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ABSTRACT

Groundwater is the main water source for St. Katherine city inhabitants, South Sinai. The rapid
population growth, high levels of tourism and poor sewage waste disposal (at least for the
foreseeable future) in St. Katherine have resulted in potential contamination of groundwater and
subsequent high risk to human health. To evaluate the safety of well water for human use in St.
Katherine, water samples were collected from 14 different wells covering various inhabited
locations in the area. These samples were subjected to extensive physical, chemical and
microbiological analysis. Nitrate values of the majority of the studied wells water exceeded the
accepted limits recommended by the Egyptian environmental legislations and the World Health
Organization for drinking water standards. Counts of faecal indicators (faecal coliform and
faecal streptococci) ranged between 2-142 cfu/100ml in wells. Bacterial pathogens including
Salmonella, Shigella and Vibrio spp. were detectable in all wells, indicating heavy
contamination of the groundwater with domestic sewage. We discuss the impact of the
geological structure of the aquifers and human activities on the safety of groundwater for human
use in St. Katherine, as well as possible solutions.
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INTRODUCTION

The Egyptian Environmental Affairs Agency declared the St. Katherine area, 4300 km® of
South Sinai in Egypt, as a Natural Protectorate in 1987. Within this Protectorate, UNESCO
at its 26th session in Budapest in June 2002 declared as a World Heritage Site (WHS No.
954) an area that coincides with the St. Katherine ring dyke. The nomination is of an area
of 601 km? located in the high mountainous region of southern Sinai (average 1500-2000
m above mean sea level), containing the Monastery of St. Katherine at its centre; the
region is composed mainly of granite rocks (Eyal & Hezkiyahu 1980). The demand for
water resources in the St. Katherine area has shown a continuous increase during the last
two decades due to the rapid growth in population, increasing tourism activities and the
prevailing arid conditions. Groundwater represents the main water source in St. Katherine,
where wells are used for drinking and other domestic purposes. The number of inhabitants
in the St. Katherine area was 3373 according to the 1986 census, increasing to 4349 in
1996. Recently, numbers were estimated to be 6000 inhabitants, split between the
indigenous Bedouin and new settlers from the Nile valley and the Delta (South Sinai
Statistical Data Book 1997). Groundwater was produced through both alluvial (gravel and
sand) and fractured-granite aquifers for long periods, but recently the alluvial aquifer has
become completely dried up due to overexploitation and consequently the region is relying
on the fractured-granite aquifer (Ghodeif & El-Shafey 2003). Nevertheless, on a
worldwide basis this aquifer has low yield (UNESCO 1984).
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Currently, domestic sewage disposal in St. Katherine city still depends on non-
sewer systems, despite the construction of a new sewer system since this is non-functional
due to lack of water. The active system in the city consists of septic tanks and cesspits
constructed directly over the fractured-granite and alluvial layers. Concern for this type of
waste disposal practice arises from the very shallow level of the groundwater aquifer in St.
Katherine, high permeability of the subsurface strata (Ghodeif et al. 1999) and uncertainty
about the holding capacity and migration of contaminants in such strata. Recent studies
have demonstrated that groundwater systems are increasingly vulnerable to microbial and
chemical contamination, especially in developing countries (Foster 1985; Colwell et al.
2003). Outbreaks of hepatitis, gastroenteritis and Norwalk virus dysentery have been
attributed to groundwater contamination from septic tanks (Yates & Yates 1988).

After the St. Katherine Protectorate was activated in 1996, public awareness of the
possible harmful impact of the existing inadequate sewage disposal increased. Residents
restricted the use of certain wells (less than 5 metres from cesspools) for domestic and
irrigation purposes. However, they still suffer from health problems such as diarrhea and
skin infections due to the use of well water for household purposes. The poor sanitation of
the area has resulted in unpleasant odours, the spread of mosquitoes and generally
unacceptable environmental conditions. Accordingly, the objectives of this study were to
monitor and evaluate the pollution status, the characteristics of pollution sources and the
threat to aquifers in the area of St. Katherine. This was achieved through determining the
microbiological and physicochemical characteristics of groundwater as well as studying
the impact of the hydrogeological environment on the levels of contamination in wells
water within the World Heritage Site of the St. Katherine Protectorate.

MATERIALS AND METHODS

Wells and the distribution of potential contamination sources in the studied area are shown
in Figure 1. All the wells have wide mouths (1-2 m) and have been dug manually to depths
varying between 2 and 43 metres, depending on the local hydrogeological environment of
each well site. Figure 2 is a schematic representation of the geological setting of the site,
illustrating relative depths of wells and a convective flow direction of contaminants in the
groundwater flow system. Water samples were collected during June 2003; pumps of the
wells were turned on for 30 min before sampling. Water samples were collected in sterile
500-ml polyethylene bottles and kept in iceboxes until analyzed. Microbiological and
chemical analyses were carried out within 24 hr of sampling.

Estimation of phosphate, nitrite, ammonia, copper, tin and cyanide were carried out
using WinLab® Photometer LF 2400. Readings were recorded according to the
manufacturer’s instructions. Nitrate was determined using methods described by
Greenberg et al. (1992). Conductivity and salinity were measured using portable meter
Testo” 240. pH values were measured by Testo® 230 pH-mV meter. Turbidity was
determined by Orbeco—Hellige® digital direct-reading turbidimeter. Total dissolved salts
(TDS) were determined by filtration and evaporation at 120°C according to Greenberg et
al. (1992).

Total viable bacteria were enumerated in water samples after having been serially
diluted in phosphate buffer and plated onto nutrient agar plates. Other bacterial groups
(total coliform, faecal coliform, faecal streptococci, Salmonella, Shigella and Vibrio spp)
were determined using the membrane-filter technique (Greenberg et al. 1992). One
hundred millilitres of each sample were aseptically filtered through sterile 0.45um-pore
size membrane filters (Whatman®), and the filters then laid onto the appropriate media.
Endo-agar medium was used for counting coliform bacteria; SS-agar medium (Oxoid®) for
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counting Salmonella and Shigella spp.; TCBS-medium (BDH®) for Vibrio spp.; and m-
Enterococcus agar for faecal streptococci (MacFaddin 1985). Total viable bacteria plates
were incubated at 28°C; faecal coliform plates at 44.5°C; and plates for other bacterial
groups at 37°C. All bacterial groups were counted after 24 hr of incubation except for
faecal streptococci, which were counted after 48 hr.

Physico-chemical and microbiological data sets were analyzed using one-way
analysis of variance (ANOVA) tests for differences. Bacterial counts were transformed
into logarithms to achieve normal distribution. Differences reported were significant at P <
0.05. Correlation analysis was performed to test the degree of association among indicators
of pollution with the depth of wells. Counts of all bacterial groups are reported in
untransformed numbers.
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Figure 1. Inventory map showing location of the studied wells, potential sources of contamination and
direction of flow of water in the World Heritage Site of the St. Katherine Protectorate. Wells 13 and 14 are
located at 4 km and 20 km, respectively, downstream, north of well 10.
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Figure 2. The hydrogeological cross-section of the studied area in the World Heritage Site of the St.
Katherine Protectorate, showing the relative depths of wells and the convective flow of contaminants
within the groundwater flow system.

RESULTS

Table 1 gives descriptive information of the investigated wells and the physicochemical
characteristics of the collected water samples. Variations among temperature, pH and
turbidity of water samples were not significant (P>0.05), all being within the accepted
limits. Similarly, levels of the examined heavy metals (copper, cyanide and tin) were not
significantly different among the wells (P>0.05) and were in agreement with national and
international standards. However, water showed high significant differences among wells
(P<0.001) in their salt content, as indicated by values of conductivity, salinity and total
dissolved salts. Wells 5, 6 and 7 were far from the acceptability standards in their salt
contents. The nutrient loads of nitrogen and phosphorous were significantly different
among the 14 wells (P < 0.05). Levels of nitrate nitrogen in particular were very far from
the recommended levels in 67% of the wells, being only acceptable in upstream wells (1, 2,
3 and 12). Ammonia levels were also outside the acceptable standards in six wells (1, 2, 5,
7, 11 and 12). On the other hand, nitrite and phosphorous levels were acceptable in all
wells, varying between 0.06-0.98 mg/l for nitrite and 0.1-1.5 mg/l for phosphorous.
Correlation analysis indicated a negative association between a pollution indicator
(ammonia) and well depth (Fig. 3).

Microbiological analysis indicated total viable bacteria (TVB) counts ranging
between 1x10° to 70x10° cfu/100ml, which greatly exceed acceptable limits (100
cfu/100ml) in all the investigated wells. Figure 4 shows that faecal coliform (FC) bacteria
were detected in wells 2 to 14 with values up to 140cfu/100ml. Faecal streptococci (FS)
were detected in wells 1 to 13 with values up to 142cfu/100ml. Faecal indicators (FC &
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FS) decrease with increasing well depth from which the water was derived. However, TVB
counts were not statistically associated with well depth (P>0.05).

Table 1: Physicochemical parameters of water samples collected from 14 wells within the World Heritage
Site of the St. Katherine Protectorate, compared to the Egyptian and WHO standards for potable water. EGY
Std = Egyptian acceptable limit; WHO Std = World Health Organization acceptable limit; bgl. = below
ground level; NSV = no acceptable limits set.

Value in the well

Parameter EGY WHO
Std Std
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Depth towater . 5 (3 6o g8 127 74 64 14 288 55 45 435 34 NSV NSV
(m) bgl
Yield (I/h) 518 370 72 260 107 60 72 79 290 2900 89 187 1458 4166 NSV NSV
Temp (°C) 20 022 21 22 21 20 21 21 22 22 21 22 23 2 22 NSV
pH 761 762 75 754 727 715 727 7155 726 7.88 7.65 748 792 786 65-92 65-8.5
Conductivity 5 157 241 320 1679 1540 1541 562 590 690 373 218 465 436 NSV NSV
(uS/cm)
S(?;‘;;;y 1218 117.5 1169 1582 851 780 754 250 305 303 163.4 1102 241 205 NSV NSV
(Tnll)gS/l) 280 304 330 394 2654 2832 2876 762 866 1030 426 286 588 568 1500 1000
Turbidity 092 236 08 061 7.6 12 334 105 175 09 494 124 126 092 5 5
(NTU)
Nitrate N 32 35 35 235 150 180 125 35 30 30 20 52 16 18 10 10
(mg/)
Nitrite 07 082 015 019 22 051 006 098 0.03 044 024 025 014 0.5 NSV 3
(mg/l)
Ammonia 009 01 0 0 01 0 009 0 0 0 005 009 0 0 nil nil
(mg/1)
Phosphorus 01 01 02 02 01 01 03 01 03 01 15 05 01 01 NSV NSV
(mg/1)
Sulphate 33 40 37 42 300 135 200 70 72 95 60 33 78 78 400 250
(mg/1)
(Copper 01 o1 01 01 01 01 01 02 01 01 01 01 01 0.l 1.5 2
(mg/)
((jz;‘/’l')de 001 002 001 001 002 0 002 00l 001 001 001 001 00l 00l NSV NSV
(szlg/l) 0.14 014 017 014 021 0.2 025 0.14 01 025 023 029 023 027 NSV NSV
DEPTH vs. NH4
Correlation: r = -0.5671
0.12
2 5
0.10 ° °
. . 12 17
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Figure 4: Counts of bacterial groups (cfu/100ml) in water samples collected from the studied 14 wells in the
World Heritage Site of St. Katherine, compared to the Egyptian and WHO standards of acceptability for
potable water. The guideline values for total coliform, faecal coliforms and pathogens are all 0 cfu/100ml,
and for TVB are 100cfu/ml, according to Egyptian and WHO standards. (TC = total coliform; FC = faecal
coliform; FS = faecal streptococci; SS = Salmonella and Shigella spp; V = Vibrio spp; TVB = total viable
bacteria).

DISCUSSION

There is a high concern that contamination and availability of water resources are two
major problems in St. Katherine. Contamination of groundwater can result in poor drinking
water quality, loss of water supply, high clean-up costs, high costs for alternative water
supplies and potential health problems (USEPA 1986). Epidemiological evidence indicates
that enteric/respiratory and eye diseases can be associated with and caused by the use of
water contaminated with pathogenic bacteria and viruses resulting from exposure to
pollution from domestic wastewater sources (WHO 1998).

In the current study, all 14 of the evaluated wells were contaminated, despite
varying in depth and distance to habitation. According to the local Egyptian and
international WHO guidelines, water derived from these wells is heavily contaminated
with faecal sources: faecal indicator (FC, FS) counts should be nil in drinking water. High
counts of faecal indicators were observed in wells near the town (wells 3 to 9), reaching
142 cfu/100ml of water. Previous study of St. Katherine has also reported the presence of
high levels of faecal indicators in the groundwater of the studied area (Shendi & Geriesh
1998). Faecal-indicator bacteria are not native to the subsurface environment and should
not survive there long, but could persist around waste disposal areas such as septic tanks
(Bonwer 1984). Besides from humans, other potential sources of such bacteria include
goats and sheep, the major domestic animals for local Bedouin (SCU 1996). To meet the
challenge of identifying sources of faecal pollution, the ratio of faecal coliform to faecal
streptococci was calculated for different wells. A ratio greater than 4 would indicate human
pollution, whereas less than about 0.7 would indicate animal sources, since human faeces
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contain high faecal coliform counts whilst animal faeces contain high levels of faecal
streptococci (Greenberg et al. 1992). The current study indicated major pollution by animal
sources (ratios < 0.7) in eight wells from Wadi El-Arbaein and downstream, where grazing
activities are concentrated. However, it should be noted that some authors have recently
cast doubt on the reliability of this method for tracking faecal sources (Scott et al. 2002),
due to variable survival rates of faecal streptococci in water.

The detection of faecal indicators in well water implies the potential presence of
pathogenic bacteria that may cause health hazards. The current study indicated the
presence of high numbers of Salmonella, Shigella and Vibrio spp. in all the investigated
wells. This may be due to direct passage through wide fracture openings in the granite
without filtration. St. Katherine residents have recently suffered from diarrhea, skin and
gastrointestinal diseases, unpleasant water odours, and an abundance of mosquitoes, in
addition to generally unacceptable environmental conditions concerning water shortage
and contamination (personal communication). Furthermore, a recent study has indicated
the prevalence of intestinal parasites in the domestic goats of St. Katherine (Soliman &
Zalat 2003), which may be related to the poor water quality for both Bedouins and their
domestic animals.

Keswick (1984) reported that fifty percent of waterborne diseases are attributable to
contaminated groundwater. The present data indicate that groundwater quality in St.
Katherine is getting worse with time. This is quite obvious when our results are compared
with the earlier work of Diab (1984), since the numbers of faecal indicators have increased
by up to 20-fold within twenty years.

In addition to microbial contamination of groundwater, on-site disposal systems
such as septic tanks and cesspits are known to result in N and P concentrations exceeding
the acceptable limits for groundwater (Entry & Farmer 2001). Nitrogen in drinking water is
of concern because concentrations above the range of 10 mg/l can contribute to lymphoma
in infants (Ward et al. 1996). Well water in St. Katherine clearly suffers from very high
nitrate levels, reaching 150-180 mg/l in the densest areas of habitation (wells 5 and 6).
Estimated nitrate levels in both these wells were within acceptable limits in 1996 (9 mg/l),
but increased to 21 ppm in 1998 (Shendi & Geriesh 1998). The currently estimated seven-
fold increase in nitrate pollution after a further five years is probably related to the rapid
population growth and improper sewage disposal.

The detection of high levels of nitrate and faecal indicators in the more remote
wells (10 to 14) at some distance downstream from the densest area of habitation may be
related to the specific hydrogeological environment of the St. Katherine area. Wide
fractures in the granite (about 0.1 cm) and the alluvial geological materials which
characterize the area can potentially accelerate the rate and extent of contamination by fast
migration. These granite fractures probably create an aeration zone in which ammonia is
easily oxidized to nitrate (Domenico & Schwartz 1998). This may explain the extremely
high levels of nitrate in some wells (150-180 mg/l in wells 5 and 6 respectively).
Moreover, the prevailing arid conditions and scarcity of recharge in the St. Katherine area
decrease the dilution and flushing potential of these aquifers. It should be noted that all
wells in the study area are unprotected, i.e. are uncovered; this makes them easily
subjected to external contamination that would worsen the water condition even more.

In conclusion, the present study presents evidence of high contamination of the
groundwater aquifers in the town of St. Katherine, as determined by the presence of high
numbers of faecal-indicator bacteria and elevated nitrate concentrations, particularly in the
downstream zone where the majority of residents live. The mismanagement of sewage
disposal and non-sewer sanitation represent high risks of pollution for the rapidly growing
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populations of the area. Therefore groundwater in this area cannot be considered safe for

drinking unless properly treated. To achieve this safety we recommend the following:

1. A low technology method such as simple filtration through multiple cloth layers
(Colwell et al. 2003) can be applied by residents as a short-term solution.

2. A monitoring program should be initiated for the St. Katherine area, aiming to study
seasonal variation and to trace the extent of groundwater contamination, shown by the
current investigation to increase rapidly.

3. The proper management of sewage disposal in the area should be expedited. It is
necessary to overcome the problems that prevent the operation of the newly
constructed sewage system, and to apply a suitable technique for wastewater recycling.
A constructed wetland system of the Gravel Bed Hydroponic (GBH) type is highly
recommended. The GBH system is a safe and inexpensive technology for wastewater
treatment and reuse in small communities and it has been successfully applied for
domestic sewage treatment in different areas of Egypt (Butler & Dewedar 1991).

4. The search for alternative drinking water resources for this culturally important city is
highly recommended as a long-term strategy. This could be achieved by enhancing
natural aquifer recharge through establishing simple traditional retardation dams for
floodwater in Wadi El-Arbaein and/or Wadi El-Talaa. These Wadis are in the upstream
parts away from the contaminated areas. Locating high-yielding wells in the fractured
aquifer of these Wadis is another suggested alternative that deserve further detailed
study.
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