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SIMULATED CHANGES IN WATER LEVEL
IN THE MINJUR AQUIFER
RIYADH AREA, SAUDI ARABIA

by

James F. Williams [11* and Ibrahim Al- Sagaby**

ABSTRACT

A two-dimensional finite-difference computer model of the Minjur aquifer in the Riyadh area
of Saudi Arabia was developed to simulate and predict drawdown in the aquifer caused by ground-
water withdrawals. The Minjur Formation is of Late Triassic age and is composed of a sequence
of sandstones and shales. The sandstones are generally massive, cross-bedded, poorly sorted,
and laterally persistent. At Riyadh, the top of the Minjur aquifer is about 1200 meters below
land surface. The thickness of the aquifer within the 40,000 square-kilometer study area ranges
from 74 to 138 meters inclusively.

The Minjur aquifer is the major source of municipal water for Riyadh, the capital of Saudi
Arabia. Without water supplied by the Minjur, it is doubtful that Riyadh could have sustained its
enormous growth rate and reached its present population of approximately 1 million. The total
pumpage from the Minjur aquifer in Riyadh and its environs has increased from 2,160 cubic
meters per day in 1957 to an estimated 220,000 cubic meters per day in 1979. The Minjur
aquifer supplied more than 80 percent of all water used in Riyadh in 1979.

The Minjur aquifer was modeled as a confined aquifer recharged by leakage through overlying
confining beds. The calibration scheme consisted of simulating historical pumpage from an initial-
ly flat potentiometric surface. Pumpage was simulated for a 23-year period, 1957 through 1979,
and was subdivided into separate pumping periods of 1-year duration. The model was calibrated
by comparing computed with measured water-level decline for various time periods.

Values for aquifer characteristics used in the 160,000-square-kilometer modeled area to re-
present the Minjur are: Transmissivity of 0.0010 to 0.0062 square meter per second inclusively
and storage coefficient of 0.07 and 4 x 10™* for the unconfined and confined sectors, respectively.
The value used to represent the vertical conductivity of the confining bed is 2 x 107" ? meters per
second.

Predictive simulations indicate that if the Minjur aquifer in the Riyadh area were to be stressed
by estimated future pumpages, additional water-level declines ranging from 10 to 90 meters,
depending on location, would occur in the aquifer from 1980 through 1999. Simulations also
demonstrated that pumping levels in the new Buwayb well field will decline substantially from
1980 through 1981.

*  United States Geological Survey

** Saudi Arabian Ministry of Agriculture and Water



INTRODUCTION

The Minjur aquifer is presently the most impor-
tant water source for the city of Riyadh, the
capital of Saudi Arabia. The Minjur, in 1979,
supplied over 80 percent of all water used in
Riyadh. Without this water it is doubtful that
Riyadh could have sustained its present population
of approximately 1 million. Approximately 115
large capacity wells presently tap the Minjur aqui-
fer in Riyadh and nearby areas. Combined average
daily pumpage in 1979 was about 220,000 cubic
meters per day (m®/day).

Since the first production well was drilled into
the Minjur aquifer at Riyadh in 1957, increasing
ground-water withdrawals have caused progressive
declines of ground-water levels. From 1957
through 1979 water-level declines of 75 meters
have occurred in the city of Riyadh. Recent heavy
withdrawals (100,000 m3/day during 1980) at the
new Minjur well fields north of Riyadh (Salbukh
and Buwayb) have caused water-level declines of
85 meters from 1978 to mid 1980.

Because the Minjur aquifer is the only reliable
source of a large quantity of chemically acceptable
water in the Riyadh area, it will continue to be a
major water source for municipalities and large
agricultural users. Saudi officials are concerned

Purpose and Scope

The purpose of this report is to describe a two-
dimensional model prepared for the Minjur aquifer
and to show how the model can be used to predict
future water declines resulting from various pump-
ages. It is useful for water users and managers to
know how much drawdown pumpage will cause in
an aquifer. Mathematical simulations of an aquifer
system and the use of computers has made it
possible to estimate changes in the water level of
an aquifer based on various pumping arrangements.

Acknowledgments

The authors would like to express their apprecia-
tion to those individuals who contributed their
time and effort to this study. Mr. Mustafa Noory,
Director General WRDD, was extremely helpful
in providing the overall guidance for this investi-
gation. Special appreciation is due Mr. Chase
Tibbitts, U.S.— S.A. Joint Economic Commission,
for his ideas related to the general outline of the

Location and Extent of the Study Area

The Minjur aquifer occurs beneath a large portion
of eastern Saudi Arabia. This report is concerned
with that part of the Minjur that occurs beneath

whether or not the Minjur can continue to supply
its share of the projected water needs of the area.
The production capability of the Minjur will affect
the economic development of the study area. Large
increases in population are projected for the
Riyadh area and it is necessary to know in advance
to what extent the Minjur aquifer can be developed.

Because the Minjur aquifer already is heavily
used, no new large well fields drilled into the aqui-
fer are planned. A new well field, however, locat-
ed approximately 120 kilometers (km) east of
Riyadh in the Wasia aquifer is under construction.
When the Wasia aquifer begins supplying water to
Riyadh in late 1981 or early 1982, it is anticipated
that pumpage from the Minjur can be reduced;
however, only slight cutbacks are anticipated
because water demand will also increase.

Within the Minjur Formation in the Riyadh
area, there actually are two aquifers — the upper
Minjur and the lower Minjur. These two aquifers
are separated by 150 meters of shales and mud-
stones. The lower Minjur aquifer is unused due to
its poor water quality. The upper Minjur aquifer is
the focus of this study and henceforth will be
referred to as simply the Minjur aquifer unless
usage of the term upper Minjur aquifer is deemed
necessary for clarification.

Drawdown predictions based on the model may aid
water-use administrators and planners” in their
decision-making process.

All of the available water level and pump:_
records from all wells within the study area as well
as every available geological and hydrogeological
report of the area were used to prepare and cali-
brate the model. The finished model was used to
simulate future water-level declines based on two
different pumping schemes.

report. Historical pumpage values for many of the
older wells were provided by Mr. Jesus Quimpo,
hydrogeologist, =~ WRDD. Mr. Ali Al-Ddlooj,
Director of the Hydrology Division, WRDD,
assisted in providing water level information. The
tedious job of drafting the plates and figures was
executed by Mr. Ghazi Khan, U.S. — S.A. Joint
Economic Commission.

the Riyadh area. The study area as defined for this
report is approximately square (240 x 225 kms)
with Riyadh located to the south of center (fig.1).
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The study area is approximately 40,000 squar
kilometers. Because the model’s boundary does

not coincide with the study area the total area

modeled is approximately 160,000 square kilo-
meters. A more detailed view of the model grid
and modeled area is shown on plate 1.

STRATIGRAPHY OF THE STUDY AREA

The Minjur Formation is part of a sequence of
geologic formations that occur in the Arabian Shelf.
The Arabian Shelf is a broad area underlain by an
eastwardly thickening wedge of layered beds of
limestones, shales, mudstones, and sandstones
laid down on a basement ¢omplex consisting of
crystalline rocks. Figure 2 shows the generalized
subsurface geology of the Arabian Peninsula.

Approximately 5,500 meters of sedimentary
rocks ranging in age from Cambrian to Pliocene (?)

were deposited on the “basement”  (Powers and
others, 1966, p. 31) in the eastern part of Saudi
Arabia. This report focuses attention on one
sequence of sandstone layers (upper Minjur
aquifer) found in this mass of sedimentary rocks
and sediments. Table 1 summarizes the age, litho-
logy, and water bearing properties of all of the
various geologic units beneath the study area.



e|nSuluag ueiqesy ayl jo ABojoab soejinsqns pazijesausn —'g aunbiyg

« 9961 ‘VYAETA T3 ¥ ‘ZIWINVY "J1 'SYAMOd ‘M'd Ad ADOT03D.,

SYHILIWOTI
QMm 00 00¢ 002 a.a— ﬂcm cw—
\ —fopl
~ —.8L
vigviyv ianvs 40 WOAONI 0
~ /" oCC
~ 92
.mmxm_QEOU
snosubl O Ajuiow pasidwo)
-SNIVINNOW 1138 3118OW dNavie
"$¥204 AJojuswipss
—e0¢

0 Ajuiow pasudwoy ~ J13HS NVIEVYY
'$3204 AID{UBWIpPas

B WO Y204 dydiownidw pub sNosuB!
Jo Ajupw pasudwod-gI3IHS NVIgVIY

L

1 l

9 09 <99




1/

Table 1 . - Generalized Stratigraphy of the Riyadh Area, Saudi Arabia. =
System Stratigraphic Units Dominant lithologic character Water-bearing properties
Quaternary Surficial Gravel, sand, and silt Yields small to moderate amounts of water to
and deposits wells drilled mainly in Wadis.
Tertiary
Tertiary Kharj Formation Limestone, gypsum, and gravel Variable and erratic - Locally small yields can
be found in Wadis; generally dry elsewhere
Aruma Formation Limestone and shale with some Only very small yielding wells have been
sandstone in lower part produced
Wasia and Biyadh Formations Sandstone and shale Yields moderate to large (60 H\mv amounts of
Cretaceous water to wells east of Riyadh. Wasia-Biyadh
aquifers will supply municipal water to Riyadh
commencing in 1981.
Buwaib, Yamama, and Mainly limestone with some shale Very poor aquifer due to the generally aphanitic
Sulaiy Formations and tight character of the limestone
Jurassic Hith Formation Anhydrite Aquifuge
Arab, Jubaila, Hanifah, Mainly asphanitic or Except for the Arab and Juabila Formations these
Tuwayb, Dhruma, and calcarenitic limestone with formations function as thick aquicludes. Before
Marrat Formations some dolomites and shales Riyadh began using the Munjur Formation as a
water source, the Arab and Jubaila Formations were
the main sources of water for Riyadh
Minjur Formation Sandstone and shale Primary source of public water supply for the city
of Riyadh. Yields of over 60l/s are easily
. i obtained. Upper part of formation contains better
Triassic .
quality water than lower part
Jilh Formation Sandstone, aphanitic limestone, Largely untested at depth. Yields moderate amounts
and shale; some gypsum of water to wells at Shaqra, Marrat, and Ushaqir
Crystalline rocks Presumed to consist of granite,
iorit desite, basalt, U ted
Precambrian (Arabian Sheild or gnorodiorite, andesite, basa nteste

basement)

and cther igneous-Metamorphic
rocks as found in outcrop area

1/ Modified from Table 1 (Powers

and others,

1966)




MODELING THEORY AND DATA REQUIREMENTS

The purpose of the simulation model utilized
in this study is to predict the hydraulic head in the
Minjur aquifer at any specified location and time.

The theory used in this study is based on the
concept that ground-water movement can be
expressed in two dimensions as a partial differen-
tial equation. The basic flow equation, which is
derived by combining Darcy’s law and the equation
for the conservation of mass, is given by:

d dh 2 dh dh
M ﬁ(Txx ﬁ) *W(Tyy W) St * Whewo

in which
Txx, Tyy = principal components of the trans-
missivity tensor
(length squared divided by time
(L2t71)
h = height of the ground-water level
above an arbitrary reference datum,
usually sea level (L);
S = storage coefficient of the aquifer
(dimensionless);
t = time (t); and
W = volumetric flux of recharge or with-

drawal per unit surface area of the

aquifer (Lt_l).
Equation 1 can be broken down into finite-differ-
ence equations that can approximate the solution
to the basic flow equation. The finite-difference
equations can be rapidly solved by a digital
computer (Trescott and others, 1976). The
approximated equation 1 is shown as follows:

1 G et kR0 . Gy kP,
(2) Wj Txx(i,j+‘é) ———_ij+l/z — xx(i,j—%) ij_%

i+%

1 R N O PR S B
* v || Tyvaes ) T Ay, yyG=nd) Ay,

-

ar— Bijk Thig k-0t Wik

where

1Lj,k = indices in the x, y, and time, t,
dimensions; and

Ax, Ay,At = increments in the x, y, and time, t,

dimensions.
When the fluxes are comprised of: (1) withdrawals
or recharge (for example, evapotranspiration, well
pumpage, or well injection), and (2) leakage in or
out of the aquifer through a confining bed, then
W (i, ], k) in equation 2 is expressed as:

Kvdij
@ -l N M A
hhk AXAY; Pho TR MR )
- N2 Ky
S _o v g Ly
i1 + 2 N%l exp Kv(i,j)t Mi, j i,j,0 i,j,0
2
M358 ))

where
H; i, o = hydraulic head in the aquifer above

e the confining bed (L);
h; i, o = hydraulic head in the aquifer at the

k] b

start of the pumping period (L);
Kvg . vertical hydraulic conductivity of
’ the confining bed (L/t);

Mi’j = thickness of the confining bed (L);
Q; i, k) rate of withdrawal (positive sign)
* or recharge (negative sign) (L3 /t);
Ss(i,j) specific storage in the confining
layer (L71);
Ky (i ' = dimensionless time; and
2.6 ..
M55 4)
t = elapsed time of the pumping period

(1).



The digital-model program used for this study
is by Trescott and others (1976). It evolved from
earlier work by Pinder (1960). The model is design-
ed to simulate in two dimensions the response of
an aquifer to an imposed stress.

As in most mathematical models, certain
assumptions are presumed to govern the system.
The main assumptions of the Trescott, Pinder, and
Larson program as they relate to the Minjur aquifer
model study are:

1. Flow in the confined aquifer (Minjur) is hori-
zontal and in two dimensions, even though
leakage may occur through the upper confining
bed. This assumption is justified if the horizon-
tal conductivity is appreciably greater than the
vertical conductivity. In addition, the aquifer
is assumed to be isotropic and homogeneous
within the grid block.

2. Recharge to the Minjur aquifer is derived from
leakage through the upper confining material.
Hydraulic head in the recharging aquifer is
assumed to be constant with time. Any re-
charge to the Minjur aquifer from below is
computed as if it was derived from the upper
recharging aquifer.

3. Flow through the confining bed is vertical.
This assumption is valid if the hydraulic
conductivity of the confined aquifer is much
greater than the hydraulic conductivity of the
confining bed. Experimentally, it has been
found that if the ratio of the aquifer’s hydrau-
lic conductivity is between 10:1 and 100:1,
the error is 5 percent or less. When the ratio is
greater than 100:1, the error is less than 1
percent (R.L. Cooley, U.S. Geological Survey,
Denver, Colo., written commun., 1976). In
this report, the ratio is estimated to be greater
than 1,000:1.

The Minjur aquifer was modeled using the
Strongly Implicit Procedure (SIP) numerical tech-
nique to indirectly solve equation 1. The outline
theory behind the computational algorithm of this
method can be found in Remsen, Hornberger, and
Milz (1971), and Trescott, Pinder, and Larson
(1976).

In order for the model to be a reliable, predict-
ive tool, it must be calibrated against past water-
level conditions. The procedure used to calibrate
the Minjur aquifer model was to simulate historical
pumpage and match measured water-level changes
against computed values.

GEOHYDROLOGY OF THE MINJUR AQUIFER

Areal Extent, Depth, and Thickness

The Minjur Formation crops out on or under-
lies the entire study area. The Minjur Formation
crops out in a NW-SE direction about 100 kilo-
meters west of Riyadh (Fig. 3, in pocket) and
occurs at depth to at least as far east as Khurays
(plate 1). East of Khurays, the Minjur is believed
to become very thin or nonexistent (Brown and
Lough, 1963, p. 20). The Minjur Formation (the
top of the Minjur Formation is also the top of the
upper Minjur aquifer) has been identified on the
land surface as occurring between latitudes
20°32°N and 28°07'N, a distance of 820 kilo-
meters (Powers and others 1966, p.D37). Within
the study area the outcrop’s width varies from less
than 10 kilometers, near Shaqra’, to approximately
33 kilometers, 70 kilometers southeast of Shaqra’.

The depth below land surface of the top of the
Minjur Formation can be determined by subtract-
ing or adding the land altitude to the structure
contour lines (scl) of Figure 3. If the top of the
Minjur is above sea level then the scl is subtracted

from the land altitude to determine the depth
below land surface. Conversely, if the top of the
Minjur is below sea level then the scl is added to
the land altitude to determine the depth below
land surface. The top of the Minjur aquifer in the
study area varies from approximately 600 meters
above sea level in the outcrop area to approxima-
tely 1200 meters below sea level at Al Kharj.

The thickness of the Minjur aquifer at Riyadh
varies from 105 to 138 meters inclusively. Over
half (55 percent) of the aquifer’s lithology is sand-
stone, the remainer being interbedded shale. To
the northwest of Riyadh in the Jalajil-Ushayqir-
Tumair region the thickness of the Minjur ranges
from 125 to 132 meters inclusively, and averages
129 meters. At this location the sandstone percent-
age of total thickness is approximately 50 percent.
Near the outcrop area the Minjur Formation thins
to an average of 74 meters; however, the percent
of sandstone to the total aquifer thickness increas-
es to approximately 70 percent.



Lithology

The Minjur Formation is composed mainly of
medium-to very coarse sandstone intercalated
with subordinate lenses of shale. The sandstones
are composed of quartz sands and are generally
well sorted. The sand grains show a high degree of
rounding and sphericity, typical of a continental
deltaic facies. The color of the sandstone typically
is white to tan brown. The porosity of the sand-
stone is approximately 25 percent (Sir M. Mac-
Donald and Partners, 1975, v. 3, p. 45). The
cementation material mainly consists of clay and
iron minerals but silica and calcite are present
locally in small amounts.

The shales interbedded with the sandstone
generally are less than 10 meters thick, are in
places fissile or splintery, and appear as varicolor-
ed mixtures of green, blue-gray, and red.

Transmissivity and Storage Characteristics

Transmissivity (T) is the rate at which water of
the prevailing kinematic viscosity is transmitted
through a unit width of the aquifer under a unit
hydraulic gradient. The unit of measure is length
squared divided by time. The transmissivity of the
Minjur was determined directly by aquifer tests
and indirectly from specific capacities. Specific
capacity is the relation of yield to drawdown and
is given in liters per second per meter of draw-
down. In the areas lacking an aquifer test, there-
fore, the T was estimated using specific capacity
calculated from well completion reports. Not all
of the T values calculated from specific capacity
were utilized. Extreme values not fitting the

* pattern of the majority were not used.

Figure 4 (in pocket) shows the estimated trans-
missivity of the Minjur aquifer. The areas of high-
est transmissivity are located to the southeast and
west of Riyadh. An area of low T is situated to the
southwest of Riyadh. Transmissivities for areas
north and east of the Buwayb well field are guesses
as no Minjur wells are present in these areas.
Transmissivities are highly approximated also in
the outcrop area where few wells have been drilled.

The storage coefficient, as determined by
aquifer tests in the confined part of the Minjur
aquifer, ranges from 1 x 107* to 43 x 107°
with the average value being 4 x 10™*. In the un-
confined part of the Minjur aquifer the storage co-
efficient is less well known but is believed to be
approximately 0.07.

Pumpage

The first well drilled into the Minjur aquifer in
the Riyadh area was at Shemesy (Fig. 5, in pocket).
This well was used for municipal purposes and
production was commenced in 1957. Before 1957,
all water used in Riyadh was derived from shallow
wells constructed to penetrate either the gravel and
sand aquifers present in dry stream beds (wadis) or
limestones. By the end of 1979, wells in the
Minjur aquifer were supplying 80 percent of all
municipal water used in the Riyadh area (Abdullah
Dahash, Riyadh Water Works, Riyadh, Saudi
Arabia, Oral Commun., 1979). In addition,
several large farms located to the north of the city
of Riyadh (i.e. Faydat er Ritha; Kasha Thamamah)
have recently drilled wells which tap the Minjur
aquifer. Also, many small towns (Al Majma’ah,
Al Kharj, Durma, and others) located to the west
and northwest of Riyadh utilize the Minjur as a
municipal water source although the quantities
pumped are generally small and sometimes pump-
ing is intermittent.

Minjur pumpage in the Riyadh area from 1957
through 1979 is shown in Figure 6. A more detail-
ed breakdown of this pumpage is presented in
Table 2 which shows the yearly average pumping
rate of each well in the Minjur aquifer in the study
area.

Historical pumping rates were difficult to
document because records were only partially
maintained. Pumpage records for some contempo-
rary wells are even non-existent. Consequently
many of the pumping rates used for the model
calibration are best-guess estimates. A report by
Jesus Quimpo (1972, p.3) was very useful for
estimating historical pumpages.



Relation of Water Levels to Pumping

Before 1957, the Minjur aquifer had not been
pumped in the Riyadh area. Hence the aquifer was
essentially in a steady state condition. Figure 7 is a
computer estimate of the prepumping potentio-
metric surface of the Minjur aquifer (Papadopulos
and others, 1977, p. A—7). Water in the pre-
pumping period moved from the outcrop area
toward the northeast. When pumping commenced
in 1957, water levels in the aquifer started declin-
ing. Figure 8 shows the approximate 1974 poten-
tiometric surface of the Minjur aquifer (Sir M.
MacDonald and Partners, 1975, Album of maps
and drawings, p.H1). By 1974, 17 years of
production had caused water levels to decline
about 60 meters in the center of Riyadh. Since
1974, additional water withdrawals from the
aquifer associated with the new Salbukh and
Buwayb well fields have caused greater water level
declines in the Riyadh Area. From 1978 through
1979, water levels declined from 65 to 85 meters
inclusively, in the Salbukh field. In the Buwayb
field between late 1979 and mid 1980, water level
declines of 40 to 65 meters inclusively, took place.
In the city of Riyadh, water levels declined an
additional 15—25 meters from 1974 through 1979.

Recharge and Direction of Flow

The Minjur aquifer receives its recharge directly
from precipitation and from other aquifers. Preci-
pitation was not incorporated into the Minjur
model because of the type of calibration procedure
used to model the aquifer. However, the actual
amount of direct recharge is believed to be bet-
ween 3.5 and 7 mm per year (Sir M. MacDonald
and Partners, 1975, v.3, p. 122).

The Minjur also receives recharge from other
aquifers through semi-permeable confining mate-
rials.  This occurs when the head differential
between the Minjur and aquifer below or above is
great enough to induce water to leak through the
semi-confining material separating the aquifers.
The Minjur aquifer is believed to receive most of
this type of recharge from deeper aquifers (Lower
Minjur, Jilh) rather than from the more shallow
aquifers.

In the horizontal direction, ground-water
generally moves at right angles to potentiometric
contours and from contours with high values to
those with lower values. Figure 7 shows the
estimated potentiometric surface of the Minjur
aquifer before pumping. Ground-water movement
was from the outcrop area to the northeast.

10

When an aquifer is heavily pumped, the with-
drawal of water alters the natural flow pattern.
For example, Figure 8 shows that by 1974, heavy
Minjur withdrawal at Riyadh has caused ground-
water movement in the aquifer to reverse its
natural flow pattern and develop a new flow
system with movement toward Riyadh.



iiiiiiiiiiiiiiiiiiiiiiiii

8vs

N

Vi,
Wi

S i

s (i

s/ /)] 11111

I,

o ////]1]],
stl////]]

/
881

/1]
//7?/1

9699917 //j
/

oLy
22 4 ///

9787

/
esz /

G9¢ /

S€C

olLc //
/

o6}

06

1°X4

1957 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79

11

Years

Figure 6.— Pumpage from the Minjur aquifer in the Riyadh area, 195779



oy ov €9 8S Sv - -- - -- -= - - - - - - - - - -- -— -— -- SZ-£¢ £ yeuybeq
o€ ol S 44 SP - -- --= -- -- - - -- -- - -- - - - -- -- -- - Ze-v2 € "M'H
o€ ot 15 LY 14 81 -- - -- -- - -- - -~ -- -- -= -- -- -- - - --  ££-92 Z "¥W°H
o€ (0] sS 14 Sy 4 -- - - -- -- -- -- -- - -- -- -- -- -- -- - - PE=LT T "4°H
o ov 85 05 Sy 0T -— - == -- - - - -- - - - -- - - -- - -- Lz-ze ¢ yeuybeq
0z 0z -- 1z 2 0T -- -- -- -- -- -- -- - - - -- - - -- - -- --  05-9¢ € Wwmares
o€ o€ z € o€ o€ - - -- -- -- -- -- -- -- - - - -- -- -- - --  Lb-ST S wmqres
0¢ o€ ov 15 514 4% ve -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 15-92 v uwmqres
op o 147 97 47 47 (47 -- -- - - -- -- -- -- -- -- -- - -- -- - -~ 6&p~SC Z ydAnqres
ov ov 17 8y St Ly {3 - -- -- - -- -- - - - -- -- -- - -- -- --  6p-st T wmqres
ov ov LE €p 8v 8v 8v -- -- -- - - -- -- - -- -- -- -- -- -- -- --  S€-pg 7 peoaTTey
0s 0s zs 87 ov ov 143 -- -- -- -- -- -- -- - -- -- -- -- -- -- - --  op-tt T zZ9Ten
0S 0s 0s St 9 9s 9 0z -- -- - - - -- - - - - -- - - - - Tz-le ¢ efeng
s-T
SS ov o€ ot o€ o€ ol o€ -- -- - - -- -- - -- -- -- -- -- -- - --  1p-8¢  paenn ‘3eN
0s 0s s €y Ly LY 8% S €z - -~ -- -- -- -- -- -- -- - -- -- -- -~ LE-PE T peorlTe®d
ov ov 6¥ vy SS €5 9 zs 09 09 09 -- -- -- -- -- -- -- -- -- -- -- - zz-ze T eleng
s sS 09 8Y 0s 9 vS 8t 0s 0s 0S - - -- -- -- - -- -- -- - - --  9z-tg 1 yeuybeg
0S 0S 18 0S zs 6 65 0s 09 0§ 0s - -- -- -- - -- - T i 4 4 2 3rodaty
“Ted
0c 0g¢ ()4 (¢4 ¢4 oc (¢4 0c 0z 0c¢ oz ()4 ()4 0z - - - -= -= - - - - Ty-87 9OUTId umoLd
0S 0S (5374 Sy 4 oY ZS 9s 0s 0S 0s 0ot (014 (94 - - - - - - - - - €2-T¢ ITeH 1Y
oy Sv 147 Sy 1874 Ly [474 €e Sv Se St St ov St - - - - - - - - - 6£-67 obexen Tekoy
G 10 7't
Sy Sy ov ov v LY [44 €€ (014 o€ o€ oc oc¢ 0z 0oz - - - - - - - - LZ-61 qeitd
S S S S S S S S S S S S S S S € - - - - - - - 8v-C1 euang
- - -- -= -- -- -- - - - -- -- -- ot 0T ST ST - -- - -- - --  ££-0¢ Jepueg
oc S€ ()4 o< [0]4 014 )4 0T 0T 0T 0T 13 13 13 13 0c ()4 0z - --= - - - 9b-€Z UyeAT,ITQ PY
ov ov €€ 6T ov 8V (534 [44 Sy 0S 0s - - - 0C 0z 0z [eJ4 ot - - - - €p-5z z‘'T yebar 1v
0§ 0S Zs 1s 0§ 14" SS [44 09 0Ss 0s 0s 0s 0Ss - - oc 0z ST - - - - Te-T¢ T ez1r
- - - - - - - - - (6] 4 0oz (¢14 oz 0oz ST (94 0z ST ST - - - -- 8t -8¢ yeiAtped
€'z
97 S oY Sy 4% 1474 8t LY S ov ov oy [0}3 ST o€ (014 0z )4 0Z oz - - - 0v-8¢ YRATITSEN
't
ov ov ov ov 534 1S €S %47 09 09 -= -- oT 0oz (013 oz ST 0z 0z oz -- -- - 8Z-€¢ YeAranosuep
) €'2'1
(619 o€ [e13 (013 (o3 [e]3 )3 (¢}3 [¢}3 ov ov S€ 13 [o]3 o€ (614 ()4 ()4 0z 0oz ST - - Tv-67 "1ed 1eZZey
SE 33 8¢ 9t €€ 8¢ 1€ LE ov St ot ot 13 St 13 0¢ [e]3 (93 ot ()3 ot 0T - p-T¢ yeArnoy
Sv S¥ 8 ov 0Ss ov Ly €S 09 SP 0s 0S 0S 0Ss 0s SE S¢€ Sv Sy 174 S 13 -- Ty-2¢ T 29TeNH
- Sy LY ov 6¢ 9t 6t (474 SS 0s SS Sy ov ST ST ST ST ST ST ST ST ST S 6€-67 T YeATITSEN
- - == == == - ov oy 0s 0s 0s 0s 0s S¢ 0S St St Sy St ov Sy 613 0z LE-6T Asaueays
A@»mﬂ %hma LL6T 9L6T GL6T VLol €L6T TLoT TL6T 0OL6T 6961 896T L96T 9961 GS96T V96T €967 2961 1961 0961 6%6T 8561 LS61 "ON SweN TTSM
pPIio

puoOO9S 194 SA9ITT UT sojey butdung pojewTisy iTayg pue xs3 by

I0LUTR 9YyL uTl sTTeM Jolew - z FTAYL

12



0T
0T
0T
0T
0T
ot
o1
0T
ot
0¢
01
Le
9t
8¢
184
LY
LY
£y
6V
8%
Sy
[43
1474
14
14
S¢

(o4

0ot
ov
)3
o€
34
01
ov

o1
0T
Cc1
ot
01
0T
ot
01
[6}3
o€
01
€1
vl
At
L1
LT
vl
LT
T
0ot

LT
¢l
St
ST
ST

(ok4

[¢}3
ST
0¢
0ot
24
01
av

S¢
ve
0t€
8V
ot
ov

0T
Sv

0T
537

8¢ -8C
LL-ET
8L-0T1
SL-2T1
LL=9
79-0T1
8L-01
0L=S1
9T-8V
08-6
LE-DT
¥9-€2
c9-v¢
vo-be
99-t¢
L9-C¢t
89-T¢
G9-0¢
99-6¢
89-8¢C
69-LC
£9-9¢
L9~V
LZ-8¢
Ze-G¢
8C-LE
TL-8¢
TL-LE
0L-8¢

0L-L¢

09-t¢

£p-¢¢
0e-9¢
SE€-vZ
9¢-S2
9€-92
ce-cy
LT-LE

yetped TY
yexleysn
yepmey
brpeyr
atbhAeysn
uexied
eyMeH 1Y
BT TWRINH
7’1 Caeqy
yeewley 1Y
yeATwtyezng v
0z Wmnqres
61 UMnqres
LT ymaqies
91 yxnqres
ST ydnqres
PT ysnqres
€T Wnqies
<1 y¥nqres
1T yAnqres
0T YdnqIes
6 yxnqres
L Unqres
S

T U

€ ux

14
€ "
4
1 Yeweweyy,

eyseyy

€'C'T euaTY
a3 3eples

yelinpavy
2ouTId

z wi
£ ON
z ON
T ON
T utwoxiad

b ua

Amhma A@hmﬂ

LL6T

9L61

GLel

vLel

€Le6Tl

L6l

TLet

oL6T

6961

8961

L9961

9961

S96T

Vo6t

£96T

2961

1961

0961

6561

8S6T

Lsel

- oN
PTID

SueN TToM

(P3nUTIUOD - ¢ dTdel)

13



eaep butdund

ssojex butdund ;.67 UO paseq 8I9M 6L6T PUP 8L6T 103
1I® ‘STToM DPO309T8S 19Ul0 MaJ P pup spiaTl TTamMm glemng pue ynqres xo0j 3dsoxm (1

8vsZ vi61

Sl

£€6¢CT

S8ET

ZeT1t

5901

66L

88L

QSL

S69

S9¥

oLV

SEV

06

S¢

TYLOL

LR S e T ST S e N N L T S Y S S S

~

eV
8V
8P
0z
ST
0T
0T

0T
ol
0t

0T
0T

0T
0T
01

16-¢v
€5-1v
1s-vv
¢s-tv
PS-2ZP
[45hai<}4
bS-vv
09-¢v
95-5b
96 -£¥
86-CV
86-vv
6G-ch
09-1¥
09-07%
79-€v
Z9-1p
29-6¢
89-£¢C
L9-T2
99-2¢
59-9¢
€e-b¢
12513
¥G-8¢

T6-6¢€
9L-9
vL-L

8T w
LT u
91 "
ST "
128 "
€T "
[ "
11 “
ot "
6 u

8
L
9
S "
4
€
z
T qlemng
9 uwngres
Zz ymares
Tz ywmares

8 wmares
9w

[4 "

T 3zodaty
MON

eaibeys

yeienw

A@mma A@hmﬂ LL6T

9L61

SL6T

viet

€L6T

ZL6T

TL6T

oL6T

6961

8961

L96T

9961

5961

96T

€961

2961

1961

0961

6561

8G6T

LS6T

-oN
pTId

SWeN TT1aM

(ponutiued - 7 @Tqed)

14



Jajinbe unluiy a8yl jo aodejuns disldwoiludlod buidwndaid sjewixoiddy —/ ainbig
R AT e e o

44

€96L°00 I'Q UBSIUBWY uBIgeLY PUE A3Aung
1 je0160|029 SN Ag ABojoa 9 n.oLUuJO:
ravHM V. e~
~ T ==-=-
dlLVH IV *
avdia -
HAVAlY ®
9 . N
NVIV WHSVH HYAIIG Y-
/ -
A,\ -
Nvanvg * / 10,
a1314 MIm /
gAvmng VIINAVHNAH *
EIFREEIT
HYNGIVS
VdOVHS -
o o0g 0z 0l 0o 0! /o
- : . . . 3 HIDAVHSN .
SH3L3WOTI &
N3LSAS N3gvHo[= — =]
/0
V34V dOHOLNO faidis 4
NOILVYINHOd HNCNIN E2%%e HYINNY HY DAYH Ty -
dIVIANL * ~
“[9AB] eas uesw SI wnieq -
sJolaw ] |eAJdlul JNO1UOY  "PaIEd0|
Aprewixoidde  'suoiipuod Burdwnd
—Uuou lepun adepns o1newonuLIod
ayl 10 apniie smoys — — YNOLNOD /
IIY1INOILNILOd— 025~
HYVINCYWW TV *
NOILVNV1dX3
9
YAy 5% -

8y



45

46

26

e
Base from Ministry of Defence, United Kingdom

Series 1404 Sheet 546 -C,Edition I-GSGS,1965

491
D DIRIYAR - HASHM ALAN
N 3

7
RN ADH
Wb ﬂ%&m «09
(@)
*501 \
. AL HA'IR \
505
-~ __J- Ll 50 )
\m -

—_———

48
511 EXPLANATION
- AL MAJMAAH
—500— POTENTIOMETRIC CONTOUR - -
Shows altitude of the potentiometric
surface. Contour interval 10 meters.
- JALAJIL / Datum is mean sea level.
.525 < TUMAIR
*AL HAWTAH RUMAH - MINJUR FORMATION
25 OUTCROP AREA
%
o S, ———  GRABEN SYSTEM
e, 480  Control Point
- USHAYQIR / _A__.o_,\_m._‘mmw_
. SHAQRA S 10 0 10 20 30 40
QR 30
~N SALBUKH
ELL FIELD
- HURAYMILA BUWAYB
‘528 \ WELL FIELD
.. BANBAN ~
AL BARRAH -*
o

*AL KHARJ

«
‘Hydrology by Sir M.Macdonald and
pertners, 1975 "

“
Dutcrop Geolo9y by U.S.Geological "
Survey and Arabian American OiW Co 18963

Figure 8.— Approximate potentiometric surface of the Minjur aquifer, 1974

16



AQUIFER SIMULATION AND ANALYSIS

Description of the Minjur Aquifer Model

Grid Design

The modeled area was divided into a rectangu-
lar grid having 62 rows and 84 columns for a total
of 5208 blocks or nodes (pl.1). A variable grid
was used with the density of blocks being greater
where greater density was desired. A multiplica-
tion factor of 1.5 was used to vary the block size.
The smallest block size is 2.25 km? and the largest
is 292 km?. By convention the point at the center
of each block is called the node. The row-column
system I, J was used to label each node. For
example, the index for the node (5,9) refers to
the center of the block which corresponds to row 5,
column 9 of the grid. Each input value (transmissi-
vity, vertical conductivity, and so forth) assigned
to a node is considered to be the average value over
the entire block. Similarly, each output value
(hydraulic head, drawdown) is also an average
value for that block.

Model Boundaries

One of the first steps toward the construction
of the aquifer model was the selection of bounda-
ries. The model boundaries do not coincide with
the boundaries of the study area (fig. 1) because
the study area is only a small portion of the entire
Minjur aquifer. The Minjur aquifer is present
under a large portion of eastern Saudi Arabia. In
an east-west direction the Minjur extends from the
outcrop area, 100 kilometers west of Riyadh (Pl.1)
to some unknown distance and depth east of
Khurays. In a north-south direction the Minjur
extends from approximately 160 kilometers north
of Buraydah to about 150 kilometers southwest of
Layla’ (fig. 1). The western boundary of the
model approximates the actual outcrop of the
Minjur and is designated as a no-flow boundary.
The northern, eastern, and southern boundaries
of the model are also assumed to be no-flow
boundaries and were placed far enough away from
the study area to have minimal effect on water
levels within the study area.

Lower and upper boundaries also are needed
for the model. For modeling purposes, vertical
leakage was assumed to come only from overlying
aquifers because the model program doesn’t allow
leakage from below. The lower boundary, there-
fore, was modeled as a no-flow boundary and the
upper boundary is defined in the model as a
vertical leakage boundary that transmits recharge
into the Minjur through overlying confining mate-

17

rials. The rate of vertical leakage depends on the
gradient across the confining bed and the vertical
conductivity of the confining bed.

Transmissivity and Storage Coefficient

Average transmissivity values for each block of
the grid were estimated from figure 4 and entered
into the model as a matrix. Two values were used
to represent storage coefficient. In those areas
where confined conditions occur, a value of
4 x 10~ * was used. In the water table part of the
Minjur, 0.07 was used.

Starting Head in the Minjur Aquifer

Actual steady-state (prepumping) head values
were not accurately known, so they could not be
used as a starting surface for the Minjur aquifer
during model simulations. Therefore, the principle
of superposition was utilized; pumpage was treat-
ed as a change imposed on an initial condition of
no flow (no movement) within the aquifer; draw-
down was considered to take place from an initial-
ly flat potentiometric surface.

Leakage Factor

A value for the leakage factor, vertical hydrau-
lic conductivity of the confining bed divided by
the thickness of the confining bed, was determin-
ed by the trial and error method during calibration
of the model. For example, if the model simulat-
ion showed that less leakage was required to match
the model’s simulated water-level changes with the
actual measured changes, then the leakage factor
was lowered. A vertical hydraulic conductivity of
2 x 10712 m/s best satisfied the above conditions
and was used in those areas where the Minjur is
confined.

Starting Head in the Recharging Aquifer

An initial starting potentiometric surface equal
to that of the starting surface for the Minjur
aquifer was entered for the head of the recharging
aquifer. This satisfies the initial boundary condi-
tions of no flow into or out of the Minjur aquifer
that are required for use of the superposition tech-
nique. The model does not have the capability of
varying the head in the contributing aquifer during
simulation.



CALIBRATING THE MODEL

Computer models are calibrated by having
them reproduce past water-level change patterns
using known input data. Once the model is adjust-
ed so that it is able to reproduce the past accurate-
ly, it then can be used to predict future results.

The process of calibrating the Minjur aquifer
model consisted of varying certain parameters
(leakage factor, transmissivity, and to a limited
degree, selected pumpages) while at the same time
holding other parameters constant (storage coef-
ficient and documented pumpage of major users)
and then comparing the model’s predicted results
with field measurements of water-level changes.
Parameters were varied until a reasonable match
was obtained.

Several different approaches were considered in
the attempt to calibrate the Minjur aquifer model.
They included:

(1) entering as starting-head surfaces the prepump-
ing potentiometric maps of the Minjur and the
recharging aquifer,

(2) entering as starting-head surfaces the 1974
Minjur potentiometric surface and a 1974
potentiometric surface for the contributing
aquifer, and (3) entering the same starting-
head surface for both the Minjur and the re-
charging aquifer.

The many unknowns associated with the pre-
pumping surface and the instability of initial
conditions of the 1974 potentiometric surface
assure poor calibration by methods 1 and 2.
Consequently, method 3 was selected as the more
accurate approach.

In order to simulate the calibration period,
pumpage from the aquifer was divided into 23
annual pumping periods, beginning with 1957.
The year 1957 was chosen as the initial starting
time since pumpage had not taken place in the
Minjur aquifer in the Riyadh area before then, and
it was, therefore, reasonable to assume that the
Minjur was in a steady-state condition. These
annual pumping periods and associated rates of
pumping are shown on figure 6. The annual values
have been further subdivided into the average
withdrawal per well per pumping period (Table 2)
and assigned to the appropriate node in the model.

The calibration of the model was checked by
comparing the computed water-level changes with
measured water-level changes. Table 3 gives the
results of the calibration run for 13 observation
wells. The location of these wells are shown in
figure 5. Table 4 shows the results of the calibra-
tion run at the National Guard # 1 observation well
which has the longest continuous record of any
well in the Minjur aquifer. In general, the agree-
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ment was good between the computed and the
measured water-level changes. Further refinement
was believed to be unwarranted because of the
uncertainties in some of the field data.

Future Water Level Changes

After the model was calibrated, it was used to
predict future water-level declines. For example,
if the model was simulated for the 2 year period,
1980-81, the results of the model will show only
the amount of water-level decline occurring from
1980 through 1981. Several different schemes
were simulated in order to test the effects new
pumping rates would have on the future water
levels in the Minjur aquifer. The simulations con-
sisted of the following:

1. Pumpage Plan 1 — A series of simulations
using the best estimate of future pumpage for
the following periods:

a) 198081

b) 1980—-89

c) 19801999

d) 1982—-1999
2. Pumpage Plan 2 — A predictive simulation

using the best estimates of future pumpage for

all wells except those in the Buwayb well field
for the period 1980—1999. In this case, the

Buwayb well field was simulated at its theoreti-

cal capacity.

3. A simulation showing the predicted additional
drawdown in selected pumping wells in the
Buwayb well field (short term analysis).

4. A simulation showing the predicted additional
drawdown in the pumping wells in the Buwayb
well field if all Buwayb wells are pumped (long
term analysis).

There are no new well fields planned for the
Minjur aquifer in the Riyadh area. A few addition-
al wells, however, are presently in various stages
of completion and are scheduled to begin product-
ion in 1982. The location of these new wells is
shown on Figure 5. The 1980-81 predictive
simulation essentially utilizes the same withdrawal
nodes as those used for the model calibration.
Beginning in 1982, however, the model incor-
porates the additional pumpage from the new wells.

Pumpage Plan 1 — Projected water-level declines
based on best estimates of future withdrawals.

A series of transient predictions was simulated
using best estimates of future withdrawals. Figure
9 shows the estimated future Minjur pumpage rates.
These estimates were determined by assuming that



9°0- ¥°0- 0 Z°T+ 0 L°0- 9L 9 8-SM
0 0 tL 9 | atbleysp
(M8-45)
0 Z°0- 9L 9 eabeyg
(WEE-AG)
8°9z- ‘tT- 1S 9Z | ¥ wpndres
(WpP-a9)
Vre- LUe- 0'z- ¥-e- Tz~ ¥#'1- [43 97 SN
(WTP-4G)
L'T- 6°¢€~ - L°T- 8y €T N
(W8E-4S)
0 T°0+ 0 £€°0- 0 8°0- 9% 6 €~Wd
(W9E-43)
°1- 9°¢- L ¥T T-Wd
(WpL-d5)
“6T-  °Te- A3 T Creuy
(WLS-8S)
9%z~ ‘91— sz ¢¢£ | £ yeuybeq
(W95 -4G)
87— °€z- Lz ze |z yeuubeq
(WPT-¥G)
GGz~ 9792~ 9z . €€ | T yeuybeq
(WT-¥69)
8°0+ G°¢€+ |9°0T~ “€T1- |9°%T~ °CTI~ LE 62 Asaumys
*dwo) fassqo fawop| *aesqol *awoy fassqo| Tcwop| cassqo| cdwo)d] *aesqo) rdwop| * x8sqo| rdwop] « aesg0| "dwop| aesqo] *dwop | * aesqp| *dwop | * x8sqO [ M TOp| MOY|
“ON
08-6L6T 6L-8L61 6L-SL6T 6L-VL6T 6L-€L6T 8L~LL6T LL~-9L6T GL-FL6T L9-£96T 09-~LS6T voTae0oT| ATsTUTH)
SPON TTeM aureN TTeM

SIo38W UT *(+) OSTI IO (~) SUITOSP TaAST-I9FEeM

STTaM €T XOJ ssbuey) TaadI-Ia3eM paanduic) puy pPeAIasqO JO UOSTIedwo) - °¢ SIdel

19



Table 4. - Compariscn Of Observed And Computed Water-Level
Changes at National Guard Well #1 (Node 35-33)

Water-level change, in meters
Date Observed Conputed
Oct. 1962 - Dec. 1966 - 13.83 - 9.2
Dec. 1966 - Dec. 1967 0 - 2.4
Dec. 1967 - Jan. 1970 - 5.98 - 6.0
Jan. 1970 - Dec. 1970 - 7.56 - 5.6
Dec. 1970 - May 1971 - 2.10 - 4.7
May 1971 - Mar. 1972 - 2.74 - 1.4
Mar. 1972 - Dec. 1973 - 9.69 - 8.5
Dec. 1973 - Dec. 1974 - 4.2 - 3.8
Dec. 1974 - Dec. 1977 - 19.8 -17.1
Dec. 1977 - Dec. 1979 - 10.0 - 14.1
Oct. 1962 - Dec. 1979 - 75.9 - 72.8
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all existing wells except those in the Buwayb well
field would continue to be pumped at their 1979
pumping rate (Table 2). Further, it was assumed
that each well in the new Buwayb well field would
produce a yearly average of 40 1/s. Beginning in
1982, the additional Minjur wells which are sched-
uled to begin production in that year are incorpo-
rated into the future withdrawals. All of the water
level declines obtained in this particular simulation
represent regional effect, such as would be obser-
ved in a non-pumped observation well. The model
in this section of the report does not simulate the
local drawdown around or within individual pump-
ing wells (Drawdown in selected individual pump-
ing wells is discussed beginning on page 21 of this

report). .
Figure 10 shows the water-level decline in a

non-pumped observation well predicted to occur
from 1980 through 1981 as a result of estimated
future pumping (fig. 9). Water levels around
Riyadh will drop about 8 meters from 1980
through 1981. The Salbukh well field will expe-
rience declines from 18 to 30 meters while water-
levels in the Buwayb well field will decline from
30 to 60 meters.

Figure 11 shows the predicted water-level
declines from 1980 through 1989 based on the
best estimates of future pumping (tig. 9). Water
levels in the Minjur aquifer in the city of Riyadh
should have declines of about 35 meters from
1980 through 1989. The well field areas to the
north of Riyadh, Salbukh and Buwayb, will under-
go water-level declines of 40 to 75 meters from
1980 through 1989.

Figure 12 shows the results of a simulation for
the period 1980 through 1999. By the year 2000,
water levels should be about 37 meters lower in
Riyadh than they were in 1980. The Salbukh and
Buwayb fields should have declines of 45 to 90
meters. In the Riyadh, Salbukh and Buwayb
areas, the absolute amounts of water-level decline
from 1980 through 1989, and from 1980 through
1999 are quite similar, there being only a few
additional meters of decline after 1990. The
reason for this is that the cone of water-level
decline has now spread outward in all directions
and, consequently, there is a greater area over
which water-levels are decreasing.

Figure 13 shows the water-level declines pre-
dicted to occur from 1982 through 1999. This
simulation is included in order to demonstrate that
a large portion of the water-level decline from
1980 through 1999 in the Buwayb-Salbukh-
Riyadh area will take place from 1980 to 1982.
The Buwayb well field illustrates this quite well.
From 1980 through 1981, water-levels in the
Buwayb well field are predicted to decline by 30 to
60 meters (fig. 10). During 1982-1999 the
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average water-level decline for the entire well field
is predicted to be about an additional 32 meters
(fig. 13). Water-levels will decline as much or
more during the first two years of production as
they will during the next 18 years.

Pumpage Plan 2— Predicted water-level declines
based on best estinates of future withdrawals plus
theoretical maximum pumpage from the Buwayb
Well Field.

The pumping criteria for this simulation is
essentially the same as for Pumpage Plan 1. In this
case, however, all wells in the Buwayb well field
are producing at their maximum possible rate of
58 1/s. Figure 14 shows the results of this simulat-
ion for the period 1980—1999. In essence, this
prediction shows the upper limit of declines in the
water-level in the Minjur aquifer from 1980
through 1999. Under this set of criteria, it is un-
likely that water levels will decline more than
shown on Figure 14 for the period 1980—1999.
This is a worst case prediction and therefore,
extremely valuable for long-term planning. Under
this simulation, water-levels in the Minjur at
Riyadh will decline about 42 meters. The Salbukh
well field area should have water-level declines
from 50 to 80 meters; the Buwayb well field area
should have water-level declines from 55 to slightly
less than 120 meters.

Simulated Additional Pumping Level Decline
in Wells in the Buwayb Well Field

Short Term Analysis

Table 5 shows the simulated drawdown of
pumping levels in selected wells in the Buwayb well
field from January through May, 1980 and January
through October 1980. The pumpage scheme of
this simulation is essentially the same as Pumpage
Plan 2 (p.21) except for the number of producing
wells in the Buwayb field. It was estimated that
the amount of water required from the Buwayb
field during the winter and spring months
(January-May) can be met by utilizing 6 wells at
their full production capacity. From June through
October it was estimated that full production of 14
wells could satisfy water requirements (Eugene
Risch, Project Execution Department, Ministry of
Agriculture and Water, Riyadh, Saudi Arabia,
oral commun., 1979). This prediction, therefore,
simulates the full production capability (58 1/s per
well) of 6 Buwayb wells from January through
May 1980 and increases the number of full produc-
tion wells to 14 from June through October 1980.
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Figure 9.— Estimated future pumping rates for the Minjur aquifer, Riyadh area.
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using estimated future pumpage.

Figure 13.— Plan 1 — Predicted water level decline in

the Minjur

aquifer from 1982 through 1999
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Table 5 shows that from January through May
1980, the pumping levels in selected wells in the
Buwayb field should have declined 34 to 36 meters
with a 100 percent well efficiency and 49 to 51
meters with a 70 percent well efficiency. From
January through October 1980, the pumping wells
should have declines in pumping levels of 48 to 59
meters with a 100 percent well efficiency and of
69 to 84 meters with a 70 percent efficiency.

Although well efficiency does not have an
effect on regional water levels in an aquifer (not
applicable to fig. 10—14), it does affect the dyna-
mic (pumping) levels in the well. The efficiency of
a well can be defined as the ratio of the amount of
drawdown that should have occurred in a well to
that of the actual drawdown in the well — under a
constant pumping rate. The efficiency of wells in
the Minjur aquifer generally varies between 50 and
90 percent. Seventy percent, therefore, was
taken as the average well efficiency.

As the water-level declines computed in the
model for each node represents an average water-
level change for the entire node and is not usually
the water-level change in the well itself, an addi-
tional computation must be used when water-level
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changes in the well are sought. A procedure by
Prickett (Trescott and others, 1976, p. 9—10)
that will calculate the pumping level change
estimates in the well itself was used for this simula-
tion. A condition of this procedure requires that
only one well be included in a node. This simula-
tion satisfies that condition as each well in the
Buwayb well field is assigned to a separate node.

Long Term Amnalysis

Table 6 shows the predicted additional pump-
ing level decline in each well of the Buwayb well
field from 1980 through 1981 and from 1980
through 1989 if every well within the field (18
wells) produces a yearly average of 40 1/s. During
1980—81 additional drawdowns of 77 to 96
meters are predicted to occur with a 70 percent
well efficiency. Between 1980—89 additional
drawdowns of 114 to 136 meters are predicted to
occur with a 70 percent well efficiency.

This simulation as with the previous simulation
also uses Prickett’s method (Trescott and others,
1976, p. 9-10) to compute water-level declines
in the well.
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Table 6. - Predicted Drawdown In The Pumping Wells In The Buwayb Well Field (Long Term Analysis)

(assumes each well pumps 40 1/s yearly average)

Node Location Drawdown in meters
Well Name Row  Colum 1980-821) 1980-822) 1980-90" 1980-90°
Buwayb 1 39 62 59 84 86 123
" 2 a1 62 64 91 90 128
" 3 43 62 63 90 89 127
" 4 40 60 64 91 91 130
" 5 a1 60 68 95 94 134
" 6 43 59 68 95 95 136
" 7 44 58 65 93 01 130
" 8 42 58 67 96 94 134
" 9 43 56 65 93 01 130
" 10 45 56 60 86 36 123
noon 43 60 68 95 94 134
"1 44 54 61 86 86 123
13 45 52 55 77 80 114
"4 42 54 64 91 01 130
"5 43 52 61 85 86 123
"6 44 51 55 77 80 114
Y a1 53 62 87 89 127
"1g 42 51 57 81 83 118

1) Assumes 100% well efficiency
2) Assumes 70% well efficiency
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CONCLUSIONS

A two-dimensional finite-difference digital
computer model of the Minjur aquifer was develop-
ed to simulate future water-level declines in the
aquifer resulting from selected pumping arrange-
ments. This model should not be considered as
“the final Minjur model”, as it is substantiated only
in places. It is useful, however, for many types of
planning purposes. Additional revision and testing
of the model should be undertaken as more data
become available.

Calibration of the model was achieved by
comparing computed and measured water-level
changes at 14 observation wells for various time
periods from 1957 through 1979. The model’s
first pumping period began in the year 1957 when
steady-state conditions existed. Pumpage used in
the simulation increased from 25 1/s for the 1957
time period to 2548 1/s for the 1979 period.

Predictive simulations indicate that if the Min-
jur were stressed by the best estimates of future
withdrawals for all simulated wells (pumpage plan
1), substantial water-level declines will occur in
certain locations. For the 1980-1999 simulation,
the model predicted static water-level declines of
about 37 meters in Riyadh; from 45 to 65 meters
in the Salbukh well field area; and from 50 to 90
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meters in the Buwayb well field area. If the Minjur
aquifer were stressed by the best estimates of
future withdrawals for all wells except the Buwayb
field, and the Buwayb field is stressed at its theo-
retical capacity (58 1/s per well), then the poten-
tial maximum water-level decline for the
1980-1999 period would range from 55 to slightly
less than 120 meters at the Buwayb well field area;
from 50 to 85 meters at the Salbukh well field area;
and about 42 meters in Riyadh.

Predictive simulations also indicate that large
water-level declines (77 to 96 meters, assuming a
70 percent well efficiency) in the pumping in the
Buwayb well field are predicted from 1980
through 1981. The assumption being that each
well in the Buwayb field has an average yearly
pumping rate of 40 1/s.

The lack of historical pumpage and water-level
data weakened the calibration process. To obtain
a good confirmation of the model throughout the
study area, it would be necessary to have historical
water-level data from a network of strategically
placed observation wells. Because pumping data
were rarely recorded accurately before 1980,
many of the older pumping rates used in the model
were best-guess estimates.
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