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ABSTRACT

Wadi fan geology, water quality, and storm flow of the Semail

Coastal Plain in Oman were examined. Pliocene—Quaternary-age fan de-

posits, dune sands, and sebkha deposits characterize the plain. The

unconfined coastal aquifer consists of sand, gravel, clay, and cemented

gravel. Resistivity, temperature, and caliper logs helped locate pro-

duction zones. Native and coastal ground water differ in chloride and

magnesium concentrations. Chemical analyses indicate four sources of

water to the basin. Electrical conductivity and chloride values are

lower near active wadi channels. Electrical conductivity profiles indi-

cate that sea water underlies part of the fan deposits. No significant

deterioration in water quality between 1978-1982 was noted. Wadi Semail

acts as a line source with constricted lateral flow near the fan head and

as a radiating line source below mid-fan. A pronounced recharge

mound existed in 1982 as a result of storm flow. A diversion structure

would increase recharge.

ix



INTRODUCTION

The Sultanate of Oman is located in the Arabian Peninsula (fig.

1). The climate is arid and distinctly seasonal. Although precipitation

records in Oman are incomplete, both the number of rainfall events and

the amount of rainfall are greater in the elevated areas of the drainage

basins than on the coast and desert. Long-term records at Muscat (el-

evation 10 m) indicates a mean rainfall of 104 mm, with a mean winter

rainfall of 94 m and a mean summer rainfall of 10 mm.

The Semail coastal aquifer is unconfined, although there is evi-

dence of partially confining conditions in some areas near the coast.

The heterogeneous deposits that make up the aquifer consist of sands

and gravels, manly gravels, and cemented gravels. Air-flush drilling

indicated yields of up to 50 L/s in the unconsolidated sands and grav-

els, with a typical range of 15-25 L/s, yields of 1-3 L/s in the manly

gravels, and yields of 0-5 L/s in the cemented gravels. Hydraulic con-

ductivities ranged from 300 m/d in some sequences of unconsolidated

sands and gravels to 1-3 m/d in the manly gravels and cemented grav-

els.

The Batinah Coast of Oman is characterized by an almost con-

tinuous strip of cultivated area along the Gulf of Oman. Previous to

the mid-1960s, water abstraction in the coastal area consisted of bailing

hand-dug wells; during the 1960s and early 1970s, however, the intro-

duction of mechanical pumping devices and the construction of bore

holes resulted in both agricultural expansion and interbasin transfer of

1
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Figure 1. Map of the eastern Arabian Peninsula. -- After
Glennie and others (1978).



3

water to the capital area. The increase in abstraction rate has resulted

in water-quality deterioration in some coastal areas, and this has been

noted by GIBB (1976) and Rousseau (1978).

The winter field season of 1981-1982 was spent collecting hydro-

logic data for the Public Authority of Water Resources (PAWR) of the

Sultanate of Oman. A major objective of this study was to see if there

was continued deterioration of water quality in the Semail coastal aqui-

fer. Observations on the effects of storm flow and wadi fan geology on

water quality in the coastal aquifer were developed in this thesis, and

they have resulted in the proposal to build a diversion structure at

Wadi Manumah to increase recharge to the aquifer and to enable further

safe-yield exploitation of ground-water resources. Tetra Tech Inter-

national and the PAWR have repeatedly recommended the construction of

large-scale recharge dams in Wadi Semail, and this thesis presents a

simple cost-effective alternative.



WADI SEMAIL DRAINAGE BASIN

Upper Basin Geology and Tectonic History 

The boundaries of the Wadi Semail drainage basin are delineated

in figure 2. The upper catchment area, that part of the basin south of

Al Khwad, is 1,615 km' (GIBB, 1976). About 85 percent of the upper

basin is hard rock and 15 percent is alluvium; the alluvium consists

primarily of channel and terrace deposits. A small part of the catch-

ment drains the high anticlinal Oman Mountains, whereas the major por-

tion of the catchment drains the Semail ophiolites that are of much lower

elevation. GIBB estimated the mean altitude of the upper basin to be

605 ni. Vegetation is scarce with the exception of nucleated areas un-

der village cultivation.

A geologic map of the upper drainage is also presented in fig-

ure 2. Five of the major rock units in Oman are present in outcrops in

the drainage area, and they are briefly discussed below to provide a

regional geological and tectonic framework. The observations are from

Glennie and others' (1974) classic study of the geology of the Oman

Mountains.

The para-autochthonous to autochthonous Hajar Super Group is

essentially a shallow-water marine shelf carbonate deposit of Permian to

Cretaceous age and lies on a pre-Middle Permian basement of meta-

morphic rocks, which are exposed in only small areas of the drainage

basin. The Hawasina Nappe sediments were deposited during the same

time interval as the Hajar Super Group, and they consist primarily of

4
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carbonate turbidites and cherts. They represent slope- to deep-basin

depositional environments. The Semail Nappe ophiolites are composed of

peridotites, gabbros, diabase dikes, and spilitic pillow lavas and repre-

sent fragments of former oceanic crust. Emplacement of Semail Nappe

(Mesozoic ocean floor) and the Hawasina Nappe (Mesozoic ocean sedi-

ments) on the Arabian craton occurred during the Late Cretaceous,

probably within the time span of the Late Campanian. Paleocurrent

directions indicate emplacement from the easterly direction.

Widespread shallow-water marine carbonates were deposited in

the present Oman Mountains area from the Paleocene through the Mio-

cene. These deposits (referred to as Tertiary limestone in this thesis)

consist of limestones, dolomites, evaporites, and marls. The Tertiary

limestones in the outcrops near Al Khwad dip in a northerly direction

toward the coast at approximately 200 -25 0 degrees. North of the out-

crops are located the Pliocene-Quaternary fan and coastal deposits that

form the main Semail aquifer and are believed to lie on a basement of

Tertiary limestone. Parker (1979, p. 1) examined Petroleum Develop-

ment Oman and Wintershall seismic data:

The dips of the limestones are interrupted by an east-west
trending graben-like depression rather than continuing steadily
basinward. This depression was probably actively deepening
during the times of gravel deposition, thus allowing thicker
deposits than would have resulted from simple basinward subsi-
dence of the limestones. North of this depression, the lime-
stone event dips steadily into a synclinal feature which trends
along the shore, then rises abruptly, possibly unfaulted, to a
sub-parallel anticlinal feature.

The Oman mountain area was relatively quiet tectonically during

the Paleocene and Eocene, but major compressional uplift began during
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the Oligocene and continued during the Miocene. The mountains and

foothills have been continually emergent since this time.

Structurally, the most significant feature of the Semail drainage

is the abrupt change in the trend of the Oman mountain range from an

east-west to a northwest-southeast direction. The Semail Gap Line

(fig. 2) separates the shelf carbonates of the anticlinal Oman Mountains

of the western edge of the basin from the ophiolites to the east, which

make up the major part of the basin outcrops. Glennie and others

(1974) postulated that the Semail Gap Line is a deep-seated fault in the

Paleozoic basement. Wadi Sernail follows the Semail Gap Line for much

of its course in the upper basin.

Surface-water and Ground-water Flow in the 
Upper Semail Basin 

Dependent upon the duration and intensity of rainfall, the area

of the storm front, and the antecedent soil-moisture conditions, water

collects in the upper catchment tributaries and flows in the direction of

Al Khwad. Some flows infiltrate completely into the wadi gravels before

reaching Al Khwad, and of those that reach Al Khwad, minor flows in-

filtrate into the wadi channel deposits and the major flows reach the

sea.

Perennial surface-water flows were observed at both Fanjah and

Al Khwad during the course of this study. Historically, this does not

always appear to be the case. No surface water was present in Fanjah

as recently as 1981, and there was difference of opinion among the in-

habitants of Al Khwad as to surface-water flow near the village. How-

ever, Al Khwad, with its relatively impermeable cemented gravel base
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and veneer of wadi alluvium, represents an ideal hydrologic site for

ground water to emerge (see discussion of Al Khwad filaj). Hand-dug

wells located primarily in the terrace deposits provide limited supplies

of ground water.

A detailed account of storm flow and the ground-water regime

in the upper drainage basin is beyond the scope of this thesis.



HYDROLOGY OF THE LOWER DRAINAGE BASIN

Surficiai Geology 

Figure 3 represents the surficial deposits, main wadi courses,

and areas of cultivation in the lower Semail basin. Complex segmented

fan deposits characterize the Batinah Coastal Plain below Al Khwad.

Two large incised wadis are among the more prominent geomorphological

features of the fan. Wadi Manumah, frequently mislabeled on maps as

an inactive wadi channel, appears fault controlled in its uppermost sec-

tion and drains toward the western part of the fan. Given its incised

nature, well-developed and extant wadi course, and complicated down-

stream distributary pattern, it is apparent that at one time Wadi

Manumah represented the major outlet for flow waters generated in the

upper basin. At the present time, however, it intersects the main wadi

in a steplike fashion and lies 1 to 2 m above the main Semail channel.

Although minor flows were observed in Wadi Manumah as a result of

localized storm events, it is only when Wadi Semail reaches a flow rate

of 600 m 3 /s at Al Khwad that spillover of flood waters into Wadi

Manumah occurs (Johnson, 1982, personal commun.).

The main wadi channel, Wadi Semail, drains toward the eastern

part of the fan. Wadi Semail is incised for approximately 6 km below Al

Khwad, and at the present time it represents the preferred path of the

upstream-generated flood waters. Below the Petroleum Development

Oman (PDO) well field, the single wadi channel branches into a compli-

cated radial distributary pattern. The lower fan deposits at this point

9
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are characterized by unconfined deposition in a braided stream environ-

ment. The distributary channels are difficult to follow, both in aerial

photographs and in the field, and it is apparent that some channels

have been abandoned at present as a result of braiding, backfilling

with alluvium, or piracy by actively incising channels.

The older fan deposits between Wadi Manumah and Wadi Semail

are readily identifiable in satellite images as a result of the reflective

characteristics of their varnished desert pavement. These fan deposits

have a delta form and are of wide extent. They are probably associat-

ed with the Pleistocene "pluvials" of the Middle East and contemporary

with the widespread gravel fan accumulations in Saudi Arabia (Holm,

1960). These older deposits are highly dissected as a result of sheet

flows, and the gullies, rills, and minor channels that characterize this

part of the fan are delineated not only by geomorphological differences

but also by the acacias, scrub vegetation, and grasses that grow almost

linearly along these drainage paths. Younger fan deposits are evident

in the wadi courses themselves and in the interfluvial gravels and sands

that obscure the older fan deposits nearer the coast. A large coastal

sebkha (a coastal flat area of clay, salt, or sand often with saline en-

crustations) has formed between Arash and Manumah, and dunal sands

and silts characterize most of the nearshore environment.

Geologic Cross Section 

In Cross section, the Quaternary—Pliocene-age sediments that

constitute the coastal aquifer consist of heterogeneous deposits of

sands, gravels, boulders, silt, marl, and clay. Field analysis of these
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sediments in incised wadis and hand-dug wells reveals laminated hori-

zons of sands, silts, and clays associated with low-energy depositional

environments, boulders and gravels of high-energy depositional envi-

ronments, complex debris flow deposits, and aeolian carbonate and sili-

ceous sand deposits. Secondary carbonate cementation was observed in

many of the wadi fan deposits. Shifting of the distributary channels of

the wadi fan itself has resulted in a series of lenticular deposits and

makes correlation of individual horizons impossible.

Boreholes in mid fan indicate wadi fan deposits to depths great-

er than 600 m; two boreholes in the lower fan area indicate detrital

deposits to depths greater than 300 m.

Figure 4 presents an analysis of well cuttings from well GW1;

this well was drilled as part of the PAWR hydrologic exploration pro-

gram of the Seeb area. Well locations are shown on figure 5, and the

appendix is an borehole inventory of the lower Semail Drainage Basin.

The well indicates a sequence of 128 m of alluvial and possibly aeolian

deposits sitting on a basement of Tertiary limestone. The contact be-

tween the limestone and detrital deposits was the most permeable section

in the well, with a yield of 25 L/s during air-foam drilling. It is

postulated that this sequence is typical of the wadi fan deposits of the

southeastern Batinah Coast, but because of the structural complexities

of the basement rock and the apparent depth to the limestone, this well

was the only one drilled as part of the project that bottomed in the

Tertiary limestone.

The wadi fan deposits comprise the following lithologic types:

1. Unconsolidated sands and gravels.
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Figure 4. Geologic log of well GW1
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Figure 5. Well location map
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2. Marly, clayey sands and gravels.

3. Weakly to strongly cemented sands and gravels.

GIBB (1976) reported similar deposits in their study of the Batinah.

The transported tan and gray limestone, dolomite, chert, and ophiolite

boulders and gravels of the fan deposits are clearly derived from the

mountainous interior.

From both a hydrologic and geologic viewpoint, the thick se-

quences of manly gravels and cemented gravels are of great interest.

Although wells completed in the many sands and gravels typically have

very low yields, a great deal of ground water is held in storage in

these deposits. The origin of the marly—clayey deposits has long been

in dispute. Glennie and others (1974) were the first to write of sur-

face weathering of the ophiolites (peridotites and serpentinites), and

they postulated that tropical weathering patterns and fluctuating water

levels could result in the diagenesis of these ultrabasic sediments.

GIBB (1976) , citing Glennie and others, postulated that the sequences

of clayey gravels and cemented gravels observed in borehole cuttings

were a direct result of diagenesis or in situ weathering of ultrabasic

pebbles, which break down to form clayey gravels. X-ray analysis by

GIBB (1976) of partially decomposed well cuttings indicated serpentine

minerals, smectite (a magnesium-rich mineral of the montmorillonite

group), polygorskite, and unidentified amorphous material. GIBB

further postulated that the clayey gravels represent an early stage of a

process between diagenesis of the gravels and ground water leading

eventually to the formation of cemented gravels.
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The Glennie and others/GIBB hypothesis is very attractive. I

noted many field examples of rotten, weathered peridotites in the

strongly cemented fan deposits; in addition, "relict" gravels of highly

weathered peridotites up to 5 cm in diameter were blown out of four

air-flush boreholes in the Semail fan. Each sample came from relatively

clean, unconsolidated deposits. There is no question that the

diagenesis of the amphibolites is partly responsible for the lack of clean

gravel deposits at depth observed in the Semail fan. I, however, pos-

tulate an additional origin: the influence of many sequences of Ter-

tiary limestone. Well cuttings from two private wells drilled near

Tertiary outcrops in locally derived limestone outwash show a striking

similarity to the deeper clayey gravels of the Semail fan. Field exam-

ination of the Tertiary limestone sequences indicates large horizons of

light tan and brown marl, and given the huge volume of Tertiary

deposits that at one time covered the source area, there is the distinct

possibility that the weathering and transportation of many sequences of

Tertiary limestone is the major source of the clay-size particles ob-

served in the fan deposits.

Borehole Logging 

Borehole logging was used as an aid to geologic and hydrologic

interpretation of the Wadi Semail coastal aquifer. Ten wells in the

Semail fan deposits and adjacent Tertiary limestone were logged with

Mount Sopris downhole geophysical logging equipment. Natural gamma,

short normal and long normal resistivity, spontaneous-potential, fluid

resistivity, temperature, and caliper logs were run, although a full
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suite of logs was not conducted in all wells because of problems with

the various probes. Analysis of suites of geophysical logs, in con-

junction with analysis of drill cuttings and drilling time logs, helped to

clarify the geologic and hydrologic properties of the wadi fan deposits.

Comments on the results of the individual probes follow.

Caliper Logs

A caliper probe measures the diameter of a borehole. Due to

changes in borehole diameter, caliper logs are important for quantitative

interpretation of most other logs. The tool was especially helpful in

locating fracture zones and individual fractures in the Tertiary lime-

stone. Caliper logs also proved helpful in delineating cemented gravel

sequences in the wadi fan deposits. Figure 6 is part of a caliper log

conducted in well WM1. In general, the moderate- to well-cemented

gravel sequences in the Semail fan record as nearly straight lines,

which indicate a relatively constant borehole diameter. This suggests

gravel, sand, and boulders held together in a cement matrix. In sec-

tions where cemented boulders were encountered there are often devia-

tions from the straight-line pattern, and the increase in hole diameter

measured is caused by boulders being ripped from the carbonate

cementing matrix as a result of drilling processes. Caliper logs in

weakly cemented gravels frequent record as jagged lines, which are

often indistinguishable from the highly irregular borehole diameters

found in the unconsolidated deposits. It should be noted that se-

quences of sandy, gravelly marl also record as straight lines; the marl

in these sequences appears to be acting as a matrix similar to that
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Figure 6. Caliper log of well WM1
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of the carbonate cement, and rapid drilling in these sequences results

in less formation disturbances. In a borehole drilled in Tertiary limes-

tone outwash, I visually examined the upper 3 m of a gravelly marl

sequence before the installation of a surface casing and noted smooth

walls and a constant borehole diameter in the deposits.

Fluid-resistivity Logs

Fluid-resistivity probes measure the resistivity of the borehole

fluids. If chemical equilibrium is reached, the resistivity of the bore-

hole fluid is taken to represent the resistivity of the fluid in the ad-

jacent formation. The fluid-resistivity probe was invaluable in helping

to establish relationships between water-quality variations and geologic

horizons in the fan deposits. The reader is referred to the section on

water-quality profiles for a detailed account of the use of this probe.

Spontaneous-potential Logs

Spontaneous-potential (self-potential, SP) logs record the natu-

ral potentials developed between the borehole fluid and the geologic

formation. Guyud (1966) examined problems associated with the use of

SP probes in arid environments, and no correlations were established

with this tool. During the course of the project the probe was down

much of the time. Mud-drilled fresh water-salt water monitoring wells

in the Semail coastal deposits would provide the ideal environment for

the use of this tool.
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Resistivity Logs

"Resistivity logging devices measure the electrical resistivity of

a known or assumed volume of earth materials under the direct applica-

tion of an electric current or an induced electric current" (Keys and

MacCary, 1971, p. 37). Electrical resistivity is a function of the

physical properties of the rock and the fluid it contains. Short normal

(16-inch) and long normal (64 inch) logs were run in most wells. The

short normal probe measures the apparent resistivity of the near-

borehole environment, and the influence of mud cakes and mud filtrates

is especially evident. Long normal probes, with a greater radius of

investigation, provide additional information on the apparent resistivity

of the formation. The normal logs were helpful in aiding the selection

of screening schedules in the deeper mud-drilled wells in which forma-

tion collapse or circulation lift problems prevented the use of air foam.

The following apparent resistivity values are representative of

Tertiary limestone and fan deposits of the Batinah coastal plain that are

saturated with water in the range of 1,000 to 2,500 micromhos:

1. Tertiary limestone: Apparent resistivity in crystalline limestone

sequences ranges from 300 to 500 ohm-meters. Marly sequences ap-

proach values as low as 15 ohm-meters.

2. Semail Wadi fan deposits:

a. Clean, unconsolidated gravel and sand: Apparent resistivi-

ties of these deposits are in the order of 15-25 ohm-meters.

They represent the most permeable deposits in the Semail

fan.
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b. Marly gravel/gravelly marl: These deposits have apparent

resistivities of approximately 5-10 ohm-meters. Sequences

in deep deposits approach 5 ohm-meters. The deposits are

extremely heterogeneous.

c. Carbonate-cemented sands and gravels: Well-cemented

sands and gravels with apparent resistivities in the range

of 60-100 ohm-meters are encountered in the Semail fan.

Cemented gravel and sand are often difficult to identify

from well cuttings. The greater the degree of cementation,

the more likely it is that the samples contain conclusive

evidence of cementation. Correlation between resistivity logs

and caliper logs are frequently helpful in delineating ce-

mented sequences.

Temperature Logs

An absolute temperature log records the temperature of the

borehole fluid with depth. There is a complex relationship between

borehole fluid temperature and formation fluid temperature, but this

subject is beyond the scope of this thesis. Thermal gradients commonly

range from 3°C to 4°C per 100 m (Keys and MacCary, 1971) . Figure 7

is the temperature log from well WM1. The thermal gradient in this well

is 0.5°C per 60 m in the upper section and 0.4°C between 114 and 125

m. The well was logged 24 hours after completion, and the profile in-

dicates that thermal equilibrium had not been established; however,

the increase in thermal gradient between 114 and 124 m coincides with

an increase in permeability in this zone. An increase in both thermal
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Figure 7. Temperature log of well WM1
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gradient and permeability was also noted in one other well drilled as

part of the exploration project. It is postulated that temperature logs

might help differentiate water-producing zones in the Batinah sedi-

ments, and additional studies examining this relationship in both newly

drilled wells and static wells are recommended.

Gamma Logs

Natural gamma logs measure the amounts of natural gamma radi-

ation emitted by rocks. The primary sources of this radiation are the

isotopes of the uranium-thorium decay series and potassium-40. Without

exception, the gamma logs in the Semail fan indicated low gamma counts

despite the fact that there are extensive sequences of clay-size depos-

its. Of the possible source rocks themselves, the ophiolites are rich in

calcic plagioclase rather than potassium feldspar and apparently do not

contain significant amounts of uranium and thorium, and the limestones,

dolomites, and cherts of the Hawasina, Hajar, and Tertiary formations

are also apparently depleted of these elements. The clay associated

with the fan deposits is a carbonate mud—termed "marl" in this the-

sis—and its gamma-radiating activity is quite low (see previous sec-

tion).

Water Quality 

The almost continuous cultivated strips along the Batinah Coast-

al Plain are in sharp contrast to the nucleated settlements that charac-

terize much of the interior of Oman. In the mountainous interior, vil-

lages are located primarily near springs or in areas where geologic con-

ditions favor the construction of afalaj (underground aqueducts used
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for irrigation in Arab countries) to tap limited ground- and surface-

water resources. With the exception of wells drilled in the clays and

silts in the coastal plain, adequate water supply is not a major problem

near the coast; however, water quality is often a major concern.

GIBB (1976) and Rousseau (1978) mentioned deteriorating water quality

on the Batinah Coast. Rousseau (1978, p. i), in particular, emphasized

the problem of salt-water encroachment along the Batinah Coast:

It is clear that strong steps must be taken now in order to
avoid worse trouble and the necessity of even stronger remedies
in the future. Once saline intrusion has occurred, remedial
action may not even be possible and the option of "even strong-
er remedies" may not exist. The persuasive [sic] warning is
real and the call for action is urgent.

A detailed study of the water-quality characteristics of the

Semail coastal aquifer was initiated in the 1981-1982 field season and

included the following projects:

1. The collection of water samples from hand-dug wells. Samples

were analyzed for pH, electrical conductivity, chlorides, carbonate,

bicarbonate, sulfate, calcium, magnesium, sodium, and potassium. This

enabled a two-dimensional areal analysis of water quality at the top of

the water table.

2. Electrical conductivity profiles were run in tube wells in order

to obtain a three-dimensional analysis of water-quality variations.

3. Filaj water quality at Al Khwad was monitored in order to pro-

vide data on base flow and underflow chemical characteristics between

the upper and lower drainage areas.

4. Water samples were collected from floods to ascertain the quality

of potential recharge waters.
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5. Samples of rainwater and sea water were collected for chemical

analysis in order to provide information on possible boundary conditions

of water quality.

6. A reanalysis of the GIBB (1976) water-quality data in the upper

Semail drainage basin was initiated in order to examine the chemical

characteristics of the system as a whole.

Three problems were encountered in this study:

1. Many of the samples analyzed by the PAWR water laboratory

were unusable due to ionic balance problems. The difference between

the cations and anions used in this study was generally less than 6

percent, with a maximum of 11 percent.

2. Thief samplers leaked excessively and new ones were not or-

dered in time for this project. Therefore, no analyses of water-quality

characteristics at depth (with the exception of electric conductivity val-

ues) were possible.

3. Many samples were collected after the recent recharge and the

results often indicate "best case" water-quality conditions; however, a

second sweep was conducted in October 1982, and valuable information

was collected on changes in water quality with time.

The results of the water-quality survey follow.

Native Ground Water

Analyses 3, 4, and 5, table 1, are plotted on the Piper trilinear

diagram of figure 8. They represent native ground water in the Semail

aquifer. The Al Khwad filaj water is also plotted to show its similarity
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Figure 8. Trilinear diagram of upper fan ground water
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to the coastal aquifer water and is discussed in a subsequent section.

The analyses are from boreholes in major well fields located near Wadi

Semail on the eastern side of the fan. These low-conductivity waters

plot in the SO 4 /C1 < 50% field in the Piper diagram, near the boundary

of the noncarbonate alkali field. Chloride (approximately 200 mg/L) is

the most abundant anion, and sodium and magnesium are the most

abundant cations.

Analysis 1 plots in the noncarbonate alkali field, with chloride

as the predominant anion and sodium as the predominant cation. The

trend toward higher percentages of chloride and sodium is typical of

wells drilled in the older fan deposits near the fan head on the west-

ern part of the fan. The western fan deposits are generally of lower

permeability than the eastern fan deposits, and their closer association

to the Tertiary limestone might account for the differences of water

quality in the fan deposits, although it is also likely that vertical

recharge of carbonate-hardness field waters, which is significantly more

pronounced on the eastern side of the fan, might also help account for

the differences in chemical composition.

Coastal Ground Water

Near-coastal ground waters of analyses 1-5, table 2, are plotted

in figure 9. They are distinctly different from the native ground wa-

ters. These high-electrical conductivity (frequently exceeding 2,500

micromhos) waters plot in the noncarbonate hardness field, with

chloride (generally greater than 500 mg /L) as the dominant anion and

magnesium as the dominant cation. The increase in both chloride and
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Figure 9. Trilinear diagram of coastal ground water
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magnesium was initially quite puzzling; it appears unlikely that it re-

sults from contamination from a single magnesium-chloride source.

Increase in Chlorides. It is known that sea water underlies

parts of the Semail coastal aquifer, and electrical conductivity profiles

indicate substantial zones of mixing. An increase in chloride concentra-

tion would be expected with the mixing of native ground water and sea

water. Widespread irrigation is practiced along the Batinah Coast, and

irrigation return flow is an additional cause of increases in chlorides.

It should be noted, however, that there are increases in chlorides in

two hand-dug wells in which return flow appears unlikely and in one

borehole in which it is impossible. It is likely that both mixing and

return flow contribute to the increase in chloride concentration and the

increase in chloride percentage composition.

Increase in Magnesium. Mixing of sea water and native ground

water would result in an increase in chloride and sodium concentrations.

Although there is an increase in the absolute concentration of sodium in

the coastal ground water, there is a percentage increase in magnesium

and calcium. Poland, Garrett, and Sinnott (1959) indicated a similar

trend in ground water along the coast of California. It is postulated

that base exchange reactions are occurring in the deposits along the

coast of Oman, with magnesium and calcium being replaced by sodium.

An analysis of a water sample by GIBB (1976), collected during a pump

test of a well that is partially screened in the transition zone, indicated

a similar trend in percentage increase of magnesium and calcium, and it

is probable that base exchange is occurring at depth and has altered

the chemical composition of the intruding sea water along the coast.
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Gulf of Oman sea water is plotted in the Piper diagram of figure 10. It

is apparent from Figure 8, 9, and 10 that the coastal ground water

does not represent a mixing of unaltered sea water and native ground

water of the Semail coastal aquifer.

Geochemical Boundary Conditions

Ground-water chemistry in the Semail coastal aquifer is affected

by storm-flow recharge, salt-water contamination, and underflow from

the Tertiary limestone, ophiolites, and wadi deposits near Al Khwad.

Analyses 1-6, table 3, represent samples that indicate the geochemical

boundary conditions acting on the coastal aquifer. Figure 9 is a Piper

diagram of these analyses. A discussion of these inputs follows.

Al Khwad Filaj and Wadi Deposits. The filai at the village of Al

Khwad taps a thin layer of wadi alluvium in Wadi Semail. Spot meas-

urements of filaj flow rates during the 1981-1982 field season ranged

from 6,700 to 20,500 m 3 /d; during the major flood events in February

and March the filaj was overflowing in sections. During periods of high

flow, much of the filai water is unused by the village irrigators and

flows back to Wadi Semail.

Electric conductivity measurements at the Al Khwad filaj during

1981-1982 are presented in figure 11. Storm events clearly improved

the water quality at the filaj, and it is postulated that this type of be-

havior is typical among the filaj that tap shallow wadi alluvium in Oman.

Electric conductivity measurements during the October-January period

preceding the major storm events of 1982 range from 300 to 500 micro-

mhos higher than those recorded during the 8-month period following
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Table 3.	 Chemical analyses of geochemical boundary conditions

Seawater
Gulf of Oman

6/83

Tertiary
Limestone

Wadi Rusayl
5/83

Filaj
Al Khwad

(GIBB,	 1976)
7/74

Ophiolites,
Karku

(GIBB, 1976)
6/75

Hajar
Limestone

(GIBB, 1976)
1/74

Storm Flow
Lower Semail

Basin
3/82

mg/L	 meq/L mg/L	 meq/L mg/L	 meq/L mg/L	 meq/L mg/L	 meq/L mg/L	 meq/L

Ca 436.8	 21.81 89.4 4.46 18.0 0.90 42.0 2.10 48.0	 2.40 23.7 1.18

Mg 1,446.0	 118.95 42.8 3.52 100.0 8.23 1.0 0.08 26.0	 2.14 20.9 1.72

Na 14,300.0	 622.05 243.0 10.57 192.0 8.35 275.0 11.96 42.0	 1.83 43.7 1.90

K 530.0	 13.55 4.1 0.11 6.0 0.15 13.0 0.33 2.3	 0.59 1.9 0.05

HCO 3 115.6	 1.90 293.0 8.27 396.0 6.49 80.6 4.58 252.0	 4.13 145.0 2.38

SO 4 3,000.0	 62.46 285.0 5.93 170.0 3.54 20.0 0.42 43.0	 0.90 40.0 0.83

Cl 21,513.0	 606.88 158.3 2.60 264.0 7.45 335.0 9.45 45.0	 1.27 42.0 1.21

Specific
Conductance
(micromhos
at 25°C) 53,924 1,734 1,500 1,800 510 372
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the storm events. This indicates substantial recharge in the upper

basin. The May 1981 flood event, with peak flow of 610 m 3 /s and an

estimated flow volume of over 5 million cubic meters at Al Khwad,

apparently resulted in far less recharge in the upper drainage basin

judging from the electrical-conductivity measurements at Al Khwad. A

regular geochemical monitoring program at Al Khwad filaj would help to

define recharge in the upper basin.

The similarity of chemical analyses of surface-water flow adja-

cent to the filaj. and the filaj itself provides geochemical evidence to

support the view that low-permeability ophiolites and well-cemented

gravels combine to partially constrict ground-water flow in the thin

veneer of alluvium at Al Khwad, with the result that ground water

emerges at this point.

The filaj water at Al Khwad represents a mixing of inputs from

the ophiolites, limestones, dolomites, cherts, and other rock units of

the upper drainage basin in addition to wadi storm recharge and up-

stream irrigation return flows. Analyses 3, table 3, is a sample from

the filaj and is plotted in figure 10. The water plots in the same

SO4 /C1 < 50% field as the native ground-water in the coastal aquifer.

The geochemical similarity of the filaj water and surface-water flow

mentioned previously to that of the coastal aquifer itself illustrates the

importance of the wadi deposits near Al Khwad as a source to the

coastal aquifer. In addition to the underflow in the wadi deposits, the

ground water that emerges as a result of geological conditions near Al

Khwad infiltrates into the coastal aquifer below Al Khwad.
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Base flow at Al Khwad during 1982 is estimated at 0.5 m 3 /s. A

10 percent evaporation and soil-moisture deficiency loss would result in

a recharge from this source of approximately 14 million cubic meters per

year to the coastal aquifer. In addition, a subsurface flow component

of 5 million cubic meters would result in a total replenishment of 19

million cubic meters in 1982 to the coastal aquifer from wadi alluvial

sources.

Tertiary Limestone. Tertiary limestone borders part of the

Semail coastal aquifer near the village of Al Khwad and is believed to

underlie most of the coastal detrital deposits. Analysis 2 (table 3) is

from a well drilled in the Tertiary limestone in the Wadi Rusayl drainage

immediately east of Semail. The water plots in the noncarbonate hard-

ness field and is distinct from the waters of the Hajar Super Group

limestones, which generally plot in the carbonate hardness field (anal-

ysis 5). The difference is at least partially attributable to the higher

permeability of the Hajar sequence, which has resulted in more active

flushing of these deposits with a concomitant decrease in sodium and

chloride. If a favorable hydraulic gradient exists, it is possible that

significant quantities of water are being transmitted from the Tertiary

limestone to the overlying detrital deposits. Due to the similarity in

the Tertiary limestone and coastal deposit ground waters, it has not

been possible to prove that flow has been taking place by geochemical

evidence alone.

Ophiolites. Ophiolites border much of the southern boundary of

the Semail coastal aquifer. The ophiolite waters in Oman are
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characterized by a high pH (generally greater than 10), high concen-

trations of sodium and chloride, and high Ca—Mg ratios. They plot in

the noncarbonate alkali field (fig. 10). The waters are often super-

saturated with respect to calcium, and calcium carbonate deposits are

common near ophiolite springs in the upper drainage. Igneous rocks as

a rule are deficient in chlorides, and chemical analyses of the ophiolite

suite by Glennie and others (1974) indicates a calcium-rich plagioclase.

The high concentrations of sodium and chloride are therefore puzzling,

although they may be related to subsequent transgression of sea water

after emplacement of the ophiolites on the Arabian craton. Given their

distinct chemical nature and overall low permeabilities, there is little

evidence to indicate substantial underflow into the coastal deposits from

the ophiolite suite.

Storm Flow. Analysis 6 is a flood-water sample taken during

the late February storm of 1982, and it plots in the carbonate-hardness

field. Figure 12 presents spot electrical conductivity readings during

this multiple-event storm. GIBB (1976) , Rousseau (1978) , and others

have referred to the loss of flood waters to the sea, although no one

has mentioned that this "lost recharge" is especially wasteful because

the flood waters represent the best quality water in many of the coastal

basins (see discussion of well WD12 in conductivity profile section).

Additional comments regarding storm flow are found in the section on

recharge.
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Sea Water. Gulf of Oman sea water plots in the noncarbonate

alkali field of the Piper diagram in figure 10 and is similar in major-ion

concentrations to sea water in other places of the world. For compara-

tive purposes, the average composition of sea water (Hem, 1970) is

plotted as point 7 in figure 10.

Ground water in the 50,000-micromho range is evident in sever-

al of the conductivity profiles run in the coastal boreholes, and it is

taken to represent a wedge of sea water underlying parts of the coastal

aquifer, although base exchange processes have probably altered its

original chemical composition. I noted several brines with electrical

conductivities in excess of 100,000 micromhos along other parts of

Batinah Coast, but none of the sampled wells in the Semail basin indi-

cated electrical conductivity values in excess of 50,000 micromhos. Giv-

en the similarity in depositional environments along the coast of Oman,

however, it is possible that historical sea-level fluctuations and near-

shore evaporative deposits, combined with a lack of active flushing by

fresher waters, might also have resulted in formation of brines in parts

of the Semail basin. The coastal sebkha near Manamah represents an

ideal environment for brine formation. For the purposes of this thesis,

sea water is taken to represent the water of poorest quality in the

basin.

Rain Water. Analysis 1, table 4, represents rainfall collected 3

km from the coast during a February storm in 198Z. For comparative

purposes, rainfall on the coast of California is included in analyses 2

and 3 of the same table.
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Table 4. Chemical analyses of rainwater

Seeb
(2/82)
mg/L

Menlo Park,

Californiaa
(1/58)
mg/L

Menlo Park,

Californiaa
(1/58)
mg/L

Ca <0.1 1.2 0.8

Mg <0.1 0.7 1.2

Na 0.6 0.0 9.4

K 0.1 0.0 0.0

Cl 0.5 0.8 17

NO 3
2.3 0.2 0.0

HCO 3
2.8 7.0 4.0

SO 4
1.6 0.7 7.6

pH 6.9

Electrical
Conductivity
(micromhos) 23.8

a. After Hem (1970).
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Electrical-conductivity and Chloride Contours

Electrical-conductivity and chloride contours are presented in

figures 13 and 14. These contours indicate the influence of recharge

from storm waters along Wadi Semail. Wadi Semail is no longer incised

below the PDO well field, and the effects of flow in the wadi distribu-

taries is apparent (see recharge section for a detailed account of the

hydrogeological processes involved) . The electrical-conductivity and

chloride contours are bent toward the coastline on the eastern part of

of the fan, and the 2,000 mg /L chloride contour and the 5,000 micro-

mhos electrical-conductivity contour approach the coastline.

The better quality water located near Wadi Manumah probably

reflects ground-water recharge from the May 3, 1981, storm.

Included in figure 13 are areas in which there were significant

changes in electrical-conductivity values between the April 1982 values

and those obtained in a second sweep in October 1982. The areas in

which the electrical-conductivity values increased at least 5,000 micro-

mhos are indicated by asterisks and reflect the effects of tidal flooding

in the near-coastal wadi channels themselves. The area indicated by

dots showed a decrease in electrical conductivity of 700-1,000 micro-

mhos, indicating a preferred component of ground-water flow in the

area between Wadi Buhayyis and Wadi Luam. No other significant

changes in electrical conductivity were recorded in other wells during

the second sweep.
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Figure 13. Electrical conductivity contour map of lower Semail drainage basin, spring 1982
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Figure 14. Chloride contour map of lower Semail drainage basin, spring 1982
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Conductivity Profiles

Fluid resistivity logs measure the resistivity of the borehole

fluid between the probe electrodes and provide information regarding

ground-water resistivity as a function of depth in the borehole. Fluid

resistivity is usually measured in ohm-meters; the logs are often re-

corded as conductivity, the reciprocal of resistivity, and are measured

in micromhos per centimeter, and all future references in this thesis

will be to fluid conductivity.

It must be emphasized that the water chemistry in the borehole

is not necessarily equivalent to that of the pore water in the surround-

ing rocks. Figure 15 illustrates some of the major reasons for this dis-

crepancy. In this idealized cross section, two aquifers with different

piezometric heads are separated by an impermeable clay layer. Two

boreholes penetrate this section, with borehole 1 screened only in

Aquifer A and borehole 2 screened in both aquifers. A fluid-

conductivity profile run in borehole 1 would measure only the water

quality of the screened interval in Aquifer B, thereby providing erro-

neous information regarding the quality of water in the upper section.

Knowledge of both screening details and adequate screening is neces-

sary to ensure proper interpretation of this conductivity profile. Bore-

hole 2 is screened in both aquifers, and the borehole acts as a conduit

for flow of water of higher piezometric head (A) from the aquifer to

Aquifer B. A conductivity profile run in this well would also provide

misleading information regarding the water quality in the lower aquifer.

Even in the idealized case of a fully screened well in a single aquifer,



Figure 15. Water chemistry and borehole flow effects in an
idealized two-aquifer system
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enough time must pass for thermal and chemical equilibrium to occur in

order for a meaningful interpretation of the conductivity profile.

Despite the problems listed above, the borehole chemistry ap-

proached the pore-water chemistry in most of the profiles run as part

of this thesis work. Wells that were profiled had been out of service

for long enough periods of time for chemical and thermal equilibrium to

occur. Most wells were shallow, and the geologic evidence indicates

that they penetrate a single aquifer. Major concern was caused by lack

of screening details or inadequate screening in several wells; however,

casings pulled from several wells indicated widespread corrosion, as did

a caliper log run in one of the boreholes, and the wells were acting

hydrologically as if they were fully screened.

Fifteen TC-2 vertical conductivity profiles were run on open

boreholes within 5 km of the coast as the first phase of the project.

Information obtained from these profiles documents areas of salt-water

intrusion, provides a three-dimensional picture of water-quality

variations with depth at a given moment in time (spring, 1982), and

allows comparisons of changes of water quality over time with wells pro-

filed by GIBB in 1973 and Rousseau in 1978.

Twelve TC-2 profiles were conducted in the upper fan deposits

as the second phase of the project; in addition, 5 wells, which were

drilled as part of the overall assessment of the water resources of the

Semail area, were profiled with a Mount Sopris fluid-resistivity probe.

Information obtained from these profiles indicates relationships between

geologic strata and water-quality variations, clarifies water-quality

variations in the major well fields, and enables an understanding of the
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effects of recent recharge waters on the overall water quality of the

basin.

The locations of the wells are shown on figure 5. For conveni-

ence of presentation, the conductivity profiles are discussed in pairs.

The solid line indicates wells in the eastern part of the Semail fan (near

active Wadi Semail), and the dashed lines indicate wells in the western

fan deposits.

Wells ADG15 and STABLES. Figure 16 represents electrical

conductivity profiles of wells ADG15 and STABLES. Well ADG15 lies

approximately 3 km from the coast in the western part of the fan; well

STABLES lies 2 km from the coast, near the Wadi Buhayyis distributary

of Wadi Sernail. Increased salinities caused wells ADG15 and STABLES

to be abandoned in the 1970s. It should be emphasized, however, that

well ADG15 was formerly used for irrigating the Bait Al Barka Palace

gardens, whereas well STABLES was used primarily for drinking water

for the royal horses—each required different water-quality standards.

Wells ADG15 and STABLES are shallow wells located near areas

of documented salt-water intrusion; they penetrate only the upper por-

tion of the Semail coastal aquifer. The conductivity profile of well

STABLES indicates a 12-m section of 650 tnicromhos water, which repre-

sents some of the best quality water in the fan; there is a rapid de-

terioration in water quality in the 2 meters below this section. Well

ADG15 has a 4-m section of approximately 1,800 micromhos water, with

poorer quality water indicated below.
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Historically, wells like ADG15 and STABLES represent a shift in

the methods of water abstraction on the Batinah Coast. Prior to the

mid 1960s, mainly hand-dug wells constructed along the coast acted as

skimming wells and provided water to the numerous small agricultural

plots along the coast. The post-1960 period has seen development of

large-scale ornamental and fruit and vegetable gardens near the coast,

and many tube wells have been constructed to meet the water require-

ments of these gardens. In areas where water-quality rapidly deteri-

orates with depth, the successful use of vertical abstraction wells is a

function of such parameters as well depth, screening schedules, and

pumping rates. Improper well construction practices have resulted in

many wells being abandoned in the coastal area.

Wells JT29 and JT30. Electrical-conductivity probes of wells

JT29 and JT30 are presented in figure 17. Wells JT29 and JT30 were

drilled as part of an exploration program conducted by GIBB in the

early 1970s. Well JT30 is located 5 km from the coast in the western

part of the fan; well JT29 is located 4 km from the coast near a secon-

dary distributary of Wadi Semail. Both wells were drilled to a depth of

70 m, and each penetrates the fresh water—salt water transition zone.

The conductivity profile of JT30 is similar to that of ADG15 and

STABLES in overall shape. Well JT30 has a 30-m section of 1,500 mic-

romhos water, which is underlain by a 15-m section of poorer quality

water. There is almost a linear increase in electrical conductivity of

14,000 micromhos in 15 m. The driller's log for well JT30 indicates an

absence of clay in the drill cuttings, and it is postulated that the
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Figure 17. Electrical conductivity profiles of wells JT29 and
JT30, Spring, 1982
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two-limb conductivity profile is typical of wells drilled in near-coastal

clean gravel and sand deposits that penetrate the fresh water—salt water

transition zone and experience only minor fluctuations in water levels.

The conductivity profile of well JT29 illustrates a highly com-

plex relationship between electrical conductivity and depth that is seen

in several wells near to the head of the fan. The 1-m section (a) of

lowest conductivity water is recently recharged flood water, which

grades into a 17-m section (b) of approximately 1,000 micromhos. This

water is typical of the higher permeability sections of the cleaner

sequences of fan deposits. Limb (c) is most probably associated with

less permeable deposits; the driller's log indicates some clay through

this section. The overall lower permeability of well JT29 compared to

that of well JT30 is also supportive of this interpretation. Limb (d)

represents a mixing of the lower conductivity water above and limb (e)

water the fresh water—salt water transition zone below.

Wells DW1 and DW2. Electrical-conductivity profiles of wells

DW1 and DW2 are presented in figure 18. Well DW2 is located 3.5 km

from the coast in the western part of the Semail fan; well DW1 is lo-

cate 3 km from the coast between several of the main wadi distribu-

taries. The wells were drilled to a depth of 300 m as part of an early

water exploration program in Oman, and they fully penetrate the fresh

water—salt water interface. Figures 19 and 20 are semi-log plots of

electrical conductivity versus depth for each well, and they include

profiles conducted by GIBE in 1973 and Rousseau in 1978 as well as the

profiles conducted by me in 1982. The 1982 profiles indicate that well
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Figure 19. Three electrical conductivity profiles of well DW1
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Figure 20. Three electrical conductivity profiles of well DW2
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DW1 has a 25-m section of about 1,000 micromhos water, with an en-

suing deterioration in water quality below. Well DW2 has a 20-m section

of 2,300 micromhos water and also has poorer quality water below.

There is, however, a marked difference in the transition zone (5,000-

40,000 micromhos) in these two wells. The transition zone in well DW1

is approximately 35 m, whereas in well DW2 it is only 15 m. It is pos-

tulated that this is caused by a combination of factors, including active

flushing in the main wadi over long periods of time and the higher

water levels in well DW1 combined with fluctuating water levels in wells

near active wadis. Given the similarity in shape of these two profiles,

it is likely that fluctuating water levels as a result of storm-flow re-

charge near well DW1 is the primary cause for the extended transition

zone of this well.

The electrical-conductivity profiles of wells DW1 and DW2 in

1973 and 1978, along with my 1982 profiles, provide data for the analy-

sis of three-dimensional water-quality variations as a function of time

(figs. 19 and 20). The 1978 and 1982 profiles of both of these wells

are essentially the same; there has been no significant deterioration of

water quality with depth during this period. The major differences in

electrical conductivity between 1973 water and the 1978 and 1982 water

occur in the upper 20 m of the aquifer. Well DW1 shows a decrease in

conductivity of 500 micromhos in the upper 20 m, whereas well DW2

shows an increase in electrical conductivity of 500 micromhos in the

same interval. Rousseau (1978) suggested that water-quality improve-

ment might be related to the following mechanisms:
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1. A lack of recharge.

2. A complex clay-water chemical exchange occurring in periods of

declining water levels.

3. The effects of increased abstraction causing accelerated drain-

age of better quality water from the upper reaches of the fan.

I have seen no evidence to indicate that increased abstraction

on the coast is causing accelerated drainage of better quality water

from the upper reaches of the fan and believe it is highly unlikely that

mechanism (2) is responsible. Figure 21 represents two conductivity

profiles run in borehole WD12 in the upper reaches of the fan. The

profile of 2/82 was run before the major storms of the rainy season and

the profile of 4/82 was conducted after the rainy season. Water levels

in borehole WD12 had risen 7 m as a result of storm recharge, and the

electrical conductivity in the upper deposits ranged from 600 to 1,200

micromhos. This recently recharged water is of significantly better

quality than the 1,200-micromho water of the lower deposits. In no way

will the lack of recharge improve the quality of water in the Wadi Semail

basin. The 1973 profile by GIBB was conducted during a prolonged

drought period in Oman, and the poorer quality water indicates the

effect of the drought. Well DW1, located near the active fan wadi sys-

tem, displays a marked response to the recharge of better quality water

during the ensuing years. Well DW2, located to the far west of the

main wadi, shows a deterioration of water quality, which is directly

related to increased usage in the area and its relative isolation from the

better quality recharge waters.
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Figure 21. Electrical conductivity profiles of well D12
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Well WM1. Figure 22 is an electrical-conductivity profile of well

WM1 and includes water-quality data collected during a 7-hour well test.

I supervised the drilling and construction of this well as part of the

overall assessment of the water resources of the Batinah Coast. During

the drilling of this well, there was a show of water (4-6 L/s) in the

upper 70 m of the aquifer; an additional show of 12-14 L/s was encoun-

tered in the bottom section. Examination of the drilling return water

indicated better quality water at the top. The electrical-conductivity

profile mirrored these results: 450-600-micromho water in the upper

section and a linear decline in electrical conductivity to approximately

1,350 micromhos below. An examination of the samples collected during

the well test indicates a significant increase in electrical conductivity,

chlorides, and sodium. This illustrates the limitations of using con-

ductivity profiles alone to interpret overall water quality, even in a

fresh water—salt water environment. Well WM1 has the largest section of

lowest electrical conductivity of any well surveyed in the basin, yet the

more permeable lower deposits and possibly poorer quality water sources

located near this well have a dominant influence on the quality of water

abstracted from the well.

Conclusions from Data Profiling.

1. All deeper wells profiled in the Semail coastal area indicate a

lens of variable thickness and quality of fresh water at the top of the

aquifer and a transition zone of varying thickness below this zone, both

of which are underlain by a zone of salt water.
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2. Well profiles conducted in the mid to upper fan deposits indicate

that the complex, heterogeneous nature of these deposits has a signifi-

cant effect on the relationship between water quality and depth.

3. Wells located near active wadi channels not only have better

quality water at the top of the water table, but they also have better

quality water at depth than wells located farther from active wadis.

4. Recharge from Wadi Semail is the prime mechanism bringing bet-

ter quality water to the basin.

5. From water quality versus depth relationships alone, areas near

the active wadi channels represent prime targets for future exploitation

of ground-water supplies. It must be emphasized, however, that con-

ductivity profiles by themselves do not always indicate the quality of

water that may be abstracted from a well during pumping. Long-term,

variable-rate well tests should be conducted to evaluate possible geo-

chemical boundary conditions.

Surface-water Flow and Storm-water Recharge
in the Semail Coastal Plain 

Storm flow on the plain consists of two components: storm flow

originating on the plain itself and storm flow originating in the upper

basin and entering the coastal plain below Al Khwad.

Storm Flow Generated on the Coastal Plain

Coastal rains were observed during the 1982 field season, and

several rains resulted in overland or sheet flow. The relative intensity

of the storm was apparently the major factor in determining the amount

of overland flow. Gentle rains seem to infiltrate rapidly into the un-
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consolidated deposits of the fan and coastal area, but soil-moisture

requirements and evapotranspiration preclude most of this water from

percolating to the water table. No rise in water level was recorded in

two wells located near minor sheet-flow wadis, and it is concluded that

only a negligible amount of water that infiltrates into this area reaches

the water table unless there is an infrequent, widespread coastal storm;

however, the surface-water flow in the minor fan drainages occasionally

reaches the sands, silts, and sebkha that characterize the near-coastal

areas, and it is believed that recharge in this area, although not sig-

nificant in the overall water balance of the aquifer, occurs with some

frequency.

Storm Flow Generated in the Upper Catchment

Storm flow that does not infiltrate completely into the wadi

channel deposits in the upper basin enters the coastal plain below Al

Khwad. Two basic discharge-versus-time hydrographs are common at

Al Khwad, and they are discussed below.

1. Single-event hydrograph: Figure 23 is a synthetic single-event

hydrograph of the May 3, 1981, storm flow at Al Khwad. The hydro-

graph is based on the Utah method (Eychaner, 1972), and peak flow

was determined by slope area techniques. Note the abrupt flood rise,

the short period of peak flow (time when flow is half maximum dis-

charge), and the rapid recession. Single-event hydrographs are typ-

ical of the smaller drainage basins and of isolated, small-area storms in

the larger basins of Oman.



Figure 23. Synthetic single-event discharge vs. time
hydrograph at Al Kwwad, May 3, 1981
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2. Multiple-event hydrograph: Figure 24 is a synthetic multiple-

event hydrograph of the late March, 1982, storm flow at Al Khwad.

This hydrograph was constructed by me with the assistance of Mel

Johnson of the Surface Water Division of the Public Authority of Water

Resources of Oman. The peak flow was determined by slope-area tech-

niques. Spot measurements were made at the site of the old wadi gage

and downstream of the gage during the recession period. In addition,

the stage-versus-time hydrograph of Wadi Lansab, located east of Wadi

Semail, was examined; Lansab surface-water flows are often similar to

those of Wadi Semail, and its flood hydrograph was used to provide an

overall shape to the hydrograph of Wadi Semail. Note the more gradual

time to concentration, the longer duration of peak flow, and the highly

attenuated recession curve that characterize this multiple-event

hydrograph. Multiple-event hydrographs are common in the larger

drainage basins in Oman.

Recharge

Storm-flow recharge is a major component of recharge to the fan

and coastal deposits. Thomas and Johnson (1982) estimated recharge to

the Semail coastal aquifer from the May 3, 1982, storm at roughly 50

percent of the flow at Al Khwad. Using the same techniques referred

to previously in the discussion of the single-event hydrograph for this

flood, Johnson and Thomas derived synthetic hydrographs for five

downstream distributaries of Wadi Semail. Total flow at the five sites

was estimated at 2,646,000 m 3 . Total discharge at Al Khwad was esti-

mated at 5,080,000 m 3 , with a peak flow of 610 m 3 /s. This results in a
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Figure 24. Synthetic multiple-event discharge vs. time
hydrograph at Al Khwad, February 24-28, 1982
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recharge rate slightly greater than 50 percent, The single-event

hydrograph constructed by Thomas and Johnson, with its abrupt rise,

short period of peak flow, and rapid recession, indicates that this type

of storm is the worst possible for recharge to the plains. The tremen-

dous volume of flow associated with the peak and the lack of attenuation

of flow results in a large surface-water flow to the sea. Given the

problems associated with measuring peak flows in distributaries with

gentle slopes and the likelihood of additional flow in a sixth distributary

channel, it is postulated that only 35 percent of the discharge at Al

Khwad contributed to recharge in the Semail coastal aquifer and 65 per-

cent was lost to the sea. In both estimates, a portion of the total

would have saturated the upper soil layer and then would be subse-

quently lost to the atmosphere through evaporation.

The winter field season of 1981-1982 was exceptionally wet.

Four flood flows were observed at Al Khwad. Minor flows occurred in

mid-February and mid-March. Two major flood events, one at the end

of February and the other at the end of March, resulted in flows to the

sea. A ground-water level monitoring program was initiated in early

February to quantify storm recharge and examine the response of the

Semail coastal aquifer to flood events. Water levels in early February

1982 were near their historic lows for the 8-year period over which spot

measurements have been taken. Figures 25 and 26 represent borehole

hydrographs from six wells in the coastal aquifer. A discussion of the

flood events and an interpretation of the resultant water-level responses

follows. For convenience of presentation, the floods and borehole
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Figure 25. Borehole hydrographs of wells 109, WD12, and WD92
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responses are discussion individually. Borehole locations are shown on

figure 5.

Mid-February Flood Flow. Peak flow at the Al Khwad gaging

site was estimated at 5 m 3 /s during this minor flood event. The flood

resulted in a slight increase in water level in the upper fan deposits

near the wadi channel. Well 109, located 4 km downstream from Al

Khwad and situated on the wadi bank, recorded an immediate rise in

water level of 0.3 m the day of the storm. A minor response, with a

time lag, was observed in well WD12, which is situated 350 m from the

wadi. No wells downstream of well 109 indicated a response to this

flood; there was no evidence of surface-water flow half a mile down-

stream of well 109. Previous to this flood, the last significant wadi

flow in Wadi Semail occurred in May 1981.

Late-February Flood Flow. A major flood occurred at the end

of February 1982, and peak discharge at Al Khwad was estimated at 100

m 3 /s. Surface-water flow reached the sea, a distance of 13 km from Al

Khwad. Five of the six well hydrographs indicate a response to the

flood, with only well JT30, situated in the far western part of the fan,

showing no response. Well 109 responded almost immediately to the

flow, and its water level increased 16 m. Minimum depth to water oc-

curred 12 days after the storm, although 80 percent of the rise was

recorded within 3 days. Well WD12 showed a 2.5-m response in 2 days

and a gradual rise of an additional 4 m throughout the month of March.

Well WD92, located near a wadi distributary 9 km downstream of

the old gaging site, showed an initial response of about 0.10 m 3 days
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after the start of the flood. Depth to water in this well before the

storm was 32.33 m, indicating that it took almost 2 days for the wetting

front to reach the water table. A further rise in water level of 2 m

was recorded in mid-March, and then the water level stabilized until the

next major storm.

Well JT28, located 2 km below the point where the wadi is no

longer incised, is situated slightly west of the secondary Arash—Semail

distributary of the main wadi in complex braided stream deposits.

Depth to water in this well was 24.45 m before the storm. A rise in

water level of 0.06 m was observed 2 days after flow started at Al

Khwad, and a gradual rise in water level of 0.80 m was recorded

throughout March.

Well JT29, located 4 km below the point where the wadi is no

longer incised, is situated on a bank of the secondary Arash—Semail

distributary. Water level before the storm was 12.85 m. This well

showed a more immediate response to the storm than did well JT28, with

a 0.14-m rise the day of the storm; this response is a function of the

lesser depth to water in this well and its more immediate location near a

wadi distributary. A maximum rise in water level of 0.5 m was ob-

served in well JT29 in the middle of March.

Mid-March Flood. Peak flow at Al Khwad was estimated at 5

m'is during this minor event. Surface-water flow was evident as far

north as the PDO well field. The only well to indicate a clear response

to this flood was well 109. A water-level rise of 0.50 m was recorded

in this well.



71

Late-March Flood. This event was the major flood in Wadi

Semail during 1982; peak flow was estimated at 400 m 3 /s, with a total

flow volume of approximately 21 million cubic meters. The March storm

was unusual in that 5 m 3 /s was still flowing at Al Khwad 6 days after

the flood peak, and a measurement on April 18, 1982, indicated a flow

of 1 m 3 /s. The multiple-event discharge-versus-time h -ydrograph of

this storm has been analyzed in an earlier section of this thesis. Many

of my ideas on the hydrogeology of the Semail coastal aquifer evolved

as an outgrowth of analyzing borehole responses from this flood.

Despite the fact that the March flood was the major flood event

of the year and its attenuated flow maximized potential recharge to the

aquifer, only minor water-level responses are evident in wells 109 (+1

m) and WD12 (+0.5 m) . This indicates that the water level in the major

fan deposits approaches the base level in the wadi; i.e., the stream is

no longer a losing stream at this part of the fan and recharge is reject-

ed.

The geology of the wadi fan deposits is highly complex in this

area. Well cuttings from two wells drilled in these deposits indicate

unconsolidated, clean gravels to a depth of only 10-15 m; beneath the

unconsolidated levels there are sequences of cemented gravels and many

gravels. Hydrological evidence indicates significant reduction in per-

meability in the lower deposits. Well yields in the Al Khwad well field

are related to standing water levels. When water levels are low, dis-

charge in many wells is drastically reduced. Of even more importance

are the changes in permeability lateral to the wadi axis in the fan

deposits. Field observations in the incised wadi indicated sequences of
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many gravels and carbonate-cemented gravels along parts of the wadi

banks. These deposits, if extensive enough, would severely constrict

the flow of water lateral to the wadi. This results in a preferred

ground-water travel path along the wadi axis. Both water-quality data

and the lack of borehole response in some wells lateral to the wadi

support this interpretation.

Wells WD92, JT29, and JT28 all show significant responses to

the major flood event. Well WD92 recorded a 5-m rise in water level,

with maximum water levels attained 20 days after the storm, and then a

gradual decline in water level of 3 m over the next 6 months. The fall

in water level is partially attributable to interference effects as a result

of pumping in the Seeb well field. Well JT29 recorded a 0.3-m rise

within 3 days of the initiation of flood flow and a gradual climb of an

additional 0.2 m over the next month followed by a fall in water level of

0.4 m by the middle of October. Well JT28 recorded a maximum water-

level rise of 1.75 m at the end of May, a full 2 months after the flood

event, and then a gradual decline in water level of 0.8 m during the

next 5 months.

The response to the flood event in wells WD92, JT29, and JT28

is significantly different from that of the wells located near the fan

head. Rejected recharge does not occur in the mid to lower fan depos-

its. Well logs indicate thick sequences of unconsolidated gravels near

these wells, and this is also indicated by surface geophysics in the

area. The wadi acts as a line source where it is incised, with lateral

flow restricted by the low permeability of the gravelly marl and cement-

ed gravel deposits; below the point where surface water flow is
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confined, the wadi branches into several distributaries, which act as

radiating line sources of different strengths. Water percolates into the

highly permeable deposits here and spreads laterally across the fan.

This results in more subdued responses downstream—water level in-

creases are usually significantly less than in the upper fan deposits.

Water-level measurements indicate:

1. A marked recharge mound exists near the wadi as a result of

flood flow.

2, An estimated 17 million cubic meters were recharged to the

coastal aquifer as a result of storm-flow recharge during the winter

field season.

3. Water levels are higher in the eastern part of the fan than in

the western part. This is more pronounced during periods of storm

flow. A ground-water contour map with water-level measurements on

April 14, 1982 is presented in Figure 27. Although there is a lack of

control points, the significant changes in gradient in the basin are

apparent, as is the effect of recharge in the near-wadi deposits.

4. Gradients range from 1:75 near the fan head to 1:1000 near the

coast in the eastern side of the fans; gradients of 1:9000 are encoun-

tered near the coast on the western part of the fan.

Two additional comments on recharge in the Semail coastal aqui-

fer are worth noting:

1. The widespread practice of mining gravel in the channel depos-

its of Wadi Semail near the head of the fan should be stopped immedi-

ately. The removal of these deposits is resulting in the loss of
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Figure 27. Ground-water contour map of Semail coastal aquifer, April 1982
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potential ground-water storage in the area. The situation is com-

pounded by the fact that this thin layer of permeable alluvium is un-

derlain by manly gravel and cemented gravel. This has resulted in

observed increase in the loss of surface water to the sea in 1983.

2. Plans for elaborate, high-cost recharge dams in the Wadi Semail

basin have been discussed for at least the last 6 years. It is my view

that a simple diversion structure at Al Khwad should be designed to di-

vide the upstream-generated waters so that there is flow in both Wadi

Semail and Wadi Manumah. This would significantly reduce the loss of

flood waters to the sea and would result in improved water quality in

the western fan area at a minimum cost and disruption. Average annual

flood loss to the sea is estimated at 7 million cubic meters. A diversion

structure would result in an estimated additional recharge of 4 million

cubic meters per year to the western fan deposits. An additional

diversion structure below the PDO well field would result in increased

flow and concomitant recharge in the Wadi Arash—Manunaah section of the

coast, an area that has experienced deteriorating water quality over the

past 15 years.



SUMMARY

The unconfined Semail coastal aquifer is composed of complex

deposits of unconsolidated sands and gravels, cemented gravels, and

clayey gravels. The sequences of clayey gravels have been formed as

a result of weathering of marly sequences of Tertiary-age limestones

and in situ diagenesis of ophiolite gravels. The unconsolidated sands

and gravels have the highest hydraulic conductivities, and downhole

resistivity logs indicate that these deposits commonly have apparent

resistivity values in the range of 15-25 ohm-meters. The only well that

penetrated the underlying limestone unit yielded substantial quantities

of water (25 Lis) from the contact between the limestone and overlying

detrital units.

Areas located near active wadi channels have significantly bet-

ter water quality than areas located lateral to these channels.

Recharge from Wadi Semail flood waters is the prime

better quality water to the aquifer.

Electrical-conductivity profiles in the

mechanism bringing

indi-Semail coastal area

cate a lens of fresh water of variable thickness and quality at the top

of the aquifer and a transition zone of variable thickness below this

lens, both of which are underlain by sea water. At a distance of ap-

proximately 3 km from the coast, the fresh-water lens is 20-25 m thick.

The transion zone in the eastern part of the fan is approximately twice

as thick as that on the western side of the fan. This difference in

thickness is due to fluctuations in water levels near the active wadi
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channel caused by recharge during flood events. No deterioration in

water quality between 1978 and 1983 was noted in this study.

Native ground water in the Semail coastal aquifer plots in the

SO 4 1C1 < 50% field in the Piper trilinear diagram (fig. 8), near the

boundary of the noncarbonate alkali field. Electrical conductivity

values range from 900-1,250 micromhos. Chloride is the most abundant

anion (approximately 200 mg/L) and sodium and magnesium are the most

abundant cations.

The magnesium-chloride coastal ground waters plot in the non-

carbonate hardness field of the Piper trilinear diagram (fig. 9). Elec-

trical conductivity values frequently exceed 2,500 micromhos, and chlor-

ide values are generally greater than 500 mg/L. The coastal ground

water and native ground water differ primarily in chloride and magne-

sium concentrations. This differences indicates both sea-water and

irrigation return flow water mixing and base exchange reactions.

Analysis of geochemical boundary conditions indicate four

sources of fresh water to the basin: storm-flow recharge, base-flow

recharge, underflow through the wadi deposits near Al Khwad, and un-

derflow through the Tertiary limestone.

Wadi Semail acts as a line source near the fan head and as a

radiating line source near mid-fan. Water-level measurements indicated

a pronounced recharge mound in the eastern fan deposits in 1982. An

estimated 17 million cubic meters was recharged to the aquifer as a re-

sult of storm flow recharge during the exceptionally wet winter rainy

season of 1981-1982.
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Major flood events result in losses of fresh water to the Gulf of

Oman. Surface-water flows that characteristically have extended period

of peak flows and attenuated recessions maximize recharge to the coastal

aquifer. This observation is supported by water-level data and geo-

chemical evidence.



RECOMMENDATIONS

Additional deep wells that penetrate the underlying limestone

unit should be drilled to further investigate the hydrologic properties

of the contact between the limestone and overlying detrital deposits.

Preliminary drilling results indicated that this zone yields substantial

quantities of ground water.

Steps should be taken to reduce loss of flood waters to the Gulf

of Oman. The existence of two major wadi channels in the lower Semail

Drainage Basin provides a unique opportunity along the Batinah Coast

for construction of a single recharge structure at a minimum of both

cost and downstream disruption of farms and villages. A diversion

structure at the intersection of Wadi Semail and Wadi Manumah would

result in increased surface-water flow in Wadi Manumah, which, in

turn, would result in increased recharge to the western fan deposits

and improved water quality in this part of the basin. Annual consump-

tive use and interbasin transfer from well fields is approximately 16

million cubic meters. The average annual flood loss to the sea is esti-

mated at 7 million cubic meters. A diversion structure would result in

an estimated additional recharge of 4 million cubic meters per year of

excellent-quality water to the western fan deposits. This represents 25

percent of the annual water use in the basin. At present there is an

overall balance between abstraction and recharge in the lower Semail

Drainage Basin. The diversion structure would enable increased safe
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yield development of the ground-water resources of the Semail coastal

aquifer.



APPENDIX

BOREHOLE INVENTORY OF LOWER SEMAIL DRAINAGE BASIN

Well
Depth

Cm)
Screening
Schedule

Depth
to Water

(April 1982)
(m)

Transmissivity
(10/d)

AJ)G15 34.1 13.7-30.2 9.02 281

GW1 13.5 64.4-70.1, 145
81.9-104.8,

116-7-128.2

Diffi 300 9.1-300 10.87

DW2 300 9.1-300 10.47

JT28 70 35-57 23.78 300

JT29 70.6 35.3-46, 11.93
58-70

JT30 70.6 45.3-66.3 19.65 392

JT31 70.6 46.3-70 38.27 106

JT32 71.5 46.5-70.6 72.15

STABLES 21 4.87

WI)12 40 9.17

WM1 128 56.8-62.5,
86.2-97.7,

102.6-120.8

108 6.40
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