SYSTEM, BOUNDARIES
AND FORMULATE MODEL GRID

1

BOUNDARY CONDITIONS
LEAKANCE
HYDRAULIC CONDUCTIVITY
AQUIFER THICKNESS

1987 WATER LEVELS
1987 PUMPING RATES

L

| no?

DOES MODEL SIMULATE

no?

CALIBRATION

SENSITIVITY
TESTS

yes?

TRANSIENT INPUT-
PARAMETERS

TRANSIENT no?

CALIBRATION

OBSERVED 1987 HEADS?

TEST RANGES OF

TRANSMISSIVITY,

LEAKANCE, AND
BOUNDARY CONDUCTANCE
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AQUIFER STORAGE COEFFICIENT
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Figure 9.—Modeling procedures and their relation to the A—-Sand aquifer model.
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Table 2.—Model-input parameters

[m, meter; (m/d)/m, meter per day per meter; m/d, meter per day; m’/d, cubic meter per day; m2/d, square meter per day;
SWM, Suriname Water Company; DWV, Water Supply Service, Ministry of National Resources and Energy]

Parameter Value(s) Source of values
1. Steady-state calibration
1987 starting heads 1.7t013.0m Map prepared from measurements in 14
below sea level A-Sand aquifer observation wells (fig. 5).

Leakance coefficient 0.0000015 (m/d)/m Estimated from hydraulic conductivity ranges for
unweathered marine clays (Freeze and Cherry,
1979, p. 29).

Hydraulic conductivity 90 m/d Estimated from range of values between 12 and
340 m/d (United Nations Development
Programme, 1972, p. 42; Mente, 1984, p. 56).

Aquifer thickness 2t050m Estimated from map by United Nations Develop-
ment Programme (1972, fig. I11-3).

1987 pumping rates 1,926 to 19,059 m/3d Provided by SWM and DWYV (see table 1).

Boundary conductances 12 to 270 m%/d

2. Transient calibration
Predevelopment starting heads

Specific storage 0.00001 /m

1958-87 total pumping rates

3. Predictive model

1987 simulated starting heads 1.810 144 m

3 m above sea level

1,643 to 40,230 m3/d

below sea level

1987 pumping rates See above

Derived through model calibration.

Estimated from measurements in six wells
(United Nations Development Programme,
1972, Annexes 2 and 3).

Estimated from aquifer tests (United Nations
Development Programme, 1972, figs. I1I 44
and III 45).

Provided by SWM and DWYV (see table 1).

Output from steady-state calibration.

See above.

to zero, simulated heads were lower than observed
heads. A separate calibration was made whereby
boundary conductances were increased 50 percent to
allow 50 percent more inflow under the same head
conditions as in the leaky calibration. Transmissivity,
however, needed to be raised only about 20 percent to
convey water from the north coast to the pumping
centers. A nonleaky calibration was achieved with little
effort. However, the conceptualized leaky system with
lower transmissivity is considered more realistic
because the overlying and underlying units are known to
contain sandy beds as well as clay units. Because the
model is sensitive to changes in the aquifer transmissiv-
ity and confining unit leakance, a program of field
testing to refine estimates of hydraulic properties and to
map heads in bounding aquifers would benefit any
updating of the model.

Transient Calibration

A transient simulation incorporated the 30-year
pumping history (table 1). A specific storage value of
0.00001 per meter was specified initially and the model
computed the storage coefficient for each grid block by
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multiplying the value by the aquifer thickness in each
block. Other input files were changed to accommodate
transient conditions according to guidelines by McDon-
ald and Harbaugh (1988). The transient calibration was
achieved by adjusting specific storage until simulated
heads matched measured heads at long-term observa-
tion wells. Adjustments of transmissivity or leakance
were not done because this would have required
recalibration of the steady-state model. Figure 11
compares water-level hydrographs that were simulated
by the transient model at specific grid blocks with
measurements made in three long-term observation
wells located within the blocks. Simulated levels are
generally within 2 meters of observed levels over the
30-year time period.

A conclusion drawn from the transient calibration is
that the system reaches steady state in less than 1 year.
Evidence for this is the flattening of the observed water-
level hydrographs in consecutive years where pumping
is stable (fig. 4). The computed storage coefficient
ranges between 0.00002 and 0.00055, which indicates
low aquifer storage. Sensitivity tests indicated that,
when specific storage is increased by a factor of 10,



water levels varied from calibration levels by about
0.1 meter, which indicates that the model is insensitive
to the storage parameter when such low values are used
in combination with relatively large year-long time
steps. Further testing of the model with 1-day time steps
and 1987 pumpage revealed that equilibrium is reached
within a few days. The transient calibration is
essentially a series of 30 steady-state simulations. This
principle facilitates model runs because a steady-state
model using average annual pumpage will simulate the
same head distribution in one time step as it will at the
end of a transient run with many time steps, thereby
saving computer time.

Methodologies for Model Improvement

The model of the A—Sand aquifer is only as accurate
as the data on which it is based. Statistically, the model
accurately matches observed conditions. However, the
model is based on a sparse data set that could be
improved by:

1. Conducting long-term (5-day or more) aquifer tests
at each well field. This could be accomplished
whenever a new well goes online. The procedure
would involve shutting down one or two A-Sand
aquifer production wells and using them for obser-
vation; obtaining 2 or more days of periodic back-
ground measurements to ensure that water levels
have stabilized; pumping the new well and taking
periodic measurements of water levels and
pumping rates; and analyzing drawdown data for
transmissivity, storage coefficient, and leakance
coefficient. Ideally, observation wells could be
installed in overlying and underlying aquifers to
estimate the importance of vertical leakage in the
ground-water system and possibly to compute
leakance coefficients.

2. Keeping more accurate records of water-level
measurements. Elevations of measuring points are
based on old data and are questionable. Wells at
Zorg en Hoop and Helena Christina have not been
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Figure 11.—Observed and simulated water levels in the A—Sand
aquifer, 1958-87, for the transient calibration.

surveyed with reference to sea level. Changesin a
measuring point, such as at the Garnizoenspad
well in row 31, column 4 (fig. 5), need to be docu-
mented. A critical observation well at Uitkijk in
row 31, column 12, has been destroyed and should
be replaced.

Gaining a better understanding of the transition zone
between saltwater and freshwater. Saltwater
encroachment threatens the life expectancy of well
fields at Leysweg, Zorg en Hoop, and Meerzorg.
A program of test drilling to define the transition
zone and the installation of long-term water-
quality monitoring wells would benefit future
studies. Chloride concentrations in water from the
Dr. Sophie Redmondstraat well do not seem to be
changing, even though the well is located between
the interface and Zorg en Hoop where the water
quality is changing. Construction of the well and
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the sampling procedures need to be checked to
ensure that a representative sample from the
A-Sand aquifer is being obtained.

4. Monitoring the Coesewijne and Onverdacht aquifer
systems. Mente (1984, fig. 9) proposed that an
observation-well network be instailed in the
Coesewijne aquifer system, but as of 1988, a
regular water-level and water-quality monitoring
program had not been instituted. Water-level
observation wells, especially in the Livomo area
where there are no Coesewijne aquifer production
wells, would provide information on leakage
between the Coesewijne aquifer system and
A-Sand aquifer. Monitoring the Coesewijne and
Onverdacht aquifer systems also would test the
hypothesis of constant-head conditions in the
aquifers and whether the head values used in the
model are reasonable.



SIMULATING EFFECTS OF PUMPAGE ON
AQUIFER HEADS AND
GROUND-WATER MOVEMENT

The numerical model can be used to simulate the
head distribution and water budget in the A-Sand
aquifer that would result from a hypothetical stress on
the hydrologic system. Thus, model results may be
helpful to government agencies, consulting engineers,
and planners as a management tool in the development
of water supplies. Typical examples are presented to
demonstrate how model results can be used to estimate:

1. Historical water-level conditions,
2. Effects of pumping from a new well field,

3. Effects of redistributing pumpage by adding a new
well field to relieve overpumping at existing well
fields, and

4. Ground-water flow velocity and the potential for
inland movement of saltwater.

Although these four cases are described in detail,
there are many alternatives that can, and some that
cannot, be tested. For example, the model could be used
to simulate the effects on leakage to the A—Sand aquifer
due to lowering the head in the Coesewijne aquifer.
It also could be used to demonstrate how a line of injec-
tion or withdrawal wells along the north coast might be
utilized to reduce head gradients, thereby slowing salt-
water encroachment. Because of the relatively large
grid, the model cannot be used to simulate interference
between wells within a well field. Hydrologic judge-
ment should be used when simulating pumpage near the
model boundaries.

Historical Head Conditions

Little is known about the shape of the potentiometric
surface of the A-Sand aquifer prior to 1985. Head
measurements were made when the first test wells were
constructed in the 1950’s and again as new wells were
constructed in the late 1960’s and early 1970’s. The
A-Sand aquifer observation well network was not
instituted until 1985. The transient model was used to
simulate head conditions each year between 1958 and
1987. The results illustrate how increased pumping has
lowered the potentiometric surface from its predevelop-
ment head of 3 meters above sea level to the 1987 heads.
Figure 12 shows simulated potentiometric-surface maps
at the end of 1960, 1965, 1970, 1975, 1980, 1985, and
1987. Maps derived from simulation for these and
intervening years were used to estimate annual changes
in hydraulic gradient and rate of landward movement of
the saltwater-freshwater transition zone north of the Zorg
en Hoop well field.
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1960.—Combined pumping from Santo Boma and Zorg
en Hoop well fields was 3,288 m3/d, and cones of
depression had developed around each well field.
The lowest point occurred within the 1 km? grid
block at Zorg en Hoop where the head at the end of
1960 was about 1.3 meters above sea level. The
head in the Santo Boma grid block was 2.1 meters
above sea level and was about 0.1 meter below the
level in surrounding grid blocks. The water bal<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>