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SUMMARY 

A variable density groundwater modelling investigation of abstraction from trenches 
constructed into thin lenses in the Bahamas provides indicative evidence that with current trench 
configurations and abstraction, the abstractions are about double that which should be taken for 
acceptable stable salinity conditio~s to be maintained. Alternative trench-abstraction situations 
are viable, hut expensive, so that in the short-term a pragmatic management approach controlled 
by comprehensive monitoring and sensible saline groundwater distribution criteria is 
recommended. 

l. INTRODUCTION 

Although the Ghyben-Herzberg principle may be acceptable for the definition of long-term 
stable freshwater-saline water relationships, the mixing associated with the highly dynamic 
hydrogeological conditions in small, low elevation oceanic islands causes the geometry of the 
freshwater zone to be considerably reduced with respect to the steady-state calculation. 

Studies in small limestone islands [1], [2] have shown that the potably viable freshwater 
(1000 mg/1, total dissolved solids or salinity) falls within a 1:20 ratio geometry of freshwater head 
height above mean sea level to freshwater saturated thickness below mean sea level. Clearly, with 
very low ground elevations in limestone islands, that will normally be characterised by carbonate 
dissolution fissuring, particularly close to ground surface, the opportunity for the creation of 
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freshwater head is severly limited. In consequence heads above mean sea level may not exceed 
lm, and are frequently less. 

In such islands very thin freshwater lenses occur which areally have thicknesses significantly 
less than 20m. For socio-economic reasons such lenses are utilised for water supply purposes 
but pose considerable management problems. 

Abstraction can be carried out in a variety of ways, using classical well installations, well point 
clusters, or trenches. Because of focussed salinity upconing below wells in these thin lenses, 
however, gravity drainage via shallow trenches to collection sumps that can be pumped, is a 
favoured procedure. 

In the Bahamas (Fig. 1), trench abstractions are in use in the islands of New Providence and 
Andros, but unfortunately in some instances the water supplies have suffered unacceptable 
salinity increases because of salinity upconing into the trenches. For a consistent situation some 
practical management criteria are clearly required to replace intermittent and unscheduled 
shutting-off of abstractions. 

With the objective of attempting to understand the thin lens responses to the mode of 
abstraction and to initiate appropriate management measures, an indicative modelling study was 
carried out, which is described in this paper. 

2. HYDROGEOLOGICAL CONDITIONS 

The ground elevations in New Providence and Andros are generally less than Sm above mean 
sea level. Only very local positive topographical features are present, mainly sand dunes, so that 
the islands are very flat, just rising above the sea. 

The geology is exclusively carbonate, and largely stratified calcarenite in character. Bed 
thicknesses are typically less than 3m. Because of the dynamic groundwater head conditions 
related to tidal and recharge impacts, a micro-karst is endemic with some major sink-holes. 

The mean annual rainfall is lSOOmm (1981-90) which occurs during May to October as a 
series of fairly distinct storm events. Hydrological monitoring is not extensive but long-term 
estimates indicate an annual recharge of 200mm. 

Except under the localised dune areas the groundwater heads rarely exceed lm areally above 
mean sea level for any significant period in a year. Head variations in response to tidal influences 
cause oscillations of up to some 0.25m on the lens water surface. 

The trench installations for abstraction are open cuts 1-l.Sm deep and lm wide. Trench 
lengths vary up to about 300m with gravity flow of the exposed groundwater to convenient pump 
sumps. The separation between trenches is of the order of 300m although this varies depending 
upon area constraints and freshwater lens extent. The groundwater supply yields from the 
trenches are estimated using a value of 120m3/day per 300m of trench length. 
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3. SALINITY INVESTIGATIONS 

To study the periodic saline water ingress into the trenches and decline in water quality a 
surface geophysical survey using ground conductivity techniques was carried out. Profiles were 
determined at right angles to the trench lines and the results demonstrated very clearly the 
distribution of saline groundwater with depth in the vicinity of a trench (Fig. 2). In most profiles 
marked saline upconing directly beneath .trenches was observed. In some instances minor 
irregular peaks were found at distance from the trenches, the cause of which is uncertain, but 
may relate to hydraulic inhomogeneity in the karstified calcarenites. 

Using the ground conductivity profiles as a shape control it was decided to use variable 
density groundwater transport modelling to investigate the salinity distribution responses to 
abstraction. 

4. MODELLING APPROACH 

4.1 Model domain 

In view of the hydrogeological complexity, particularly in proportion to the thinness of the 
lenses, and the paucity of comprehenisve distributed hydrogeological data, it was appreciated 
from the start that only indicative modelling of representative conditions was possible. 

A representative two dimensional vertical section domain with lm thickness, set at right angles 
to a trench, and with the trench placed centrally, was used as shown in Fig. 3. As stratification of 
the calcarenites occur a layered sequence was incorporated into the model for the latter stages of 
modelling. Values of hydraulic conductivity were taken from packer test interpretations carried 
out in New Providence for foundation purposes. In the layered modelling low permeability layers 
were introduced to represent hard ground palaeosols found in the general calcarenite sequence. 

4.2 Flows 

Two flows were imposed in the modelling, abstraction and recharge. In order to represent 
typical current conditions an abstraction of 120m3/day per 300m of trench was used 
(0.4m3/day/m of trench length). For recharge, the value of 200mm/annum was introduced, 
initially, evenly throughout a year, but subsequently for a six month period to represent the wet 
season with zero recharge for the remaining six months of a year. 

4.3 Salinity 

Referring to Fig. 3, the boundaries of the model were set as a free water surface at the upper 
boundary, with sea water salinity (35,000mg/g total dissolved solids) in a fixed head mode at the 
lateral boundaries and in a no-flow mode at tl)e base. 

For the fresh groundwater component a starting value of lOOmg/1 total dissolved solids was 
used. 
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4.4 Representation criteria 

To assess lens response to abstraction a limiting condition was placed on the represented 
upconing in that once a lOOOmgll salinity isoline reached approximately 3m below the base of the 
trench, the lens was considered to be vulnerable to further abstraction and the modelling was 
stopped. 

Confidence in the model representation was based upon the similarity of the model results 
with the ground conductivity profiles. 

5. MODEL RESULTS 

5.1 Selected model 

The model used for the study was MOCDENSE described by Sandford and Konikow [3). An 
iterative finite-difference scheme using a strongly implicit procedure is used to solve for the flow 
field. The method of characteristics is used to solve for the convective part of the transport, while 
an explicit finite-difference procedure is used to solve for dispersion. 

5.2 Isotopic conditions 

To establish the viability of using the selected model, isotopic steady-state lens conditions 
were first investigated. Taking the domain given in Fig. 3 a 200mm/annum recharge was applied 
evenly throughout a year to a lens with an isotropic hydraulic conductivity (K) of lOOm/day. The 
lens base was set at 24m and the surface of the lens at 0.6m. An example of the type of sectional 
responses obtained after 8 years of abstraction is shown on Figs. 4 and 5. The salinity 
distribution shown in Fig. 5 is not dissimilar to the ground conductivity data (Fig. 2) but the 1:40 
ratio gives a lens thickness that is too large for the islands being studied. Further, Bahamian data 
indicate that trenches can suffer saline ingress more rapidly than indicated by Fig. 4. 

5.3 Layered conditions 

To obtain what was considered to be more realistic conditions, the layering shown on Fig. 3 
was introduced with the lens base set at 24m initially and then at 12m. Initially the model was 
run as before but with the horizontal hydraulic conductivity (Kh) equal to the vertical hydraulic 
conductivity (Kv). As shown on Fig. 6 the lOOOmg/1 isoline response for the 24m lens is 

significantly slower than for the isotropic lens (Fig. 4). This is attributed to the introduction of a 
realistic low hydraulic conductivity at depth. With the Kh:Kv = l:llayering the 12m less base 
shows a very rapid response. 

Field observations indicate significant shallow horizontal flows in the Bahamian lenses when 
high heads appertain. The karstification of the limestones is perceived therefore as being, in part 
at least, related to these horizontal groundwater flows during seasonal lens deflation. It is 
considered, although not authenticated by hydraulic testing, that horizontal hydraulic 
conductivities are higher than vertical hydraulic conductivities. Taking this assumption the 
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model was run under steady-state conditions with the layered Kh:Kv = 10:1. Comparative 
results are given in Fig. 7 and show very rapid, although different style responses. 

Clearly, a whole range of permeability layer interpretations could be made so for the required 
indicative modelling the layered ratios were varied to produce a 12m lens base response that 
would allow the 1000mg/l isoline to reach the lens base in about 7 to 10 years, in accordance with 
field observations. A Kh:Kv:2:1 ratio was eventually adopted through trial and error, with a 0.6m 
KH layer (Fig. 3) invoked at the top of the lens having a hydraulic conductivity double the Kl 
layer. 

Using the final model configuration the salinity distribution beneath a trench as shown in Fig. 
8 was obtained with the 3m depth vulnerability cut-off described under Section 4.4 delineated. 
To represent the seasonal recharge more realistically the same model configuration was used with 
the 200mm recharge introduced over 6 months. The results are shown on Fig. 9. 

Accepting that the model provides a reasonable indicative representation of the lens condition, 
the results given on Fig. 9 show that the abstraction rate (120m3/day/300m) is obviously too high 
for sustained yield. Fig. 10, depicting the vertical section salinity distribution after 4.5 years of 
abstraction, shows substantial diminuation of the freshwater resource, but encouragingly shows a 
similar style of salinity distribution to the found in the field ground conductivity profiles (Fig. 2). 

Using the established layering and seasonal recharge the abstraction was then reduced to 
obtain an assessment of a sustained yield from a trench that would give dynamic equilibrium 
conditions with the 1000mg/l salinity isoline at about 3m depth. On Figs. 11, 12 and 13 some of 
the abstraction variation results are shown. The dynamic equilibrium criterium is mel in Fig. 13 
with an abstraction of 58m3/day/300m of trench. This is approximately half the normal 
abstraction expected from the Bahamian trenches. 

To invoke a substantial reduction in abstraction from the trenches, as indicated as being 
desirable from the modelling, presents considerable water supply source problems. This may 
inevitably have to be faced in the future for proper supply management, however, with capital 
investment and the construction of subsidiary trenches it may be possible to maintain current 
abstractions by controlled switching of abstraction between trenches. 

This option has been investigated in the stylised model by abstracting 120m3/day/300m of 
trench for 7 years from the central trench, stopping this abstraction and then abstracting 
60m3/day/300m of trench from two adjacent trenches, either side of the central trench and 150m 
distant. The results of the re-distribution of abstraction are shown on Figs. 14 and 15 and 
indicate that, although expensive, the trench configuration should give a sustainable yield in 
accord with that required for supply purposes. 

6. CONCLUSIONS 

The very thin geometry of the lenses investigated together with the associated hydrogeological 
complexity does not permit definitive modelling, probably, even with very comprehensive data. 
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Using a variable density transport model and accepting only an indicative representation, it is 
concluded that the current abstraction required from the Bahamian· trenches is about double the 
sustainable yield. By introducing subsidiary trenches, at substantial cost, the current 
abstractions may be maintained. Such measures may be necessary in the long-term, however, in 
the short-term pragmatic management using monitoring to vary abstraction in accord with saline 
groundwater movement is seen as the only option. The recommended monitoring is: 

(a) surface ground conductivity profiling along lines set at right angles to a trench, on a 
periodic basis, say twice a year. 

(b) drilling of boreholes constructed to allow discrete sectional sampling or fluid conductivity 
logging. 

(c) accurate measurements of trench abstractions. 
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