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SUMMARY

Existing, but limited hydrogeological data for the West Bay district was supplemented by a
field investigation programme to provide appropriate and reliable information for the design
and calibration of a groundwater model of the West Bay and the immediate area inland.

The model was used to examine the water table response to occasional but heavy rainfall
events, to an expected increase in recharge from the ongoing urban development, and {0 a
combination of both of these conditions.

The results suggest that:

(a) Water levels in the West Bay area are likely to rise by 10 to 40cm when the
development is complete if the proportional level of recharge and discharge continue. In
itself, this will be unlikely to result in surface flooding as water levels will still be Im or
more below ground level even in the low lying areas.

(b) After development is complete, heavy rainfall events are likely to result in an increase in
the area of flooding which presently occurs in the low lying area along the old shoreline but
are not expected to cause new areas of flooding. A combined surface-groundwater drainage
scheme would be appropriate to reduce water levels in this particular area.

The implications of these resulis are that a widespread network of drains would not be
required throughout the area and there would be no need for a pilot drainage scheme.




WEST BAY GROUNDWATER MODEL

Chapter 1

BACKGROUND

11 INTRODUCTION

The West Bay district of Doha is formed from reclaimed land along the northern shore of
Doha Bay. The low lying paris of this district are subject to flooding after heavy rainfall
due to the presence of a shallow water table and the collection of surface run-off in closed
depressions. These floods can persist for several days but occur only infrequently, the last

occasion prior to this study being in February 1988.

Urban development of the West Bay area is now taking place and the associated water
demands will increase the amount of recharge from garden irrigation and from leaking pipes
whilst current renovation works will decrease the infiltration losses into sewers. This could
result in a permanent rise in the water table causing more frequent and persistent flooding

unless water level control measures are implemented.

It was considered that a network of groundwater drains would be needed to combat the
expected rise in groundwater levels and prevent future flooding. The design of this network
would require an understanding of the local hydrogeological conditions, particularly concerning
the hydraulic chacacteristics of the fill deposits. However, the lithology of the area is highly
variable and the existing information very sparse. Consequently, a programme of data
collection was undertaken during 1989 to provide the necessary information for the
construction of a numerical groundwater model of the West Bay area. This model was then
used t0 predict areas at greatest risk from floeding and to assist the design of a drainage

network to alleviaic such flooding.

12 STUDY AREA

The study area is shown in Figure 1.1. It covers an area of about 25 km2, which includes

the West Bay district and, for modelling purposes, a zone extending 6 km inland.

The development of West Bay is already about 50% completc. The extent of built-up areas is

shown in Figure 1.2. The present development includes two large housing estates just inland




of the former coastline and, on the peninsula itself, offices and an hotei along the southern
shorc as well as diplomatic buildings along the castern and northern shores. A number of
major urban development projects are planned in the central area, but most new development

15 scheduled for the northern part of the area and on the peninsula,

Reclamation of West Bay began in the late 1970's and continued into the ecarly 1980's. The

materials used for this reclaimation consist of hydraulic fill" dredged from near shore
deposits and "desert fill", which consists of rubble brought from inland for the final stage of
backfilling. These have been placed over a sequence of coastal silts, sands and gravels, which

in turn rest on dolomitic limestone.

Backfilling and compaction are still taking place and the best estimate that can be made of
the current topography is shown in Figure I.1. This was compiled from 1:2000 scale maps
prepared in 1983 supplemented by eclevation data obtainecd from the new boreholes drilled

during this study. The main topographic feamres include:

a marked increase of slope inland of the 4m Qatar Natiopal Datum (QND)
contour, which marks the position where dolomitc bedrock riscs from

bencath the cover of coastal deposits and fill material;

the low elevation (generally less than 3m QND) over most of the

peninsula and the original foreshore:

- a ridge about Sm high parallel to the coast along the castern and northern

perimeters of the peninsula;

- and the formecr shoreline, which is bascd on a pre-reclamation map of
1964.

The area of particular interest lies scaward of the 4m QND contour where a significant rise

in water levels would have the greatest impact.



Chapter 2

DATA COLLECTION PROGRAMME

21  DRILLING AND TESTING PROGRAMME

Whilst some geological information has been obtained from existing reports for various
building projects carried out in the West Bay area over the past 10 years (see list in
Appendix 1), these reports do not contain -sufficient information to design a model of the
area. A programme of data collection was therefore undertaken between April and November

1989 to obtain information on the geometry and hydraulic characteristics of the main

lithological units.

The field investigations were carried out within well defined hydraulic boundaries selected

specifically to assist the modelling. These are described in Section 732 and shown in
Figure 2.1.

211 Drilling Programme

A total of 58 boreholes were drilled within the model area during the present investigation.
Their locations are shown in Figure 2.1, which also shows those building projects for which
existing geological data were available. The project boreholes were grouped into five series,

prefixed GWS 1 to GWS 5. Each series had specific objectives as summarised in Table 2.1.

Series GWS 1 and GWS 2' comprised 37 shallow boreholes drilled to a depth of 1m below
the water table to obtain water level information. The GWS 4 series comprised siXx boreholes
drilled on the outcrop of the Dammam dolomite. Each fully penetrated the dolomite and
provided essential water level control data for this western part of the study area. Series
GWS 3 and GWS 5 comprised 15 boreholes drilled through the full thickness of the fill and
coastal deposits to the top of the Dammam Formation. These were used to obtain

information on the hydraulic characteristics of these deposits and for geological and water
level data,

A summary of the borehole information is given in Appendix 2. Water level monitoring data

are listed in Appendix 3.




Table 2.1 Project Borehole objectives

Information Objective

Borehote no. Depth Water Table | Depth ‘Thickness of Slug | Pump Tidal
Elevation of Fill | Dammam Limestone Tests | Tests | Effliciency
GWS1-1/19] |1 metre below .

21-218) fwater table

GWS31-3.1 To top of . . .
Dammam
Limestone

GWS4/1-4/6 To base of
Dammam
Limestone

GWS5/1-545 To top of

Dammam
Limestone
GWSS5/3
/18
23

212  Testing Programme

Several techniques were employed to obtain information on the hydraulic characteristics of the

sequence:

input tests.  These tests involve the instantancous removal of a “slug” of
water from the borchole and monitoring the subsequent recovery. They

were undertaken on the series 3 and 5 borcholes.

pumping tests.  These tests were carried out on the seriecs 5 boreholes
for estimates of the transmissivity, hydraulic conductivity and storage

coefficient.
grain size data. The information available from grain size analyses given

in carlier site investigation reports were also used to estimate hydraulic

conductivity.

tidal response, Values of storage coefficient were derived from a

correlation of water level response to tidal fluctuations.

The results are presented and discussed in Chapter 6.



213  Water Balance Study

A parallel study was undertaken to quantify the recharge from garden irrigation and leaking
pipes and the discharge of groundwater into secwers for the period from November 1988 to
November 1989 to update earlier estimates made in 1983. The resuits for the study area are

presented in Chapter 5.




Chapter 3

GEOLOGY

3.1 GENERAL

West Bay is an area of reclaimed land built out from an original, low lying coastline fringed
with saline sand flats (Sabkhas). A mixture of sand, silt and gravel dredged from the
adjacent sea floor has been used for the reclamation, which spreads some distance inland
from the original coastline It overlics and largely conceals coastal silts and sands
associated with the old shoreline, which still outcrops inland of the fill, although the precise

position of the boundary between the two formations is uncertain.

The bedrock of the area is the Upper Dammam Formation, a series of indurated fractured
dolomites of Eocene age. Where the dolomite emerges from beneath the cover of fill and
coastal deposits, along the line of the 4m ground surface contour, there is a distinct break of
slope. From this point the dolomite rises inland to over 20m QNI within the model area.
A generalised map of the geology is shown in Figure 3.1 and a simplified cross section

presented in Figure 3.2.

All of the formations above the Midra Shale in the area are permeable and can be
considered as ‘aquifers. An impermcable base to the sequence is taken as the Midra Shale,
a variably thick calcareous mudstone that underlies the Dammam dolomite. Above the shale
there is free regional hydraulic connection between the fractured dolomite and the overlying
coastal deposits and hydraulic fill. The water table passes laterally from the dolomite into
the overlying material approximately along the line of the former coast. Although there is free
hydraulic connection on a regional scale, impersistent silt and mudstone horizons within the

hydraulic fill and particularly the coastal deposits provide local barriers to groundwater

movement.

32  DISTRIBUTION AND LITHOLOGY

321 Dammam Formation

The entire study area is underlain by the Damman Formation, which consists of fractured
dolomites and limestones with a recorded thickness of between 13 and 35m. Typically the
formation is an off-white to grey dolomite, The dolomite and carbonate mod mixture is

generally indurated with much of the dolomite having a Dblue-grey siliceous appearance.




The upper 10m of the Dammam Formation contains numerous large vugs {(cavities, which arc
mostly filled with carbonate mud) and has the appcarance of a weathered horizon. Commonly
the vugs arc between 2 and 20cm in diameter but arc not interconnected. Most of the open
vugs have originated by the removal of soluble material infilling fossil shells. The lower part
of the formation bLelow 10m is characteristically a zone of massive off-white dolomites with
few wvugs and little fracturing. This part of the sequence is significantly less permeable than
the upper ‘weathered’ zone. (ASCO, 1983; JICA, 1987).

Groundwater flow in the dolomite does not take place uniformly throughout the entire
saturated thickness but along well-defined, widely spaced networks of fissures that have little
or no hydraulic connection. Small irregular fractures are common, although many have been
re-<cemented.  Larger fractures are less common, but where present are frequently
sub-horizontal, up to 30cm in width and extend laterally for many tens of metres. Increased
fracturing in the upper 10m ensures that the highest permeability, and thus most flow, takes

place in this part of the formation.

The clevation of the top surface of the Dammam formation is shown in Figure 3.3. To
the west of the 4m ground contour the formation outcrops at the surface, its top being
reflected by the ground topography.  To the east, where it disappears bencath the cover of
fill and coastal deposits, the dolomitc dips gently toward the coast reaching its lowest point
in the vicinity of the Sheraton Hotel, where it lies at -~ 7m QND. Otherwise the most

noteworthy featurc is a slight ridge which extends along the northern part of the peninsula.

The Midra Shale forms an impermeable base to the dolomite. This is an alternating
sequence of brown and green carbonate shales and thin dolomites of Lower Dammam age. It
is between 5-10m thick and acts regionally as a confining layer, preventing large scale vertical
movement into and out of the overlying dolomite.  The elevation of the top surface of the
Midra shale 1s shown in Figure 34.  ‘There is a tendency for high and low regions on the
Midra surface to coincide with ground surface highs and lows which is due to the solution
and collapse of evaporite deposits in formations lying below the Midra. This unsystematic
collapse has created numerous unconnected depressions that are characteristic of the Qatar
landscape. Because collapse is initiated by removal of material below the Midra, the shale
itself subsides in the same way as the ground surface. Locally, the shale has been fractured
and broken allowing some limited vertical migration of groundwater. However, on a regional
scale the amount of water transferred is very small so the shale can still be considered un

cfficient ‘aquitard’.



322  Coastal deposits

The original coastline is characterised by a number of flat inter- and supra-tidal deposits or
‘sabkhas’, interspersed with other areas of silts, sands and gravels, The sediments extend
from below the former low tide mark to approximately the line of the 4m ground surface

contour.

Sabkhas are salt encrusted, flat lying areas of silt and sand. They are common in coastal
areas of the Arabian Gulf (Evans et al, 1969; Fookes er al, 1985). Evaporation from
shallow water tables within these flat-lying areas provide an important mechanism for the
discharge of coastward moving groundwater, leading to increase porec water concentration and
the precipitation of aragonite, calcite, gypsum, anhydrite and halite salts, all of which are

commonly present in sabkha sequences.

In the West Bay area, sabkhas form the floor of several embayments along the original
coastline. The major areas are shown in Figure 3.5 although most have now been covered
by a thin mantle of backfill. However, they still show through in small isolated patches, for
cxample immediately to the south east of the West Bay sports stadium and alongside the

coast road in the northern part of the region.-

From a drainage point of view the areas of thinly-covered sabkha are important for several
reasons: they form depressions where the water table is shallow and into which surface
run-off concentrates and they have a low permeability. As a result serious groundwater

and surface water drainage problems are associated with these areas.

The original coastal .deposits form an extremely complex sequence of carbonate rich silts,
sands and shelly gravels. Vertical and horizontal variation is such that it is impossible to
devise any simple division. Correlation between boreholes is very difficult, even over distances
of a few tens of metres. This is illustrated by Figure 3.6, which shows the lithology
encountered in six boreholes drilled during construction of the West Bay Sports Club, where,
although distances between boreholes are generally less than 100m, there 1s no consistent

pattern in the sedimentary sequence.

At any single location the succession is likely to consist of a variable sequence of silts, sands
and shelly gravels with silty sands being perhaps the most commonly encountered lithology.
The presence of silt horizons means that vertical movement of groundwater will be restricted
locally. However, on a regional scale the succession can be treated as a single hydraulic

unit duc to the impersistent nature of individual beds.




The thickness of the coastal deposits is shown in Figure 3.7. This ranges from zero below

parts of the West Bay peninsula to over 6m in areas infand of the former coasthine.

323

Fill Decposits

The fill consists of two types of material:-

(a)

(b)

‘Hydraulic Fill'. This is sediment dredged from the ncarby sea floor and pumped as a
slurry behind bunds to build up reclaimed areas. It comprises a mixture of silty
sands, shclly gravels and limestone cobbles. Having been deposited as a slurry it is
well mixed and thus tends to be more uniform in composition than the undedying

coastal sediments.

‘Desert  Fili". This materia! has been placed on top of the ‘hydraulic fill' during
later stages of the reclamation work but is unevenly distributed and where present
tends to form only the top metre of the succession. It consists of various types of
natural and man-made rubble bought from inland and dumped by lorry. It is much
morc variable in composition than the hydraulic fill; pieces of wood, concreie and

plastic are commonly encountered, along with large blocks of dolomite.

The hydraulic fill is simply re-worked coastal sediment and as such s difficult to distinguish

from the undeclying coastal deposits. Consequently, the clevation and thickness of the base

as shown in [igures 3.8 and 39 are to some cxtent speculative. A means of distingutshing

the two has becen to assume that all material to the east of the former shoreline lying above

present day sea level is hydraulic fill. The clevation of the base of the fill declines steadily

eastward to below -3m QND whilst the thickness incrcases uniformly in the same direction to

over 8m along the eastern coast of the peninsula,



Chapter 4

WATER LEVELS

41 WATER TABLE ELEVATION

The general configuration of the water table is shown in Figure 4.1. The main features to

note are:

each of the three major lithological units above the Midra Shale are in
regional hydraulic continuity. The water table is therefore a composite of
all three formations and passes west to cast from the dolomite, into the
coastal deposits and finally into the hydraulic fill (Figure 32). Water is
able to pass from one to the other, despite the local presence of

impersistent silt horizons in the coastal sediments.

gradients of up to 1 in 150 occur in the western part of the associated
with the prominent groundwater mound marking the south-western
boundary. This mound rises to elevations in excess of 8m QND within the
Dammam dolomites and is caused by high recharge from garden irrigation
and leaking water pipes within the Madina Khalifa district compounded by

local areas of low permeability in the dolomite.

elevations within the sequence of fill and coastal deposits are less than im
OND; on the peninsula they do not exceed 0.6m QND. Hydraulic
gradients are low in the coastal area, reducing to as little as 1 in 4500 on

the peninsula itself.

a distinct groundwater ridge extends along the southern part of the
peninsula. This can be attributed to extensive icrigation along the central
reservations and sides of the roads converging on the Sheraton Hotel.
Otherwise there is little other evidence to suggest the water table has yet
been affected by imported water recharge.

42 DEPTH TO WATER TABLE

The depth to water is shown in Figure 42. Two distinct provinces exist: the backfill-coastat

10




deposit arcas, where groundwater generally lies within 3m of the surface, and the dolomite
outcrop, where depths are greater than 3m.  The dividing line between the two coincides

with the 4m ground surface contour.

The dolomite outcrop faces no immediate threat from nsing groundwater since depths are

commonly in excess of 10m. However, the backfill-coastal deposit areas are obviously at risk.

Backfilling of the peninsula has raised ground elevations to more that 3m above QND in
many places, such as along the northern and eastern coasts where it is above Sm QND.
However, although backfilling has extended westward and inland of the original shoreline, it
has not been built up as high as on the peninsula itself with the result that the old
coast-line has a lower eclevation than arcas further east. This gencral arca has the lowest
ground clevation in the region. Conscquently, the areas with the shallowest water table are
not located, as might otherwise bec expected, nearest the coast, but in this narrow zone which

extends paralle! to and just inland of the former shorcline.
This arca of low lying ground was severely affected by the heavy rainstorms in February 1988
when the total monthly rainfall was 140mm, with 39.8mm falling within a2 24 hour period

(Table 4.1).

Table 4.1 Rainfall at Doha Airport 15 - 25 February 1988

FERBRUARY 1988 15th 16th 21st 22nd 24th 25th

AIRPORT (mm rain) 10.1 49.8 38 474 38 258

An area badly affected by the storms in February 1988 was the West Bay Sports Stadium
where the combination of a topographic depression, shallow water table and the presence
at the surface of patches of silty sabkha combined to cause serious flooding.  This
particular flood event was caused by an exceptionally intense rainstorm and much of the

problem lay with inadcquate surface drainage from low lying areas.

Rainfall data from Montaza Park during December 1989 (Table 4.2) were also used to

cxamine the groundwater level reponse to rainfall events descnibed in Section 6.3.3.

Table 4.2 Rainfall at Montaza Park: 6 15 December 1989

DECEMBER 1989 Gth 12th 13th l4th 15th

MONTAZA PARK (mm rain) 44 26 1.2 486 100




Chapter 5

RECHARGE AND DISCHARGE

The natural and artificial sources of recharge to and discharge from the West Bay area need

to be quantified to assist the design of the drainage network. These various sources are as

follows:

Recharge: Natural

Artificial -

rainfall

subsurface inflow

mains distribution losses
irrigation

leakage from sewers
reservoirs

domestic

Discharge: Natural - direct evaporation

- evapotranspiration

- subsurface outflow

Actificial -

downward leakage to deeper aquifers

leakage to sewers

These sources arc described briefly in the following sections.

31 RECHARGE

5.1.1 Rainfall

As in most arid zones

the coefficient of variation of rainfall in Doha is very high. Rainfall

usually occurs between November and May as intense local storms, which can account for as

much as 65% of the annual rainfall, as indicated in Table S.1.

A long term record of rainfall is available for Doha Airport dating from 1962. The anpnual

and mean monthly rainfall from this station are shown in Figures 5.1 and 52. A shorter

record dating from 1979

is also available for the port,.




Table 5.1 Probability of annual and storrm rainfalls: Doha airport

Recurrence interval (ycars) Annual Storm
{mm) (mm)

5 35 7

10 75 18

15 120 40

20 180 62

25 260 105

30 360 170

The maamum and minimum annual rainfall recorded at Doha Airport are 303mm {(1964)
and 04mm (1962), respectively. The average annual rainfall over the 26 ycar period 1962
to 1988 is 74.7mm. However, the average annual rainfall should not be considered as very
meaningful given the high degree of variability in the total annual rainfall. The spatial
distribution of the rainfall can also be very different as the storm cells are often very

localised.

The likelyhood of direct recharge from rainfall is small except where water levels are
particularly shallow. The wvarious factors influencing the amount of recharge from this
source include the storm intensity, pre-existing soil moisture conditions, the permeability of
the soil, and the rate of evaporation. The topography has an important effect as local

depressions allow the concentration of run-off thereby increasing the recharge potential.

Water balance studies carried out in individual topographic depressions in Qatar indicate that
recharge from individual storms ranges from zero to 64%, with a weighted mean of 15% of

storm rainfall. On the basis of these studies a mean annual recharge of 10 to 12% of annual

rainfall was adopted for water resource assessments.

The water table response to rainfall events in February 1988 and December 1989 has been
examined with the numerical model to provide cstimates of recharge in the West Bay arca
The results are discussed in Sections 7.3.3 and 74.3.

5.1.2 Subsurface Inflow

An important source of recharge to the study area is the lateral movement of groundwater

from the groundwater mound on the western boundary. The amount of inflow from this

source has been quantified by the model using the standard Darcy equation.

13



5.13 Scawater Ingress

During high tide conditions sca level s raised above groundwater levels ncar the coast [lor
short periods causing seawatler to flow inland until the tide recedes. The amount of flow
from this source has been estimated by the model by sctting the initial tidal conditions at

high tide and applying the standard Darcy equation.

5.1.4 Pipe Distribution Losses

ASCO (1983) estimated that losses from the piped distribution system in Doha were 20%.
This 1s comparable to distribution systems throughout developed countries. The results of the
recent water balance study undertaken during 1989 are given in Table 5.2. This indicates that
distribution losses in the study area are about 1.1 Mm3fy, or 17% of the total losses, all of
which is assumed to reach the water table. About 50% of losses from the distribution system
occur in QAR zones 10, 34 and 37 (see Figure 7.2) which have the highest number of water

mains.

5.15 Irrigation

Recharge from irrigation within the study areca is estimated to be as follows: garden irrigation,
09 Mm3/y; landscape irrigation 0.55 Mm3/y; and treated sewage effluent (TSE) irrigation, 1.1
Mm3/y. The distribution of recharge from these sources in each QAR zone is given in Tabie
52 About 00 to 70% of the recharge from landscape irrigation and the use of TSE for

irrigation occurs in QAR zones 60 and 61

These recharge estimates assumed that 23.5% of the potable water supply is used for garden
watering and- that 45% of this reaches the water table. Landscape irrigation rates were taken
to be 16 htres/m2 of which 81% recaches the water table. These arc the same assumptions as

applicd by ASCO in 1983.

5.1.6 Recharge from Scwerape

Recharge within the study area from scwage is estimated to be 1.3 Mm3fy, of which 1.29
Mm3/y is contributed from septic tanks in areas not served by piped systems. About 34% of
the recharge (rom this source occurs in QAR zone 10 (Table 52). The piped sewerage
system is not pressuriscd but some lcakage losses are likely where the pipes are laid above

the water table and a nominal loss of 1% of the piped sewage is assumed to contribute to

recharge.
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5.1.7 Domestic Water

It is assumed that about 2%, or 0.07 Mm3/y, of al water supplied for domestic use

contributes to groundwater recharge.

5.1.8 Reservoir Losses

Recharge from reservoirs occurs only in QAR zones 20 and 67 and contributes zbout 20
m3/d, or 0.007 Mm3/.

5.2 DISCHARGE

52.1 Evaporation

Significant groundwater discharge occurs by direct evaporation from the shallow water table in
the coastal sabkhas. In eastern Saudi Arabia, evaporation from sabkhas are reported to vary

from 1.1 mm/d in winter to 1.8 mm/d in summer (Pike,1971).

Many of the original sabkha areas in West Bay have now been covered by backfill deposits.
However, groundwater evaporation is still expected to occur where water levels are within 1m
of the surface. It has been assumed for modelling purposes that evaporation takes place at a
rate of 2 mm/d at a depth of Im increasing to the potential evaporation rate when flooding

OCCurs.

522 Subsurface Qutflow

The model calculates the groundwater discharge at the coast in the same way as for flow

into the area (see 5.12).
523 Downward Leakage to Deeper Aquifers
Any increase in water levels in the formations overlying the Midra Shale could result in

downward leakage through fractures into deeper aquifers. However, the quantitics involved will

be small and can be ignored as the permeability of the underlying formations is low (ASCO,
1983).
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524 Lcakage into Sewcrage Pipes

It was assumed by ASCO in 1983 that some 36% of sewerage flow was actually derived from
groundwater leaking into the sewer pipes in those areas where the pipes occur below the
water table. This would apply to QAR zones 61 and 63 to 67. where the total discharge into
sewers is estimated to be 1.1 Mml/y (Table 5.2). Recent renovation of the sewers will have

reduced these losses.
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Chapter 6

AQUIFER CHARACTERISTICS

6.1 GENERAL

Estimates of hydraulic conductivity (K) were derived from pumping and input tests undertaken
as part of the field programme. These were supplemented by estimates based on grain size
data. Values of storage coefficient (S) werc also obtained from the pumping tests but

supplemented by a comparison of water level changes associated with tidal fluctuations.

62 HYDRAULIC CONDUCTIVITY

"6.2.1 Pumping Test Estimates

Pumping tests were carried out at sites GWS5/1 to 5/5. The location of each test site is
shown in Figure 2.1 and information on each site is summarised in Table 6.1. Each site had
two observation boreholes fully screened through the unconsolidated deposits, which at all
sites consisted of silty, fine to coarse sand with gravel. The coastal sands form the whole

saturated sequence at sites 5/1 to 5/3 but 65% and 73% of the sequence at 5/4 and 5/5.

Table 6.1 Details of pumping test boreholes

Site  Number Ground Level Depth 10 Depth 1o Saturated
Elevation (m) Water {m) Bedrock {m) | Thickness (m)

s 295 2.80 6.5 37
52 208 1.26 40 27
53 243 2.20 45 23
514 230 240 50 2.6
5/5 259 1.60 40 24

The pumping tests were undertaken during Qctober and November 1989 at rates ranging from
0.5 to 5.75 lfs. Three tests with up to 2 days continuous pumping were performed at sites
5/2, 5/3 and S$/4. A single, constant rate test was undertaken at 5/5. Unfortunately, the tow
yield of site 5/1 prevented a successful test from being carried out. A summary of the test

programme is given in Table 6.2




Table 6.2 Summary of Pumping Test Programme

Borchole Sitc  Date of Test Rest Water lLevel Rate Duration Recovery
(m) below Us (mo/d) (mins) (mins)
datum
5-2-1 25/10/89 (A) 1.280 5.67 (490) 5 50.5
5-2-1 29/1089 (B) 1.260 575 (497) 4500 450
5-2-1 30/10 = Y1189 (C) 1.245 575 (49 28850 1205
5-31 5/10/89 (A) 1.990 071 (61) 61.0 20
5-3-1 711089 (B) 200 0967 (84) 50 400
5-3-1 810 ~ 9710/89 (C) 2010 085 (73) 13200 1525
5-4-1 1510789 (A) 2830 085 (73) 2550
0967 (84) 44.5
54-1 16/10/89 (13) 2.550 2400 180.0
1.060 (92)
5-4-1 17110 = 1971089 (C) 2490 J25.0 120.0
095 (&)
5-5 S/I11/89 (A) 1.639 16055 60.0

The pumping test data wecre affected by complex tidal fluctvations and no reliable correction
could be determined to rcmove the effect of these fluctuations. Hence whilst the data appear
to fit a Boulton or Neuman type curve, which would suggest water table conditions, the type
curve analytical technigues could not be applied with any confidence. The test well data were
also affected by considerable dewatering during the tests which reduced the saturated thickness
by 90 and 96% at sites 5/3 and 5/5, respectively, and by 52 and 549 at sites 52 and 5/4

respectively.

Duce to these limitations, estimates of transmissivity (T) and storage coefficient were based on
approximation methods at carly pumping times and from Jacob’s method for distance and
time drawdown data and recovery phase. The results are summarised in Table 6.3. Whilst the
T wvalues appear to show a wide range, the various methods suggest that a typical value for

the unconsolidated deposits would be about 100 to 150 m2d.

622 Input Tests

Estimates of hydraulic conductivity were also obtained from “input” tests, which involved the
rapid removal of a fixed volume of water using a bailer and monitoring the water tevel
rccovery with a transducer and millivolt recorder until equilibrium [evels were re-established.
These tests were carried out on 15 holes: 10 of the seriecs 3 boreholes (diameter 168mm)
and 5 of the series 5 boreholes (diameter 203mm). The test site locations are shown in

Figure 2.1.
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Table 6.3 Results of Pumping Tests
52 573 5/4 5/5
Logan Approximation
@ t = 5 mins.
TmZd 1240 %0 145 140
. Km/d 460 48 69 72
Distance-drawdown T 125 105 1975 7
(carly data) K 40 45 g0 7
$ 0.2% 0.2% x107
Time-drawdown Test well
(Jacob) Te 1300 25 £ 140
n 80 ? 5
K 30 - 480
Observation 1
T 6000 7 105 0~ 90 75
S 11% 0.3% 0.25% 0.2%
Obscrvation 2
—_— . T %
T 14000 ? 115 - 135
5 11% 015  0.2%
Recovery T 100 140
Te carly data Tl late data = rapid ** = influenced by lcakage

The water level data were analysed using methods derived by Cooper (1967) and by Bouwer

and Rice (1976), which both assume that well losses are negligible and that the aquifer is

isotropic and homogeneous. The Cooper method takes well storage and aquifer storativity into

account, whereas the Bouwer and Rice method only takes account of well storage.

In the Cooper method, values of head divided by initial head are plotted on a semi-log scale

against log time. The data plots are then compared to type curves to derive a value of T

from which K is obtained from K= T/D, where D is aquifer thickness. The Bouwer and Rice

method involves plotting the head change (H) against time on

obtain K from the following equations:

In I, r,

In(H/r,,) Lfr

a semi-log scale to then

M




5 in (rclrw) 1 Ho
K=¢—//———-— In — 2
¢ 20 t H @
where: C = dimensionless parameter

-
"

tength of the perforated screen

= effective radius over which head changes
radius of the well casing

= well radius

han . B |
£ 0 0
I

The test results are presented in Table 6.4. It was not possible to obtain any results for sites
3/1 to 3/3 and 5/1 duc to exceptionally low or high permeabilitics. The wide range of K
values obtained from the tests reflects the variability of the sequence. although this variability
must also be duc to the subjectivity of the analytical methods themselves This type of test
also represents only the permeabitity of the deposits immediately surrounding the screen and

is therefore usually considered less representative than controlled pumping tests.

Table 6.4 Results of Input Tests

Borehole | No.. of 1esis | Saturated Zones of K (m/d)
conducted | thickness {m) | saturation Method of Analysis
Cooper Bouwer & Rice
3N I 30 lmestone | too high {or test  too high for test
R 3 dry limestone
33 1 3.28 limestone o low for test oo low for test
3/4 5 324 sand 242 20 35
35 5 1.57 i1 18 15 81
36 4 4.7 sand 338 141 398
in 4 205 i No rype curve [it 33
378 q 205 sand 135 55 B
39 4 m fill/sand 12 35
3no 4 250 fil/sand 55 1 4
n 164 sand wo low for test oo low for test
52 1% sand No type curve fit 40
513 239 sand No type curve fit 9 120
504 3 260 sand 196 28 88
515 5 240 sand 2 22 1

Hydraulic conductivities of 15 to 80 m/d for the fill deposits and 10 to 400 m/fd for the

coastal deposits arc generally consistent with estimates based on the pumping tests and

grain size analyses,
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623 Grain Size Estimates

Grain size data are available for the general area from site investigations although grain
size analyses were not undertaken on the samples collected during the field programme. The

distribution of sites with grain size data is shown in Figure 2.1.

The samples for which grain size data are available were assigned to cither the fill or coastal
deposits based on an interpretation of the borehole log. The number of such samples
retating to each were 68 and 38, respectively. The specific surface method was used to
provide initial cstiamtes of K from the grain size data for this study. A value of 50000 was
assumed for the constant used for this method. Table 6.5 gives the ranges and arithmetic
and geometric means in m/d. The geometric mean is about 50% of the arithmetic mean and
should be a more accurate estimate of the mean K as the few high K values have less effect
on the geometric mean. The results indicate that the K of the fil and coastal deposits are
very similar, although there is a wide variation in the K of both types of deposits. The
constant applied was based on well sorted, marine sands and, despite the vanability in K,

produces a mean K similar to that derived from the input and pumping tests.

Table 6.5 Permeability from grain size data (m/day)

Fill Coastal Deposits
Min K 2.13 231
Max K 515 277
Arithmetic mean K 68.6 53.6
Standard Deviation 89.4 643
Geomelric mean 354 26.5

A plot of the K values (Figure 6.1} shows a skewed distribution. The values were therefore
converted to a logarithmic form to produce a lognormal distribution (Figure 6.2). A frequency
analysis was also undertaken by assigning K values to classes in units of 10 m/d. Thesc were
then expressed as a cumulative percentage to overcome the difference in the number of
samples from each type of deposit. The results are plotted as Figure 6.3, which further

confirms the similarity in K of the fill and coastal deposits.

Values of permeability assigned in the numerical model are 35 m/d for the hydraulic fill and
25 m/d for the coastal deposits. No tests were carried out to determine the permeability of

the dolomite. Instead values have been taken from the ASCO (1983) report. In the model




an average vatuc of 145 m/d has been assigned, although it is recognized that the actual

value will vary by scveral orders of magnitude due to the prescence of fracture zones.
63 STORAGE COEFFICIENT

The storage coefficient (S) will largely determine the rise in water level in response  to
recharge and has been estimated from pumping tests and from groundwater fluctuations

causcd by tides or rainfall events.
63.1 Pumping Test Estimates

Values of S obtained from the pumping test range from about 02 to 03% as shown in As
the late test data could not be analysed due to the combined effects of tidal fluctuations and
small drawdowns, thesc estimates were based on the early data and are considered to

underestimate the true specific yield (Sy).
632 Tidal Fluctuations
Storage coefficients can be estimated from the ratio of the change in groundwater level to

the change in tidal Jevel at a known distance from the coast using the following formula

from Ferris, 1951:

t, T 2S z
s, [_‘ log [_]]
X S

where: t, = 'Tdal period (days)
T = Transmissivity of aquifer (m%day)
x = Distance from coast (m)
S, = Half amplitude of tidal variation (m)
S, = Amplitude of groundwater variation (m)

This method was applicd to water level data from 13 locations (see Figure 4.6) and gave the

results shown in Table 6.6.

Discounting the very high S value of 17% from site 1/20 and the low value of 0.1% from

site 3/7, the results have a reasonably consistent range from 0.5 to 4% averaging 1.8%.
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Table 6.6 Estimates of § based on groundwater fluctuations

BOREHOLE No. Distance from Amplitude Storage
coast (m) ratio (230/5r) %
15 570 6.07 12
1/14 550 21.85 227
117 230 362 227
1720 260 53.9 17.0
3 470 386 0.6
U 200 4.46 4.05
29 460 3.27 0.48
2/10 460 11.07 1.98
213 400 12.76 221
215 480 17.73 26
34 590 16.19 16
i 160 121 6.1
kY, 900 37.5 1.2

633 Rainfall Events

The change in water level in response to the rainfall event of December 1989 has also been
used to estimate storage coefficients based on an infiltration rate of 20%. This approach gave
values for S of 2% for the coastal deposits and dolomite and 4% for the hydraulic fill,

which are very similar to those obtained from the tidal fluctuation data.
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Chapter 7

MODELLING

7.1 INTRODUCTION

The aim of the modelling was to describe in mathematical terms the main processes
influencing the distribution and movement of subsurface water in the West Bay area. In
outline, the model was designed from field information on aquifer geometry, aquifer properties
and sources of recharge and discharge. Simulations of water levels at borehole locations were
then— computed and compared with measured data in order to calibrate the model, which was
then used to predict the effects of expected changes in recharge due to the wurban

development of the West Bay arca

72 MODEL STRUCTURE

Two principles are fundamental to groundwater modeliing; first, water which moves from one
location must appear elsewhere; and, secondly, the rate of movement of groundwater between
mwo locations is proportional to the slope of the water table between them. The first of these
principles is expressed mathematically as the continuity equation, and the second as Darcy’s

Law. In two horizontal dimensions these may be written:

ah dq , 9q
§ — — (7.1)
ot Bx 3y
T % (1.2)
~ .
@
, T & (1.3)

The terms appearing in these equations are: S storage coefficient (dimensionless); h head (1);
q, flux in x direction (22¢ 'y q, flux in y direction (2%t!); R sources and sinks (2% 1)

and, T transmissivity (nzt'l)

The two horizontal coordinates are represented by x and y. With an average gradient to the
sea of the order of 1:1000, vertical flow is small in rclation to horizontal flow and is

assumed negligible for this application. Vertical flow due to infiltration of rainwater was
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accommodated by adding the appropriate amount of water to the water table, rather than
describing its movement through the soil. Equations 7.1 to 7.3 then give the spatial and

temporal relationship between heads over the mode! area.

Simulated values of head at specific points in time and space were found by solving these
equations 7.1 to 7.3 for h using finite element analysis, in which the equations were
discretised in space and time. These were calculated over a grid defined by a network of
nodes dividing the area into quadrilateral elements with the head values at intermediate points
are found by intcrpolation. The pgridding technique reduces the model to a set of linear

equations which are solved at time steps of (.1 days.

The model grid which consists of 160 nodes and 139 elements as, shown in Figure 7.1. The

distribution of nodes was based on a number of criteria:
nodes were located at the intersections of main roads;

the coarsest mesh was used for the arcas of the Dammam dolomite
outcrop cxcept towards the south-western boundary where steeper

groundwater gradients required some fining of the mesh;

a fine mesh was used for arcas overlain by hydraulic fll or natural

coastal deposit; and,
no surface element had all three surface nodes assigned as fixed heads.

The finite element solution used the Galerkin formulation with lincar basis functions and
integration using 2x2 Gaussian quadrature.  The half bandwidt'ill_of the system of linear
equations is 41, and was solved by an ecfficient direct method. An implicit finite difference
scheme was used to approximate the derivative with respect to time. Aquifer characteristics
were computed iteratively when hcad changes were large, based on the anthmetic mean of

their values at the start and end of the rclevant time step.
73 MODEL INPUTS
The information required to run the model consisted of numerical values for the aquifer

geomctry, aquifer properties, boundary conditions and internal sources and sinks at nodes or

eclements
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731 Agquifer geomctry and properties

At each model node the height above QND of the base and top of each of the
Dammam, sabkha and hydraulic fili were assigned by interpolation from borehole logs at

locations shown in Figure 2.1

Numerical values of the storage coefficient and transmissivity must be specified at each node.
Transmissivity is the product of the hydraulic conductivity of the aquifer and its saturated
thickness. For an aquifer with several layers, such as at Doha, this can be approximated by
the weighted sum of the transmissivitics of each layer. Initial estimates of the hydraulic
conductivity of the Dammam was taken from the ASCO report (1983), whose findings were
based on pumping tests, and for the sabkha and hydraulic fill were derived as described in
Chapter 6.

The storage coefficient(s) of the aquifer is defined as the change in water content of the
aquifer for a given change in head. It consequently relates only to that part of the aquifer in
which the head is changing at a particular time. The storage coefficient at each node is
therefore computed as the value for that component in which the water table presently lies.
Initial values for the Dammam were taken from the ASCO report (1983), and for the sabkha

and hydraulic fill were computed as described in Chapter 6.

732 Boundary conditions

The model requires knowledge of either the heads or the fluxes across the boundaries.
Generally it is convenient to seek natural no-flow boundaries, either along flow lines or at
watersheds. Where surface water is present this may form a measured head boundary. In the
West Bay model area shown in Figure 7.1 the southwest boundary corresponds approximately
to a groundwater divide. Recharge to the north-east flows towards the sea within the model
arca, while recharge to the south-west flows away from the model area towards the desert.
The north-west and south-east boundaries coincide approximately with flow lines and therefore
form no-flow boundaries. At the coast the sea forms a measured head boundary, varying with
the tide whose height is taken from tidal records. The northern boundary follows the line of
a depression which is roughly at sea level and is also treated as a fixed head boundary

independent of tidal fluctuations.

133 Recharge and discharge

Numerical values of recharge and discharge are required for each clement of the model
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Besides infrequent heavy rainfall the main sources of groundwater recharge to the West Bay
area are seepage from irrigation and feakage from pressurised water mains. Drainage of
groundwater to the sewage system and its subsequent pumped removal is the most significant
internal sink. Information on these sources and sinks for 1988 is given by the QAR zones
shown in Figure 7.2 and quantified in Table 52. As information on the possible scasonal
variation in recharge and discharge is not available, they are assumed to be constant
throughout the year and redistributed to elements of the model by partitioning according to

overlapping arcas.

Recharge due to rainfall is computed from measured rainfall at Montaza Park, Doha. An
accurate -allocation of rainwater to surface runoff, replenishment of moisture in  the
unsaturated zone, or recharge to groundwater cannot be made. The ASCO report (1983)
suggests a recharge rate of 10% over the Dammam, reducing to 7.5% in urban areas, and

any remaining rainfall is assumed to be held in the unsaturated zone until it evaporates.

The use of a percentage recharge is inappropriate when the water table is close to or even
at the ground surface, as occurs in parts of the West Bay area In such rcgions proper
accounting of the water balance is necessary. For the larger storms we have assumed that
the amount of rainwater reaching groundwater as recharge is 20% when the water table is
mor¢e than Im below the ground surface. When groundwater is within 1m of the surface, it
is assumed that all rainfall infiltrates such that thc moisture content of the unsaturated zone
Is in equilibrivm with groundwater. The moisture characteristic used to calculate the moisture
profile of the unsaturated zone is derived from a grain size analysis of the hydraulic fill and

sabkha.

Evaporation is computed as varying lincarly from 2mm per day at Im depth to its potential

rate when the surface is fully saturated.

134 Initial conditions

Initial cstimates of the head at cach node must be specified for transient (time-varying) runs.
For stcady state runs they arc not essential, but are uscful for comparison with simulated
stcady statc heads. Initial heads at each node are computed from borchole measurements by

interpolation. Depending on the particutar model run, these may be adjusted for tidal effects.
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74 MODEL RUNS FOR PRESENT CONDITIONS

741 Steady state runs

The model was first run in steady state and the measured and predicted heads compared.
The comparison was complicated by the fact that borehole measurements were made at
different states of the tide, and this has a significant effect on levels at some locations near
the coast. Measurements were adjusted to estimated high tide levels, and the boundary heads
in the model fixed at their high tide values. The difference between simulated and observed
heads is shown in Figure 7.3. The major discrepancies are along the southwestern boundary
where borehole information is sparse and interpolated initial heads are likely to be erroneous.
This does not, however, rule out the possibility that spatial variability in aquifer properties or
inaccurate estimation of recharge may be responsible for head differences. In the region near

the coast, discrepancies may in part be due to inaccurate tidal correction to measured data.

This steady state run is independent of the storage coefficient, but can be used to calibrate
hydraulic conductivity. Re-running the model with differing hydraulic conductivities and using
the mean square prediction error as a measure of goodness of fit suggests a hydraulic
conductivity of 145 m/day in the Dammam. This calibration assumes the no-flow boundaries
are accurately located, that recharges are correctly specified, and that the aquifer geometry is
as assumed. Calibration of the hydraulic conductivity of sabkha and hydraulic fill did not
inchcate significant differences from the values suggested by field tests. The initial estimates of

aquifer properties are summarised in Table 7.1

Table 7.1 Aquifer properties

Hydraulic Conductivity Storage Coefficicnt
m/d Yo
Dammam 145
Sabkha 25
Hydraulic fill 35 4

742 Transient runs with tidal effects

Sequential head measurements from boreholes close to the coast confirmed the presence of
tidal effects on groundwater levels, as described in Chapter 4. These were used to calibrate

storage in the sabkha and hydraulic fill. In these model runs the heads along the shore were
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gven fixed valucs at each new time step. Calibration of the storage coefficient gave values

shown in Table 7.1. This used combined information from tramsient runs with tidal effects and

with rainfall.
743 Transient runs with rainfall

Floods may last for scveral weeks after heavy rain. In the short term this may be due in
part to surface flow, but flooding after the cessation of rainfall is sustained by raised

groundwater levels.

Rainfall is included in the model as increased recharge (section 7.3.3), with no further
changes. Two measured periods of heavy rainfall, February 1988 and December 1989, have
been used to assess model performance in simulating flooding. The first storm had a return
period of 17 years, and the seccond of 27 years (FAO,1982). Both produced extensive flooding
in low lying areas which lasted several weeks For the February 1988 rainfall this was Flcarly

shown on aerial photographs.

Figure 74 shows the hyetographs for the February 1988 storm, with simulated heads at four
nodes adjacent to boreholes 2339750, 2239.231 and 2239.232 for which time series of water
level measurements were available. The location of these nodes is indicated in Figure 7.1.
Model runs for this storm give simulated flooding as shown in Figures 7.5 to 7.7. The
flooded locations correspond with those observed. but the simulated depth of flooding cannot
be checked against observed depths as measurements are not available.  Since it is likely that
flooding after rainfall has a significant surface runoff component, simulations of the depth and

precise locations of flooding must be regarded as approximate.
744 Summary

Those steady state and transient runs for a variety of conditions where the model simulations
can be compared with measurements suggest that the model is a reasonable representation of
the groundwater processes although flooding after intense rain may have a significant surface
water component which 15 not modelled. Most simulated heads in the absence of rainfall are
within 20 c¢cm of interpolated measured heads. Following rainfall, the model simulates flooding
in approximately the locations where it is observed, although simulated depths cannot be

checked.
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15 MODEL RUNS FOR INCREASED DEVELOPMENT

Further residential and other development of reclaimed land will result in recharge from
irrigation, leakage from water pipes and other sources in the areas concerned. To assess the
likely effect of this two stages of development have been included; firstly, the development
already underway both on the West Bay peninsula and in an area in the northern part of
the mode! area, and, secondly, maximum development to cover the whole of the West Bay
peninsula. Recharge on an equivalent area basis is assumed similar to that for parts of the

West Bay area already developed. The areas concerned are indicated in Figure 7.2,

The model has been used to examine whether increased recharge will by itself cause an
unacceptable rise in groundwater levels, and also the extent to which increased recharge will

exacerbate flooding whose primary cause is heavy rainfall

To investigate the first of these concerns the mode! was run steady state with recharges
assumed to be as for the existing area of development. This run suggested that, for
development already underway, there will be a groundwater rise of up to about 40cm over
the northern area However, as water levels will still be at least 4m below ground surface
there will be no risk of flooding despite a fairly large rise in the water table. A rise of only
10cm is expected in the area of the peninsula, which is due to the proximity of the sea and
the relatively permeable nature of the sabkha and hydraulic fill such that large head
differences cannot be sustained so close to the coast even with the anticipated increase in
recharge. Heads over most of the peninsula will remain around 2Zm below the surface (1m
along parts of the former coastline). With maximum development of the West Bay peninsula,
the rise in water table, shown in Figure 7.8, is still only expected to be 20cm in the absence

of rain.

The area of flooding likely to result from the planned maximum development when heavy
rainfall occurs (represented by the February 1988 storm) are shown in Figures 7.10 o 7.12.
The corresponding water level hydrographs for representative model nodes are shown in
Figure 79, (The comparable resuits for the present development are shown in Figures 7.5 to
7.7 and 7.4, respectively). These model runs indicate that the area of flooding would become
more extensive but would still be ‘rcstrictcd to a narrow, low lying zone some 3km long
sitwated just inland from the original coastline where flooding already occurs rather than in

areas of the new development.
Figures 7.13 and 7.14 show the water table depth if “pumping" was carried out at the nodes

shown in order to contain this flooding to maintain water levels at (.5m or more below

ground level with the "worst case" scenario described above. A discharge rate of 21000 m3/d
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would be required for a short period during and following the storm, although the discharge
required to cope with the effects of urbanisation alone need only be about 1300 m3/d to

maintain water levels at a depth of 1m.

7.6  IMPLICATIONS OF MODEL RESULTS

The West Bay district of Doha was considered to face two major hydrological problems at
the start of this study, namely short-term, local flooding from infrequent storms and a more
permanent and widespread flooding associated with a possible long-term rise in groundwater

levels due to urban devclopment.

The model was used to examine the water level changes rcsulting from the proposed
development assuming that the estimated present rates and different sources of recharge and
discharge (see Table 5.2) would remain proportionally the same. The additional response
caused by a major rainfall event, as represented by that which occured in February 1988, was

then superimposed.

The main conclusions from the various model runs undertaken during this study are twofold:

* The urban development itself is unlikely to directly result in surface flooding. Whilst
water levels are expected to rise by 20cm on the West Bay peninsula and by about 40cm to
the north of the present arca of development the depth to water level will still be 1m or

more even in the tow lying arcas.

* When the future development has taken place, heavy rainfall can be expected to cause
an increase in the extent and duration of flooding compared 1o the present development.
Howcever, this flooding would still be limited to the low-lying arca along the old shoreline

where floods already occur rather than in new arcas.

Hence, the model suggests that the long term nse in water levels will not cause a more
widespread permanent flooding and that the short-term flooding would sull be limited to a
relatively small area of West Bay distnct following periods of heavy rainfall. These results

have the following implications:
l. A widespread network of drains throughout the whole area would not be required as the

long-tcrm rise in water level from the urban development would not have the consequences

originally anticipated.
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2. The pilot drainage scheme study foreseen at the inception of the study is no longer

justified.

A combined surface and groundwater drainage network within the low lying area subject to
short-term flooding would be sufficient to alleviate the locat flooding in this particular area
following the planned urban development. An efficient network of surface drains to rapidly
remove surface water would reduce the amount of infiltration and the severity of the
groundwater problem. The model suggests that the groundwater drains in the low lying area

should be capable of removing 21000 m3/d.

It is recommended that:

{a) A more detailled model, which should also take into account the accumulation of
surface run-off, would be required to assist the design of a drainage network for this low
lying area. This model could be used to evaluate the impact and duration of flooding

following storms of different intensity.

(b) The existing West Bay regional mode! could be used to examine different recharge and

discharge scenarios asociated with the urban development.

() The water table response (o the urban development should be monitored by
incorporating selected piezometers drilled during this study in the Doha observation well

network.

Following heavy rain our simulations indicate that flooding will be more extensive following
planned and potential development, but that this flooding will occur close to regions already
subject to flooding rather than at the location of the new development. The extent of
additional flooding is indicated in Figures 7.10 to 7.12, which may be compared with Figures

7.5 to 7.7. The water level rise for specific nodes is presented in Figure 7.9.
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Nodal network for West Bay area

Figure 7.1
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APPENDIX
List of Engineering Reports for West Bay




REPORT A: July 1989, Gulf Laboratories. Senior staff housing project, sub-surface site

REPORT B:

REPORT C:

REPORT D:

REPORT E:

REPORT F:

REPORT G:

REPORT H:

REPORT 1I:

REPORT K:

REPORT L:

REPORT M:

REPORT N:

investigation. No. GD/199/1.

January 1983, Wimpey Laboratories. Govt. of Irag. Proposed new embassy in
the new district of Doha. No. S/19872.

January 1982, Wimpey Laboratories. Gulf Organization Consulting Doha,
Report on site investigation. No. S/18659.

May 1981, Wimpey Laboratories. Qatar General Petroleum Corporation.
Proposed extension to headguarters building at new Doha. Report on site
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APPENDIX
Summary of Borehole Data




BOREHOIE NO. GELEV, DATUM CO-ORDINATES TEST DEPTH DEPTH ELEV TOP ELEV TOP
ELEV. DEPTH HYDRAULIC NATURAL NATURAL DAMMAN
FILL MATERIAL. MATERIAL
{m) (m) {m} {m) (m) (m) (m)
GWS 11 3.37 3N 22985 £ 00 - 025 G.SURFACE 312
40071
GWS 172 3.9 438 22947 v 00 - 05  G.SURFACE 34
40048
GWS 113 2.15 252 23061 6 0-05 05 - EOH 145
40044
GWS 1/4 333 354 22989 00 - 10 G.SURFACE 23
39963
GWS 1/5 178 199 23009 6 0- 10 10 - BEOH 078
39917
GWS 1/6 2.68 29 23009 00 - EOH G.SURFACE
39917
GWS 177 6.82 7.05 22848 00 - 05  G.SURFACE 6.32
39913
GWS 1/8 3.54 3.62 22959 6 0-10 10 - 50 254 1.4
39882
GWS 19 242 2.58 23003 6 0-035 05 - EOH 152
39866
GWS 1/10* 22886 00 - 20 G.SURFACE
30863
GWs 111 2.61 2.79 23062 6 0 - 375 375 - EOH 115
39880
GWS 112 2.13 2.38 23017 6 0-15 15 - EOH 07
39825
GWS 1/13 1.93 2.19 22970 00 - 1.0  G.SURFACE 0.9
39802
GW5 1/14 252 2.86 23030 6 0 - 252 252 - EOH 0
39806
GWS 1115 3.13 34 22950 0.5 05 - 45 263 1.37
39772
GWS 1/16* 6.31 6.5 22882 0 00 - EOH G SURFACE
39750
GWS 117 3.13 344 23099 6 0-40 40 - 60 - 087
39752
GW5 1/18 5.36 5.53 23228 6 0  EOH - 0.6
39753
GWS 1/19 21 2.36 22970 0.0 - EOH G.SURFACE
39742
GWS 1/20° 324 356 23211
39748
GWS 211 4,06 425 23179 6 0  EOH 19
35750
GWS 212 213 2.45 23025 6 0 - 213 213 - BOH 0
39733
GWS 23 211 2.25 23139 6 0 - 45? 45 - EOH - 24
39712
GWS 24 4.06 4.37 22948 6 0 - 1.2? 12 - EOH 28
39702
CWS 2/5 7.36 757 22912 00 05 G.SURFACE 6.86
30685




BOREHOLE NO. GELEV, DATUM CO-ORDINATES TEST  DEPTH DEPTH FLEV TOP ELEV TOP
ELEV. DEPTH HYDRAULIC NATURAL NATURAL  DAMMAN
FILL MATERIAL MATERIAL
(m) (m) (m) (m) (m) (m) (m)

GWS 26 297 3.13 23027 “ 00 - 05 G.SURFACE 247
39676

GWS 2/7 3.28 3.47 23231 6§ 0 - EOH - 27

GWS 278 202 2.34 23101 6 0-20 20 - EOH 0
39654

GWS 2/9* 3.84 4m 23206 5 0 - EOH 12
39651

GWS 210 238 256 23128 6 0 - 407 40 - EOH 167
39631

cws 211 255 2.89 23062 6 0 - 35 35 - BOH - 095
39635

GWS 2/12* 9.58 9.88 22928 05 G.SURFACE
39622

GWS 213 2.32 263 23068 6 0-30 30 - EOH - 07
39595

GWS 2/14 2.46 276 22981 6 0 - 246 246 - 40 154
39572

GWS 215 231 253 23032 6 0-25 25 - EOH - 0.19
39566

GWS %16 2.2 265 23062 6 0 - 407 40 - EOH 18
39545

GWS 217 3.23 3.43 22995 6 0 - 157 15 - 325 - 173 - 0.02
39529

GWS 2/18 2.39 25 23017 6 0 - 45 45 - EOH 21
39503

GWS 219

GWS 31 5.8 6.29 22895 58
40032

GWS 32 6.43 6.88 22858 00 - 1.7  GSURFACE 473
39974

GWS 373 53 557 22956 00 - 14  GSURFACE 39
39937

GWS 3/4 2.05 22 23032 5 0-13 13-34 075 13
30882

GWS 35 1.95 212 23071 63 0 - 407 40 - 48 - 2 2.85
39772

GWS 3/6 2.57 2.75 22997 34 1 - 10 10 325 157 - 0.68
39755

GWS 37 4.57 471 23255 10 0 - 80 80 95 3.4 - 49
39701

GWS 38 223 253 23152 7 0 - 345 345 - 55 12 . 327
39678

GWS 3/9 2.27 241 23011 54 0 - 20 20 - 49 027 - 263
39608

GWS 3/10* 233 251 23039 66 0 - 407 40 - 50 17 . 267
39531




BOREHOLE NO. GZELEV. DATUM CO-ORDINATES TEST  DEPTH DEPTH ELEV TOP ELEV TOP
ELEV. DEPTH HYDRAULIC NATURAL NATURAL  DAMMAN
FILL MATERIAL MATERIAL
(m) (m) (m) (m) (m) (m) (m)
GWS 4/1 987 10.16 22788 18 9.87
39982
GWS 472 8.05 8.18 22588 35 8.05
39884 ‘
GWS 473 1893 19.17 22803 188 1893
39844
GWS 4/4 18.46 18.55 22686 25 18.46
39804
GWS 4/5 20.82 2098 22732 165 20.82
39580
GWS 4/6 16.5 16.67 22875 1R 16.5

* Some Information not available




APPENDIX 3
Water Level Data for Project Boreholes




WEST BaY G/WATER STUDY ater levels

Station No Date Time Depth to water Elevatiaon of

(m below water table
datum level] (m above sea level)

GWHEL1AL o Jul 89 a2z
2 Jul 2879 7o
19 Jul 8% 832
26 Jul aw 740
2 fAug 8% T : G685
Aug 89 7E2 TLORE 0. 4685
Auvg 8% 728 E.000 O.710
Aug BT 738 D990 O, 720

Aug 89 21 2,975 0.7ES

D.&E75
G.&45
0,445
0. haS

&H Sep 8% 742 A O.720
1% Sep 89 "G4 T 000 0,710
20 Sap 8e 7859 G,710
27 Sep 8% 7451 O.710

4 Oct 89 811

0,640

1 Nov 89 837 O.4830
10 pMov 89 TEX O 650
11 Ngv B2 19524 GL0AC 0700
15 Nov 89 152 2Le90 O.720
2% Nav 89 840 100 O.&10

7 Dec A% =B . 080
10 Dec 89 151& L1100
13 Dec &% D23
17 Dec &9
19 bec 8%

G0
H10
LHA5
130

e
s

-,
]
'
2

=

1.09C
21 Dec &% 1,030

27 Dec Qv 0.

2 Jarm Jo ; :

10 Jdapn 90 1R24 O, 7a0
17 Jan Q0 ars Q.71
24 Jan {0 955G 0. A80
21 Jan R0 235 O, &7




Statiaon No

GWs1/10

WEST RAY G/WATER

10
11
15

7
10
13
17
1%
21
10
17

]
Fa

AL

Date

Aug
Aug
Aug

» Ag

Aug
Sep
Sep
Sep

- Bep

Oct
Naw
Nowv
Nawv
Nov
Nowv
Dec
Dec
Dec
Dec
Dec
Dec
Dec
Jdan
Jan
Jan
Jd &
Jan

g
as
az
av
aw
as
5%
a9
89

2%

8%
a9
8%
a2
89
aY
a9
ae
ae
a9
ng
8¢
Q0
0O
FO
QO
20

Time

FOI
az7

g1
845!
B:24
gal
F15
L=
8o0
i ey
1003
e M
1617
1619
98

1607
1612
342
1622
853
1612
927
1404
215
P47

15

Depth to water
{m below
datum lewvel)
2000
2,030
2000
2.0480
2,000
2.010
2,060
2.040
Z2.0F0
2,100
1.990
1.959G
20030
2.030
L.990
2.030
2.005
1.3290¢
1.480
1.350
1.46%90
1.780
1.283¢C
1.840

1.88¢

(m

Water levels

Elevation of
water table
above sea level)

+*




WEST RBAY

G/AWATER STUDY

Station No

GWS1/11

1<
248

]
)

9
1a

S0

&
1=
20
27

4

1
1o
11
13

7
10
13
17
1<
21
=7
10
17

~
A

=1

Date

Jul
Juld
Jud
Jul
FALag
Aug
AuUg
AL
Aug
Sep
Sep
Qe
Sep
Oct
Nowv
Noav
NGy
Nav
NGV
Deg
Dac
Lec
Deg
Dec
Dec
Dec
Jan
Jan
Jan
Jan
Jar

8%
39
a9
8%
g2
a9

BHe

89
8e
89
av
8%
82
8%
a8v
89
8%
g%
b
2%
a<
a9
ae
89
87
eied
0
Q0
O
0
QO

Time

BO&
738
221
727
727
720
714
725
710
729
7axE
745
T4
7 o9
|23
719
131=
1513
825

=8
1507
151%=

7Tz
" ol

1520
754
1317
219
131G
8512
giR
8l1l&

Depth to water
(m bhelow
datum leval)

2.4355
2465
2550
2.485
2.500
2.380
2500
220
2.470
Z.310
2.540
2.180
2.520

—_ ey s
2.235

Z2.240
2,860
22860
244800
2.230
P00
2.470
L.ETD
1.920
2270

=2.180

oL EOG

2380

24550

Water levels

Elevation of
water table
{m above sea level)

O.IE4

G 324

0,305
0.289
Q. 409
Q. 289
0,477
0,317
0.479

0,229

a.507
Q.26%9
0. 254

. 549

0LE2

0. 529
0,389
0,059
0.439
0,319
.414
0,387
0.51%
0, &0

0y Am
e

¥

—~

T

0. &47
G .4
G.E19
0.45%

0L 409




WEST

BaY

G/AWATER

Station No

1z
1<

~\
26

10

13

SYLDY

Date

Moy
Moy
Dec
Do
Dec
Dec
Dec
D
o)=Y
Janm
Jan
JaEr
Jan
J A

i

Time

T
s}

th

-
~ WD
|l el I

L4 BN D

\

A

[ L

an7

1544

HE1

1538
a47
Gig
844

Depth to water

{(in iz
datum

elow
level)

G40

N
I

S0

Q?G

SO
A0
. BHO
- SO0
St
e BG0
alatel
545
.70
sS40
M
S3LG
v oo
SE0)
2 A
G
040
tia

A

U TR S
.

| Sl ol
2

1
o
]

e
.

O o ey
.

s
n

=
.

!
b
x

Loht fed

Water levels

Elevation of
water table
{m above sea level)

G840

0,873

0. 8480

4,820
0,890
G.8%0
G.890
Q.8830
0.840
0,880
0,.8E0
O .835
0.7%0
. 840
. 8865
0,870

C.830

G890

O L8730




WEET BAY G/WATER STULY

Station NhNo

GWS1 /1%

a

15

10
13

-
?

19
21
27
10
17
24
31

Date

Julo g%
Jul ge
Jul 89
Jul 8%
Aug {9
Aug 39
Aug 89
ARug 89
Aug 39
Sep 89
Sep 99
Sep 89
Sep 89
Oct g9
Nov 89
Nav 89
Nov 39
Nov 8%
Nayv 8%
Dec B9
Dec 39
Dec 89
Dec 89
Dac 89
Dec a9
Dee 89
Jan 90
Jdan {0
Jan 20
Jan 90
Jan O

Time

PO
258
837
812
g1%
804
SO0
81=
747
313
g4
a27
821
gie
P10
00
1544
1549
FOL
Oz
1535
18472
1=
1553=
=29
13545
g5k
15448
851
G20

a848

Depth to water

{m Iy
datum

el ow
level}

1.100
1.4680
1.070
1.030
1.050
1.040
1.040
1.040
1.040
1.050
1.070
1.030
1.0%0
1.120
1.18%5
1.080
1.070
1.085%
1.140
1.170
1,125
1.110
O.350
0.630
0,700
G200
0, 8L
O0.970
O.990
1.020
1.060

{m

Water levels

Elevation of
water table

above

zea level)

1.0%0
1.11¢
1,120
1.146G
1.140
1.1350
LoA50

- 100
1,150
1.140
1.120
1.110
1.106
1.070
1.00%5%
1.1190
1.12¢
1.1085
1,050
1.080
1.065
1.080
1.56840
1.340

R b s b b
. .




WEST Loy

Station No

GWS1/14

GAWATER STUDY

|/Y
a9
=i
8%
kg
89
a9
aq
89
=5
a9
a9

]
I

8%
a4
a9
89
a<
as
8%
8%
87
a9
89
a9
ay
20
D0
Q0

Date

3 Jul
12 Jdul
19 Jul
258 Jul
2 Aug
? Aug
14 Aug
2% Aug
T Aug
& bep
13 Ben
20 Sen
27 Sep
4 ot
i Noav
10 Nov
11 Now
15 Nov
22 Nov
7 Dec
10 Dec
13 Dec
17 Dec
19 Dec
21 Dec
27 Dec
3 Jan
L7 Jan
24 Jan
1 Jan

QO

Time

Depth to water

{in below

cdatum

lavall

2L OZ0
2.038
2.04C
2.045
2080
PLLOEG
1.795
=000
2.040
2. 040
200
1.700G:

2. 020

1.743
2,100

2.080
<050
2.040
2.070
20090
2.100
2,080
1,400
1.716
1.770)

LaEE0
1.900
SL i

2L ORG

oLow LA

2. 100

L

Water levels

Elevation of
water table
ahave sea leveld}

¢.839
0312

G.B19
0.814
O 809
.32

0.284
0,239
0.219
Q.79
a.7469
1.139
0.839
1.094
O.759
0.77%9
0,209
0,819
0.78%9
Q. Ta%
G.759
O 772
1.2%599
1.149
1.08e
1,609
0. 759
0, 349
G g829

L




WEST RAY G/WATER STUDY Water levels

Station No Date Time Depth to water Elevation af
(in below water table
datum levell tm above sea level)

GWS1/15 = Jul
2 Jul
1% Ju)

g RLR220 1.180
a
2
26 Jul &
5
a
2

2.190
2.180
oL1aE
2150
2,150

2150

=AU
¢ Auag
14 Aug

23 fBua 8Y 20150 1250
IO Aug 89 A 1% 1.240
& Bep 29 2.146% 1.235
13 Sep B9 2.180 1.220°
20 Sep 89 2.180 1,220
27 Sep B9 2,200 1.200
4 Oct B9 2.RE0 1.17¢
1 Nov 89 2.290 1.110
10 MNav 89 2.1%0 1.210
11 Nov B9 2,175 1.225

13 Nov B89 2.190 1.21G

29 Nov 89 2.2380 R
7 Dec B9 Fag 2.225 1,173

10 Dec 29 153 2L2EG
13 Dec BY 1544 22216
17 Dec 89 215 1,460
19 Dec 29 15548 . 7A0
21 Dec 89 B0 . R0
27 Dec B9 L EAE 2P0
(= L SR
130 Janm 90 a SR e baly
17 Jan G 53 2,070
24 Jan 70 P2 2.l

21 Jan 90 oae 2. 180

LB
150
. 740
L b&D

e e

[}

;
A

o

.

—

SZodan Q0

|+

[ P N WP Y



WEST BAaY G/WATER STUDY Walter levels

-

Station No Date Time Depth to water Elevation of
(m lelow water table
datum level} {m above sea level)

GWE1/14 2 Jul 8 F4z 3

[N
2

T40

12 Jul 8% DRl 5 1575
19 Jul B9 742 o 1.32%0
246 Jul 8% g44 G 1.405%
? Aug BY ase S L.410
¢ Aug 89 ax4 % 1,420
146 Aug 89 az8 = 1.420
2% fAag 8% @42 S5.080 1.420
20 Aug 89 a18 Sl 080 1450
& Sep Q9 a47 D.075% 1.425
1% Sep &89 P9 5.090 1.41G
20 Sep 89 FO& . 1.400
27 SBep 29 890 . 1,390
4 fict B9 P13 . 1.73565

1 Nov 8% 244
10 pov 89 83O
il Nov 8 i611
g
[on]

o 00D

350

(I
.

o
LR mp)

H O R T T L
p .
P

.
(—-l-
oo
i

'_?
i9 Nov B9 146173
29 Wov 8%9 g1
=
o

=
P
e

IR

o A

205

-

P L
RN
o s
£

o

i

7 Dec I35

!

10 Dec
1% Dec

o
a 1H58
a

7 Dec 8% |87
=
=]
fout ]

) 1407

A
»

-l —8

et

- BadG

Ny
£ -

e e e
.

a

4
19 Dec 8% 1&16 4 1.830
21 Dec B 849 q 1. .
27 Dec B L4LO7 4 1.

I dan %O F17 4,5 1 :
10 Jan SO 1 éa0d a 1 LA
17 Jan %0 13 4 1.9540
24 Jan PG GIIE 5. 1.480
21 Jan 90 Q1O u 1,440




WEST BAY GAWATER STUDY Water levels
Station No Date Time Depth to water Elevation of
(m helow water table
gatum level) (m above sea level)

GWs1/17 S Jdul g9 754 5,065 0,375

12 Jul 89 728 F.090 0550

19 Jul &% ai1i I.180 O.260

2& Jul 8% 718 3.180 OL.290

2 Aug 89 714 FZ.110 0,330

? Aug 89 710 3020 G.420

14 Aug 89 707 L1330 OL.310

L oAug 89 714 2950 L N

Aug 89 ATT E.070 0ETO

Sep B9 717 2.920 G, 520

I Bep B9 745 F.1560 0,280

20 Sep B9 7EG 2.820 0,620

27 Sep 89 7IE1 30120 SR ely

4 Qct 87 747 2.850 O.590

1 Nov 89 212 2.850 0. 580

10 Nov 89 708 Z..020 0, EZ90

11 Nov B89 1504 2.895 G.545

15 Nov 8% 1505 SL065 G.385

29 Nov 8% 816 2.84¢ 0. &0O0

7 Dec 8% 819 ZRPES 0L 205

10 Dec 99 1500 Z..0850 O 3290

1Z Dec 8% 1505 Z.030 0,410

17 Dec 89 72z 2.680 0,740

1% Dec 89 1511 2.870 G.G70

21 Dec g% 7an 2,720 0. 4550

27 Dec 89 15409 2.880 0. 560

I Jan 90 |G4 2,780 0. &30

17 Jan 90 82073 <= BEG SF0

24 Jan 90 225 2,840 O S8R0

1 Jan 20 Bl 2.930 G.510

GWH1/18 10 Jan 20 1502 D. 30 0,140

17 Jan 20 Va0 T D0 0L GR0

24 Jan 20 215 S.500
21 Jan 90 7E3 G600




WEST BAY G/WATER

Station No

GWSL19

b

3

o

i%

20

Date

Jul
Jul
Jul
Jul
(ATR Y]
Aug
Aug
Aug
Aug
Sep
hen
Sep
Sepn
{ct
Ny
Nav
NoOw
Now
Nowv
Dec
Dec
Dec
Dec
Dec
Dec
Deao
J&E
Jan
Jdan
Jan

X
el

STuny

ae
8%
ag
a2
as
e9
g
ae
ae
39
a9
89
29
Be
ac

g%
g2
89
gy
8e
=2
a9
ae
a9
a¢
a9
M
i
S0
20

QO

Time

YT L
834

1554
S0l
1549
QG
FRE

£ BN
anr

Depth to water

(m I
datum

210w
ievel:

1.130
145
- 1330

126G

L Al

1.150
1.111
1.110
1.0%%
1.100

o 100

R

j—
e

+

=
rad

D

e
£
-
S

_.
L

. 1130
240
150
135
L1450
L 210
=190
210
175
1 ATO
QL T20
O, 7LD

[ PRSIEES

J

e

(=Y

[

]

o~

¥,

0.F10

1. G000

=

-

{m

b1

Water levels

Elevation of

water tab
abave sea

1.179

1.2449

1.249
1.2464
1.259
i.259
1.22%
1.219
1.2609
1L.17%
1.119
1.20%
1.22

214

. 149

« LAT

[y

e ol

L1149

1.184

[ N

I
bt

Y

[ RV Y

le
level:?



WEST BRAY

G/WATE

Station No

BWG1 A2

L

o

4o
1g
28

)

o
&
e
27
a0
&
132
20

T
=t

10

s
I

—o

b
RN

R AN
Lo LD

23R
N

Ed

~

—
)
e Ll

R
“

R 8TuUDY

Date

Jul
Jul
Jul
Jul
Aug
fiug
Aug
(218 fa]
Aug
Sep
Sep
Sep
Sep
Oct

Moy

Nov
Moy
Nov
Nov
Dec
Dec
Dec
Dec
Dec

a9

89
a9
89
g9
2z
29
as

9

Time

azs
75

2834
742
741
734
729
T4

pla i
R S

744
209
8200
A
817
ga9
R
1524
1524
242
840
151
13324
75z

153

LA

2019

1528
829

E I~ L]

ER g
Q27
857
279

Depth to water
(m halow
datum level)

ZabéaD

Z.ATO

[
ol

&G

LSO
CEEO

HE2U
LH1G
- HO0
LB00
A0
-8v0
. a0
- H00
]
AHTO
FEH0
615
- 050
axlv
LT

L4
T
-
-
-
i
o
-r
e
"
—
-
-
-
W
-

Water leveis

Elevation of
water table
(m above sea level)

0720
Q.710

. e
0,725

0770
0,750
0O.7580
L7770
G . 790

0, 800
O 800
Q.720
0,790
Q, 780
O.745
0,710
0. 720
. 7e0
O, 750
0,680
Q.710
G, 700
0,715
1.180
1.170
1.150
1.010
[y
0, 7780
O8G0
Q. 780
O.780




WEST BAY G/WATER STUDY Water levels
Station No Date Time Depth to water Elevation of
(m below water table
datum lewvel) (m above sea level)
GlWS1 20 S Jul 89 745 G249
2 Jul 8% 716 0,289
19 Jul 8% BO4L OL.209
26 Jul 89 712 00209
2 Aug a9 710 0,179
? Aug 89 Téh Q.194
1& Aug B9 701 0.19%
23 Aug 8w 711 0,203
I0 Aug B89 L54 Q.189
& Sep 89 714 G. 18y
3 Sep 89 740 = O.144
20 Sep BY 7aa T ETAE 0,164
27 Sep 29 72 L4100 0.14%
4 Dt 89 7472 F.440 0.119
1 Nov 89 204 3,490 0,069
15 Nowv 8% 14359 E.450 Qa, 109
29 Nov 89 1817 Z.480 0,079
7 Dec 89 814 Z.4460 O, 099
17 Dec 8<% 7317 I.370C G, 149
21 Dec 89 745 T L4000 0. 159
2 Jdan 90 801 Z.420 (I B
17 Jan 90 7oz ZL.AKG G.099
1 Jan F0 300 3.820 O.0E9




WEST BAY G/WATER STUDY Water levels

Station No Date Time Depth to water Elevation of
{m bhelow water table
datum lewvel) {m above sea level)
GWS1/7% - Jul g9 1.9465 0,554
12 Jul B89 2.088 G, 4754
19 Jul 8% 2.075 O, 444
26 Jul g% 24100 O.419
2 fuwg 89 2,060 G459
? Aug B89 Z2.075 0. 444
14 Aug 89 2L050 0,469
23 Aug 89 20020 L A99
20 Aug 89 2,040 L4709
& Sep 89 2,060 0,459

1% Sep 8%
20 Sep 89

2120 £y, 299

[P

1.980 0. 2E9

27 Sep 89 2,110 0. 409
4 Oct 89 2. G40 0,479
1 Nav 89 I3 2020 G.499

10 Nov B9 TEO 2.110 0. 409

11 Nov 89 157 2,025 0,494

1S Nov &9 152 2,005 0,514

29 Nov 89 874 2,010 G BOE
7 Dec 89 aEs 2.070

10 Dec 89 1513 2. 180

13 Dec 89 1520 2.040

17 Dec 89 747 1,660

1?9 Dec 89 1528 1,900

21 Dec 89 205 1,950

27 Dec 8% 1SR 1.980
T Jan 90 225 1.990

10 Jan 90 1518 2,100
7 Jan 90 e 2. 070

24 Jan 0 a5 2.040

1 Jdan 90 Q24 o 1S0 0L IeT




WEST RBAY G/WATER BTUDY Water levels

Station No Date Time Depth to water Elevation of

(m below water table

datum level: (m above sea level}

GWS1/4 o Jul 89 gz8 2.980 0.559
12 Jul 39 Qa7 2,000 0.337
1% Jul 89 841 2.950 0.589
28 Jul 8¢ 748 2.8%0 O, 447
2 bug 89 747 2.8465 0.86874
? Aug 8% 722 2.840 0599
1468 fug 89 7ED 2,814 O.FEF
23 Aug 89 745 2.730 G.739
X0 fAug 8% 28 2,720 0,789
& Sep 89 7 a0 2.720 0.81%9
1% Sep 89 g1e 20720 G.81%
20 Sep 99 g1z 2.720 Q.81%9
27 Sep 89 a0éA 2.730 0.809
4 Oct 89 818 2.7835 0.734
1 Nav 89 2494 2.730 0.78%9
10 MNov 89 74%Z 2.710 O.829
11 Nov 3% 1331 2.910 0.629
15 Nov 89 IR 2.8830 0. 5689
Z9 Nov 89 851 F.050 Q479
7 Dec 8% 846 Z.700 0.3589
10 Dec g% 1522 2.000 €. 5357
13 Dec 8% 1529 2.750 0,789
17 Dec 89 i7a7 2,380 1.179
1% Dec BR 1357 2,610 0.92%
21 Deg av Q14 2.550 G.879
27 Dec B9 S Z2.830 QL7709
A dan PO gza 2 .880 Q. 559
10 Yan 90 1524 DL O 2=
17 darm 20 a=z 2z Q.&1%9
24 Jan 20 204 2.980 0,399
1 Janm 90 ezz 2.920 0.4517




WEST BAY G/WATER &7
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WEET BAY S/WATER STUDY Water levels
Station No Date Time Depth to water Elevation of
(m below water table
datum level} (m abave sea level)

GUWEL/ 6 S Jul g9 g4 20155 0,745
12 Jur g2 w1l 2.180 0,730
1% Jul 8% f244 Z2.140 0,760
26 Jul g% 7an 2.120 078G
Z Aug 87 730 2.115 0,785
T fAug 89 741 2.100 Q. 800
14 fAug 89 7E7 Z2.110 Q.79
23 Aun 89 T4y 2,110 QL7990
30 Aug a9 FEO 211G G.790
& SBep 89 702 2:.100 0.800
13 Sep 89 a21 201028 0.77S
20 Sep B9 #14 2.100 0.800
27 Bep 89 a08 2,110 L7390
4 0Oct 89 325 2,180 Q. 7580
1 Nov 8< 24z 2.180 Q.720
10 Nov 289 745 2.110 0.790
11 Novw 89 15353 2.08% 0,815
15 Nov 8¢ 15754 2.080 G. 820
2% Nov 89 asz 2.190 O.710
7 Dec 8% 248 2,170 QL 70
10 Dec 89 1524 A Wt G740
13 Dec 89 1571 Z.13G 0,770
7 Dec 89 708 1.700 1.200
19 Dec 89 1839 1.720 1.180
<1 Dec 89 g1% 1.780 1120
27 Beg 89 18Ex 1.500 1.00G
Z Jdan 20 84 A1) 0 F00
10 Jan 20 15927 2,118 O, 790
17 Jan 90 Hi4 2,140 0. 740
24 Jan 90 PO4L 22140 0.7580
1 Jan 90 2Ia 2LLE0 GOL.740




WEST BRAY G/WATER
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GWR1/7
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WEST BAY G/WATER STUDY Water levels

Station No Date Time Depth to water Elevation of

{(m below water table

datum level? (m above sea level)

GWS1 /8 9 Jul 89 851 2750 0.8489
2 Jul 89 g1 2.738 0 .884
12 Ju)l 2829 49 2720 a.,89%9
28 Jul 8% 204 2.585 Q0.9234
2 hAug 89 809 2.680 G .239
? Aug 89 7a7 2,675 0,944
1& Aug 389 Tax ZLHT0 0_247
23 Aug 89 go1 2L e&D .9499
0 hAug 89 =5 2670 0.949
& Sep 89 Qo= 2. A5G0 0.299
1% Sep 89 824 2.700 0.219
20 Sep B? B"1<e 2.700 0.919
27 Sep 289 813= 2.700 0,719
4 Gct 89 B30 2.7%5 0 .884
1 Nov &% QOO 2.780 0 .B839
10 Naov 89 751 2.700 D.919
11 Mov B2 1538 2,680 G .2E9
15 Nov 8% 1941 2.680 0,939
29 Nov 8% 258 2L.TEO 0.33%
7 Dec 89 853 2,758 0,834
10 Dec 8% 1528 2,750 0.349
2 Dec 89 1535 2.725 o .B94
17 Dec 89 804 2.190 1.429
19 Dec 89 13245 2,240 1,359
21 Dec B89 820 2.ELO 1. E0Y
27 Dec 8% 1538 245G 1.18¢
T Jdan Q0 845 2.540 P &
1 Jan 20 2 2540 0.20%
17 Jdan 20 2. hH0 0957
24 Jan 20 2.4680 0,937
21 dan 20 2.71¢ 0.90%
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WEST Bavy

G/WATER

Station No

LWE1/9
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1.74G
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1.735¢
1.745
1.77&
1.740
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1.800
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0,849
oL,E829

0,779




WEST BAY G/WATER STUDY Water levels

Station No Date Time Depth to water Elevation of
(m belaow water table
datum level} {m above sea lewvel)
GWS2/1 3 .dul ae 791 4090 0. 140
12 Jul aw 721 4.09% O.195
17 Jul 29 209 4,090 O, 1&0
26 Jul @9 714 4,050 0. 200
2 Aug 8% J1= {4,075 0,175
9 fAug 89 708 4,035 Q,213
1& Aug 89 704 4,100 0,150
2E Aug 2% 713 I.9EO QL2700
30 Aug 89 G4 4 . O8O o200
& Bep 89 716 .90 O.270
1% Sep 89 1747 4,070 0,180

20 Sep 89 7RG 2.940 G.3E10
27 Sep 89 72 4,090 0. 160

4 Oct g9 744 Z.974 G.275

1 Now B9 g0 4,030 GO.220G
10 MNov 89 7O 4.14G Q.10
11 Now 3% 1459 4,050 O.19%
15 Nowv 89 13501 4.124 G.125

29 Nov 89 810 4,640 L2100
7 Degc a9 81& 4,060 0.1%0
10 Dec g9 1457 4.1F0 0,120
1% Dec 89 1802 4,120 €. 130
17 Dec a9 720 Z.F00 OLEGO
19 Dec 89 1308 4,010 G240
Z1 Dec @9 747 E.980 G, 270
27 Derc R 1503 408 :
I Jan 20 E.740
10 Jan 20 4L OEG
17 dan 20 4 GO
24 Jan Q0 4 . GRG 0, 200
21 Jan 90 a0z 4,050 0,190




WEST Bavy G/AWATER STUDY Water levelg
Station No Date Time Depth to water Elevation of
{(m bielow water table
datum levael) {m above sea level)
GUWE2/10 ooJul g9 T2& 1.9280 Q.57
2 odul 8e &H98 1.985 0O.0574
19 Jul ae 782 Z2.070 0., 43%
25 Jul gv HET 2.085 0.474
2 Aug 89 L84 2.080 Q.479
? Aug 8% L9z 2.029 0,330
1& Aug 89 Hag 2,020 O, G835
ZX Aug 8% &H98 2L EG 0,529
0 fAug /9 &41 2.010 €. 549
& Sep 89 HE3 2.020 G 53E9
1% Sep @9 T3 2.060 0.499
20 Sep g9 71l 2,000 G, 559
27 Sep 8¢9 771G 2045 0.494
4 Oct 89 7E7 2.015 Q.544
1 pMov g9 747 2.000 0. 55
10 Mov 89 &44 2.070 Q.48%
11 Nov 89 1445 2.0480G G.519
15 Mov 3% 1444 2.0860 0.499
29 hNov 8% 748 UEGRY F TN 0.499
7 Dec B9 800 2130 G409
10 Dec gw 1444 2,120 0,439
1% Dec 89 1448 2.11G G.449
19 Dec B2 705 1.870 0. 689
21 Dec @gv 1455 1.905 Q.454
27 Dec 89 TE4Y 1.980 0,609
E o Jan 90 1444 1.%9%0 0. 609
10 Jan PO 748 1.995 Go5dg
i7 Jdan 20 1448 2000 O, Ghe
24 Jan 20 &0l 2020 0. 539
Il Jan 90 745 2.1460 0.399



WEST BAY G/WATER STUDY

Station No Date Time
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WEST BaAY G/WaTER
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WEST BAHY G/AWATER

Station No

GWEZ/ 14
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WEST BRAY G/WATER STUDY

Station No
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WEST Ray

G/WATER STUDY

Station No
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WEST RAY

G/WATER STUDY
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2. 030

1.5600
1.&40
1.74%5
1.770G
1.83E0
1.874¢
1.9730

(i

Wate

- levels

Elevation of
water table

aliove

sea leveld

1.450
1.455
1.440
1,430
1.3350
1.4730
1.430
1.440

. 440
1.4%0
1.41¢
1.430
1.410
1.395
1,350
1.410
1.420
1.420
1.370
1.370
1.375
1.400
1.9200
1.3c0
1,Qﬁﬁ




WEST BAY G/WATER STUDY Water levels
Station No Date Time Depth to water Elevation of
(m helow water table
datum leve]l) (m above sea level)
GWs2/18 3 Jdul @ag &54 12300 1.2G0
12 Jdul ge 615 1.%10 1,190
19 Jul gBe 72 1.3560 1,150
26 Jul ge H2G 1.375% 1.125
2 Aug 89 H2E 1,160
.92 Aug @< LH2T 1.144
15 Aug 89 LA 1.17C
25 Aug 89 &34 1.135
0 Aug B89 H17 1.173
& Sep 99 &H28 L.r=0
1% Sep 89 £8B7 i.3840 1.1230
20 Sep BY G486 1.3E75 1.125
27 Sep B9 &H48 1.385 1.11%
4 0ct B89 700 1.3465 1,135
1 Nov 8% 720 1.35860 1.140
10 Nov 89 &H10 1.340 1.150
11 Nov 89 1417 1.330 1.17¢
13 Nov 8% 1418 . 2T 1.210
2% Nov 8% F1é 1.EL0 1,190
7 Dec 39 =8 1L.410 1.090
10 Dec 89 1425 1.3465 1.175
13 Dec 39 1429 1.350 1.170
17 Dec 89 4 0,880 1.&620
19 Dec 89 1424 0.8320 1.4870
21 Dec 89 Tor 0,920 1,580
27 Dec 39 1436 1,000 1. SO0
3 Jan QO 725
16 Jan S0 1451
17 Jan 20 710
24 Jan 90 TARE
21 Jan 90 71i8




WEST RAY G/AWATER STUDY Water levels
Station No Date Time Depth to water Elevation of
{m below water table
datum level) (m above sea level)d
GW32/r2 o Jul aw P14 1,490 Q.60
12 Jul Re 854 1.47% Q.72
1% Jul a9 O4L 1.480 0,970
26 Jul 8% BRG 1.473 0.975
2 Aug 89 82< 1.480 0,970
9 hAug 89 812 1.470 0,980
14 Aug B9 208 1.4480 O .90
2% Auwg 89 821 1.4350 1.000
0 Aug B9 Facls 1,440 0270
& Sep 89 g21 1.440 0,970
1% Sep B9 gazr 1.480 OLF70
20 Sep BT 836 1.48%5 Q.40
27 Sep v /2e 1.4%0 0,250
Oct g9 844 1.515 G.9235
1 Nov B9 218 1.580 0,870
10 Nov BY 810 1.870 Q. 880
11 Nov 8% 1353 1.540 Q.910
15 Nov 289 1556 191G O L9490
2% Npv 8% 214 1.584G 0.210
7 Dec 8% FLO 1,540 0.0
10 Dec B9 1564 1.530 0O.920
1= Dec 8% 1548 1.530 Q.20
7 Dec g9 g19 0,370 1.830
19 Dec B9 1601 i, 620 1.760
21 Dec 8% 8= G, 7a0 1. 700
27 Dec 8% 1352 1O 1.420
S oJan 90 852 1.150 1.3G0
10 Jan 90 147 1.340 1.2160
17 Jarn 90 “ase 1.7310 1. 1460
2L Jdan Q0 a5 1.400 1.05006
BTy 17 Jan 20 7a% 1.9%90 Q.Z460
24 Jan Q0 82 1.990 Q. 260
21 Jdan 9O 804 2.080 G170




WEST RAY

G/WATER

Station No

GWRZ2/5

)
i

1&
17
24
31

BTUDY

Date

dul
g
aun
ALy
Al
Aug
Sep
Sep
Sep
Sep
Nowv
Dec
Dec
Dec
Dec
Jan
Jdan
Jan
Jan
Jan

ae
89
3%
8%
ac
87
=
a9
g9
a9
a9
g%
89
82
a9
GO
F0
Yo
Q0
0

Time

240
804
Gi1
azn
azEe
815
844
P04
0T
247
14608
834
14614
344
14604
LB
1559
210
QG
2064

Depth to water
(m below
datum level)

& . 080
GO0
ALOTG
&H.090
H.100
44100

&.010

L0060

Wate

v levels

Elevation of
water table

(m above

sea level)

1.470
1.485%
1.485
1.48%5
1.490
1.480
1.495
1.480
1.470
1.470
1.4640
1.940
1.9210¢
1.8%0
1.820
1.720
1.&50
1.420
1.5840

i.510




WEST RAY G/AATER STUDY Water levels

Station No Date Time Depth to water Elevation of
(m below water table
datum level) {m above sea lavel)

GWa2 /& S Jul 89 FaAh 2,150 0.940
12 Juil ae 711 ZL175 0.F355
1% Jul 89 wEl 217G 0, P40
286 Jul 8% 934 2.143 O.9245
|43 Z.135 0,975
azs 2.150 QL9280
8212 2.140 Q.90
3 334 2.1940 0. 980
I0 Aug 89 eoas F.140 Q.990
4 Sep B9 B3E5 2.14% £, 980
13 Yep B9 8253 21485 0.946G
20 Sep g% 844 Z.1460 0,70
27 Sep 89 840 2.170 0.960
4 ct B? eav 2,190 0.94¢
1 MNow 89 FEC 2.240 O.870
10 Naov 39 L5326 2.210 Q.QR20
il Nov 89 1471 Z2.180 QL QEG
19 Hov &% 1431 FL170 0,940
2% Novw 89 A 2220 0.910
7 Dec 89 F18 2220 O.210
10 Dec 89 1349 2.2260 G210
1% Dec 89 L5859 2.200 O.F3E0
17 Dec B9 824 1.870 1.2860
1% Dec Q% 14472 1.800 1,330
21 Dec g9 TR0 1.B800 1.3530
27 Dec g% 1444 1.858 1.273
% Jany 90 Qo9 1.935G 1.2600
10 Jdan 20 Lax5 1.%990 1.140
17 Jdan 990 25 2L 0EG 1.100
24 Jan Q0 747 2.070 1.060
Il Jan 90 TE3 2.100 1.070




WESBT BRAY

G/WATER

Station No

GWEZ2/S7
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STUDY

Date

Mo
Nov
Moy
Nowv
Nowv
Dec
Dec
Dec
Dec
Dec
Deses
Dec
J &N
Jan
Jan
Jan
Jan

ae
a9
a7
8%
=1
a9
a9
8%
8%
as
ae
89
ae
89
g9
89
aL
8%
|e
832
ag
82
39
ge
=
ag
0
PO
PO
QO
GO

Time

758
703
BO1
706
704
701
&58
704
L47
708
74
T2
721

—r-T
7E7

7 a9
£33
1453
145%
a0z
8O
1452
1457
71z
1502
741
1302
75&
1486
744
310
724

Depth to water
(m below
datum level)

. 180

SUCy

P

200

63
L 2HG
. 250
L 210
S0
LFLO
110
PO
140
-1
08O
L1110
L1100
. 880
10
G0
alsly
. B840
PR
Z2.870
2.840

P L,

2.880

LIRS SRR IR O OIS S R IS B S I B PR O 5 Y R O T O A R R R S S R

(m

Water levels

Elevation of
water table
above sea level)

O.290
.17
0,120
0,115
0,255
0. 240
0,210
O ,.340
GL270
O.405
Q.210
0,820
Q.260
0,315
Q. S0
QL3460
0,480
0,330
0,555
O.E5%0
[N Y Y]
o ZE0
Q. S90
0,460
G, 500
S .470
O.5H10
O, &Q0
0L 650

O, 590
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i)}

F3]
f-d

P =
RC R AR S R A

Lol B s
L D

o
oy
_’I

I

[

- b

10

i5

-
L

1.0
17
24

STUDY

Date

g%
g%
a<s
a9
a9
a<e
89
4o
g
a9
29
89
®]e
89
87
a8<
ae
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e
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QO
S
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Time

&
4
&
&
&
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Depth to water
(m below
datum lewvel)

b

e e
ael b

CY T
A1G
<435
AL
s
2805
T
L 260
FCACTS)
P e T
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~
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ETaTe

stely
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-G GO
- 52D
« S0
R
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- OO
L8O
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DL
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~ e
e

{m

Water levels

Elevation of
water table

alxGve sea

(A
—0D.02
-, 071
—0 . 094
-0, 081
~0 051
-, 044
-0, 011
=0 02
S I I
-, 101

0,049
-1, 084

O.039

0029
-1 061

G,014
-0, 051

O, 2%
-0, 0584
- 07
—0,.0481

G,.2589

0.189

0.1467
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WEST BAY

E/WATER

Station No

GWSZ2/9

GWSEZA1

10
1=
i@
21
27
1
=4
=1

20

27
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11

o
L1t

29
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STLDY

Date

Jul
Jul
Jul
Jul
Ao
Aug
Aug
Aug
Aug
Sep
Sep
S5ep
Sep
Oct
Nov
Nowv
Nov
Nov
Now
Dec
Dee
Dec
Dec
Dec
Dec
Jdan
Jar
Jan
Jan
Jar
Sep
Sep
Sep
Sep
Oct
Ny
N
Nov
ey
Nowv

as
g7
89
a2
a9
a9
8%
a9
av
g7
99
=Ey
8
a<
ae
89
s
ee
87
a9
B8
89
a9
a9
ae
QPO
0
QO
N
0

g9
89
a9
59
89
a9
g9
a9

as

Time

7354
704
7a7
TOE
FOZ
&HaB
&HGBE
FOZ
&44b
&
731
719
719
]
736
L83
1451
1431
=
807
1400
1435
711
1300
TEI
1500
7od4
L4554
goa

732

AL
812
8Oz
735
215
8541
AR
1532
1az

844

Depth to water
{(m below
datum Ievel:

F.0hG
Z.H6E0
E.730
Z.755
H.670
Z.445
Z.695
2.600

Z.64G

T
I Wit

.70
. 338
HE0
S.435
-840
=540
. 005
e &0
440
- &30
LHS0
cASO
LAZ20

. 020

|

SR RS SO R R R S

CAGOD
. 450
. 280G

[ B O

SL.AEE
GL450
S5.455
- AS0
LATG
w1
D20
- A0
L 440

(B4

L IV | (:'J

L1 R (O R B

i

{m

Wate

r levelg

Elevation of
water table

above

s@a level)

Q.459
G . 359
Q.28
Q.264
Q. 349

Q.374

0.32

G.419
Cr.Z79
0.474
0,249
0.4684
0.37°9
G.o84
0,579
0.379
.514
0,359
0. 579
Q.89
0.369
0,369
0,599
0.49%
0,819
0,48
0,589
(1,529

bl
0. 559
0.439

¢.354
0.83%
0,834
0,839
.84
Q.779
O, 7469
0,829
0,549
0,739




WEST BAY (3

Station Na

GWEZE/10

GWSE/ =

JWATER STULY

2R an

Pl e

I.-l.
D AR A B D o

Date Time
Jul @9 &%
Jul g% &1l
Jul 8% 72h
Jul 89 L2126
Aug 8% 620
Aug 82 &£25
Aug 8% 621
Bug 89 HI2
Aug 8% &15
Sep 8% g
Sep 89 LG5
Sep B9 H47=
Sep 89 &84
Oct 89 6£a8?
Nov &9 718
Nov 89 508
Now 8% 1415
Nov B9 1417
Sep B9 857
Sep 489 22
Sep 8§89 F19
Sep 89 201
Oct g8e P25
Nav 8% 14008
Naov &9 241
Nov 8% 14527
Now 29 L&Es
Nov &% P4z
Sep 8% 734
Sep g% ez4
Sep 39 215
Sep 8% 211
Ot aw 827
Nov 89 ©wal
Noy 89 748
Nav 8% 1534
Nov B% 153%7
Nov 89 204

Depth to water

{m b
datum

elow
level)d

R S T i R T
a1
DU AR I R N B o B i

n
.

0 00 W W
~N N
ARG

ner N i

.....

4.820

Water levelos

Elevation of
water table
{m abave ssa levels

0,979
0,854
. 809
Q,.739
Q.849
0.81%9
0,824
0339
O.874
0.279
0,769
0,234
Q.78%9
0.979
1.00%
Q.949
.989
0.8569

1.010
1.000
0.F9G
1.003
0. 980
O.5940
O.7a40
D.520

1.000

0,890
0.370
0.895
0,870
0. 8460
G.gl1n
D.HEE
0,870
GLE75

G, 730




WEST BAY G/WATER STubDY Water levels
Station No Date Time Depth to water Elevation of
(m helow water table
datum level:; (m above sea level)

GWSE/4 3 Jdul BR 211 1.610 0,520
12 Jul 8% T4 1.610 0.590
1¥v Juy 8% = 1.630 Q.57 0
26 Jul g% TEL 1.628 QL5575
2 Aug 89 72 1.61% 0.5885
2 Aug B89 27 1.3%0 0.&10
1é6 Aug 89 718 1,600 0L 500
25 Aug 89 727 LL.E75 O.62%
I Aug 89 71z 1. &O0 0, &G0
& S5ep 8% 731 1.600 QL &00
1% Sep BS i 1.4650 QLG50
20 Sep 89 744 1.573 0,625
27 Sep 89 742 1.680 Q. 520
4 Dct 89 801 1.&620 0,580
1 Nov B89 824 1,660 G, 340
10 Nov 89 721 1.640 0. 3560
11 Nev 89 1514 1.600 0, 600
15 Nov 39 1515 1.60GG 0,600
29 Nov 29 asd 1,630 QL5770
GWS=E/5 S Jui 89 738 1.590 0,529
12 Jul 29 7279 1,588 0,534
19 Jul 89 813 1.700 0,419
26 Jul 8% 72 1.610 0.509
2 Aug 89 71g L6220 0.49%
? Aug 89 T13E 1.4%5 0,624
14 Aug 82 T0G L &30 0.48%
23 Bug B89 7ig L. 400G QL.71Y
IO Aug K|Y 73 L.BRO 0, BES
&L Sep 89 721 L.41G O.709
1% Sep 89 Ta47 L.&675 G.444
20 Sep g9 TE7 1.28%5 G.834
27 Gep 8% 734 1. 440 0.479
4 Dot 89 TazE 1.740 Q,.779
1 Nov BY% 815 1.3460 0,759
10 Nov 89 710 1,870 Q. o49
11 Nov 89 1306 1,380 0,739
13 Nov 8% 1507 1,530 0. o989




WEST BAY

GAWATER

Station No

GWSE/

GWsZE/
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b
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i1
1%

Date

Jul
Jul
Juld
Jul
fAug
ALg
Aug
Aug
Aun
Sen
Sep
Sep
Sep
Oct
Nowv
Nowv
Nov
Nowv

Jul
Jul
Jul
Jul
Aug
Aug
Aug
Aug
Aug
Sep
Sep
Sep
Sep
Oct
Moy
Noawv
Ny
Nov

STUDY

ae
a9
1=
8%
a<
a9
ae
ge
a7
g7
8
89
89
g2
a9
87
ke
89

a9
8%
89
89
a9
g8e
8%
a9
ag
a9
89
89
Be
g9
av
a9
ae
89

Time

711
848
FOI
817
824
811
205
g13
7a%
g1«
]2E9
832
825
84%=
@15
8a7
1551
13534

742
7ii
goz
708
707
FOE
LHEE
7og
LTt
TLO
TE7
723
TEA
7E9
81
HEB
1455
1455

Depth to water
(m below
datum level)

n .
o o

iR

-
[
!

N A

=
aj

Bt 2 e e b
2 L ]

oo o

(R SO

=
1] fﬁl
L.

1.700
1.744
1.8670
1.640
1.48630G

4,850
4.875
S.090
4.910
4,910
4,660
4,980
4,435
4,870
4, 420
4,990
4,140
4.910
4185
4,140
4.780¢
4,315
4.740

Water levels

Elevation of
wnater table
{(m abhove sea level)

1.0835
1,105
1,110
1.120
1.120
1,135
1.140
1140
1.1490
1,130
1.110
1.100
1.080
1.080
1.010
1.480
1.11¢
1.100

-0, 1480
-, 165
-0, =80
-0 200
-, 200
Q.30
0,270
0,275
=0, 120
020
—0 . 280
0,370
=, 200

0,525

O, 400




WEST EBAY G/UWATER

Station No

GWS3/8

FWez/9

GWE4 /1

GWs4 72

GWE4 /2

GWS4 74

10
11
15

G
12

1<
24

1é

e

=0
&

20

-
27

10
11
15

STuDyY
Date
Jul 8%
Jul 8%
Jul 89
Jul 8%
Aug 8%
Aug 89
Aug 2%
Aug BY%
Aug 29
Sep 89
Sep 8%
Sep 89
Sep 2%
Dct 89
Nov 89
Nov 8%
Nov 8%
Nov B9
Jul 8%
Jul 89
Jul 29
Jul 8¢
Aug B89
Aug 89
Aug B89
Aug 89
Aug 89
Sep 8%
Sep 8%
Sep 289
Sep 8%
Oct 89
Noyv 89
Naoy &89
Noyv 89
Nav 8%
Sep 89
Sep 39
Sep 89
Sep g9
Sep 89
Sep g9

Time

731
AN

7
Fa5

701
658
LHBG

401

7ol

&£47
&b
726
TLE
714
733G
750
b45
1447
1447

711
&H42
741
547
&H47E
HE43
&G
&49
&ZEA
&Ha4
712
FOZ
702
719
TEE

L7

whelr gl
1454
L4754
Q02
728
RN
G2

P

Depth to water
im el ow
datum level)
2.380
2.445
2.510
245350
2.450
2.410
Z2.470
2LE70
2.470
2.340

L ]
s e ot bl

2.220
i =y
2[00
2.245

e
AR L W

2.430
Z.289
2.443

1.110
1,090
1.085%
1.075%
1.089
1.0485
1.045
1,040
1.0860%
1.0&0
1.080
1.080
1,100
1.110
1.120
1,120
1.075G
1.093

86820
2.910
17,570
160180
14,3520

LTG0

Water levels

Elevatiaon aof
water table
{m above sea lewvel)

O.149
O.084
Q.01
~Q_ 0z
0072
0,119
0, 059
CL.157
0. 099
0.18%9
0,004
0. 307
0.029
G.284

P

O, 509

1.2%940
1,530

.30

1,359

R I

alow ol f

L.&00

2.E6Y

465G
2570
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WEST RAY G/WATER STUDY

Station No

GRBL5/1

GlSh/ 2

GWESL/ =

(Ey

i

Date

Sep &89
Sep 29

Sep 89

Time

7348

PO

Depth to water
(m below
datum level)

Water levelg

Elevation of
water table
(m above sea level)
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The demand for long-term scientific capabilities concerning the
resources of the land and its freshwaters is rising sharply as the
power of man to change his environment is growing, and with
it the scale of his impact. Comprehensive research facilities
(laberatones, field studies, computer modelling, instrurnentation,
remote sensing) are needed to provide solutions to the
challenging problems of the modern world in its concern for
appropnate and sympathetic management of the fragile systems of
the land's surface.

The Terrestrial and Freshwater Sciences Directorate of the
Natural Envirocnment Research Council brings together an
exceptionally wide range of appropriate disciplines {chemistry,
biclogy, engineering, physics, geclogy, geography, mathematics
and-computer sciences) comprising one of the world's largest
bodies of established environmental expertise. A staff of 350,
largely graduate and professional, from four Institutes at eleven
laboratories and field stations and two University units provide
the specialised knowledge and experience to meet national and
international needs in three major areas:

*

Land Use and Natural Resources

*

Environmental Quality and Pollution

*

Ecology and Conservation




© FRESHWATER BIOLOGICAL ASSOCLATION
The Ferry House, Far Sawrey
Ambleside, Cumbria LA22 OLP
| Tel: 05662 2468 Fax: 6914
Telex: 8350511 ONEONE G
REF 18173001

The River Laboratory

East Stoke, Wareham

Dorser BH20 688

Tel: 0929 462314 Fax: 462180

Telex: 8950611 ONEONE G
REF 16174001

INSTITUTE OF E¥DROLOGY
Wallingford, Oxon O3 10 88B
Tel: 0491 38800 Faxt: 32256 Telex: 849365

| Plynlimon Office
Staylittle, Llanbrynmair
Powys SY 19 7DB
Tel: 05516 652

INSTITUTE OF TERRESTRIAL ECOLOGY

A Edinburgh Research Station
Bush Estate, Pencuik, Midlothian EH26 0QB
Tel: 031-445 4343 Fax: 3843 Telex: 72579

Banchory Reseaxch Station-

Hill of Brathens, Glassel

Banchory, Kincardineshire AB3 4BY
Tel: 03302 3434 Fax: 3303 Telex: 739396

Merlewood Research Station
Grange-over-Sands, Cumbria LAL1 8JU
Tel: 04484 2264 Fax: 4705 Telex: 65102

Monks Wood Experimental Station )
Abbots Ripton, Huntingdon, Cambs PE17 2LS
Tel:04873 381 Fax: 467 Telex: 32416

/v Bangor Research Station
| Penhros Road, Bangor, Gwynedd LL57 2LQ
Tel: 0248 36400 1 Fax: 355365 Telex: 61224

/. Furzebrook Research Station
i ‘Wareham, Dorset BH20 5AS
Tel 0929 51518 Fax: 51087

INSTITUTE OF VIROLOGY
Mansfield Road, Oxford OX1 3SR
Tel: 0865 512361 Fax: 59962 Telex: 83147

..___..4___&—.--—. u"ﬂ|

+ UNIT OF COMP A RATIVE PLANT ECOLOGY
Dept of Plani Sciences, Sheffield University, Sheifield 510 2TN
Tel: 0742 768555 Fax: 760159 Telex: 547216

4 UNIT OF WATER RESOURCES
SYSTEMS RESEARCH
Dept of Civil Engineering
Newcastle University
Newrcastle upon Tyne NEI TRU
Tel091-232 8511 Fax: 251 0191 Telex: 53654
¥ DIRECTORATE OF TERRESTRIAL
& FRESHWATER SCIENCES )
Narural Environment Research Council
Polaris House, North Star Avenue
I Swindor SN2 1IEU .
Tel 0783 40101 Fax: 511117 Telex: 444283
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