
Chapter 9
Effects of Well Intake Systems on Removal
of Algae, Bacteria, and Natural Organic
Matter

Rinaldi Rachman, Abdullah H.A. Dehwah, Sheng Li, Harvey Winters,
Samir Al-Mashharawi and Thomas M. Missimer

Abstract Analyses of the changes in concentration of algae, bacteria, transparent
exopolymer particles (TEP), and the fractions of natural organic matter (NOM)
impacts between surface seawater and the discharges of well intake systems were
evaluated at seven different seawater reverse osmosis water (SWRO) treatment
plants. In nearly all cases, travel of the raw seawater through the seabed into the
aquifer and into the wells removed all of the algae. Bacteria removal was up to
98.5 %, but varied greatly between sites and in different wells at each site. The TEP
concentration was significantly lowered compared to the natural seawater. The
biopolymer fraction of NOM was significantly lowered at all sites, but the lighter
fractions of the NOM were removed at lower percentages. The removal percentage
of NOM fractions appears to be based on molecular weight (and size) with the
lighter weight fractions removed at lower percentages. A key factor controlling the
removal of organic material appears to by the hydraulic retention time which is
controlled by the length of the flowpath and the type of aquifer porosity. Specific
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site geology does not seem to be a significant factor. Vertical well systems showed
greater organic materials removal compared to horizontal and tunnel intake sys-
tems. Again, this appears to be related to the length of the flowpath and the
hydraulic retention time. The horizontal well system at Alicante, Spain showed
poor removal of organic matter and breakthrough of algae occurred in the system.

9.1 Introduction

The marine environment is biologically active and productive, containing a variety
of living organisms and natural organic compounds. Seawater reverse osmosis
(SWRO) water treatment systems extract raw feed water from the sea, in most cases
via open-ocean intakes that provide no real degree of pretreatment. Organic matter
in seawater has a significant effect on the operation of seawater reverse osmosis
membranes with the common result being biofouling (Flemming 1997; Flemming
et al. 1997). There are relationships between concentration of organic matter in the
feed water entering a SWRO facility, the type of pretreatment, the biological
activity within the pretreatment and process trains, and the rate of membrane bio-
fouling (Dehwah et al. 2014b).

In recent years, research on biofouling has focused on membrane conditioning
and subsequent attachment of bacteria to the deposited substrate, leading to biofilm
creation. The role of sticky polysaccharides and biopolymers on membrane con-
ditioning as the precursors for membrane biofouling has been explored and many
scientists conclude that transparent exopolymer particles (TEP) may be a key
substance that has the most impact (Berman and Passow 2007; Bar-Zeev et al.
2009; Berman 2010; Berman et al. 2011). TEP is produced by algae and bacteria as
an extracellular excretion of a “soup” of organic compounds which undergo self-
assembly with the water column (Passow and Alldredge 1994; Passow 2000). Once
TEP attaches to the membrane surface, it facilitates the attachment of bacteria
which also use it as a food source (Villacorte et al. 2009b). An important issue is to
remove as much of the dissolved natural organic material, TEP, and bacteria as
possible in the pretreatment process to lessen the rate of biofouling.

Pretreatment in SWRO facilities can be quite intense (Kumar et al. 2006;
Vedavyasan 2007). It commonly involves numerous processes ranging from
conventional screening and mixed media filtration to use of conditioning filters
followed by membrane filtration. Another strategy is to use a prefiltering stage
followed by dissolved air flotation coupled with the use of a coagulant, such as
ferric chloride, followed by additional filtering. The intensity of the pretreatment
process train and cost of operation associated with it is based on the overall
concentration of the organic matter in the feed water (Ghaffour et al. 2013).
Therefore, any improvements that can be made to the quality of the feed water will
lessen the complexity of the pretreatment process and reduce cost. Despite the use
of quite extensive pretreatment processes, many SWRO facilities still suffer a high
rate of biofouling with the necessity for frequent membrane cleaning.
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Use of subsurface intake systems is known to improve the quality of feed water
and lessen the environmental impacts in SWRO systems (Missimer 2009; Missimer
et al. 2013; Table 9.1). The most common type of subsurface intake system uses
various types of wells (Chap. 8). Pumping of wells located near the shoreline forces
water in the sea to pass vertically through the seabed into the underlying aquifer,
and then through the aquifer horizontally into the well (Fig. 9.1). The passage

Table 9.1 Comparison between bacteria, algae, organic carbon compound concentrations in
natural seawater verses well intakes from select sites (modified from Missimer et al. 2013)

Location Parameter Seawater Well 1 Well 2 Well 3 Well 4

Dahab, Egypt
(Hassan et al. 1997)

DOC (mg/L) 1.6 1.2 2.3 0.6 0.8

UV-254 (m−1) 1.4 0.8 0.9 0.8 0.6

Fuerteventura
Island, Spain
(Teuler et al. 1999)

TOC (mg/l) 0.5 0.7

UV-254 (m−1) 0.36 0.55

Phytoplancton, cell/L 57,720 0

Al-Birk, Saudi
Arabia (Jamaluddin
et al. 2007)

Dissolved protein (mg/L 2.73 ± 0.78 0.75 ± 0.08 ND ND

Dissolved carbohydrates
(mg/L)

1.57 ± 0.23 0.52 ± 0.15 0.77 ± 0.10 0.50 ± 0.14

SWCC Al-Jubail
Test Site (Hassen
et al. 1997)

TOC (mg/L) 2 1.2–2

Bacteria (CFU/mL), 0, 24,
and 72 h

1.8 × 103 1.3 × 103

1.1 × 105 3.3 × 105

5.6 × 104 4.0 × 106

Daheb beach well
system, Egypt
(Bartak et al. 2012)

DOC (mg/L) 1.6 1.2 2.3 0.6 0.8

UV-254 (m−1) 1.4 0.8 0.9 0.8 0.6

Mediterranean
location-Spring
(Choules et al. 2007)

Total Picophyto-plankton
(cells/mL)

1.6 × 103 1.3 × 102

Synechococcus (cells/mL) 1.3 × 103 1.0 × 102

Picoeukaryote (cells/mL) 1.1 × 103 1.9 × 101

Nanoeukarote (cells/mL) 1.2 × 102 1.7 × 100

Site 1 (LaParc et al.
2007)

TOC (mg/L) 1.2 0.9

Polysaccharides (mg/L) 0.12 0.01

Humic substances + building
blocks (mg/L)

0.5 0.4

Low-molar mass acids and
neutrals (mg/L)

0.25 0.16

Low molar mass compounds
(mg/L)

0.33 0.29

Site 2 (LaParc et al.
2007)

TOC (mg/L) 0.9 0.6

Polysaccharides (mg/L) 0.4 ND

Humic substances + building
blocks (mg/L)

0.26 0.16

Low-molar mass acids and
neutrals (mg/L)

0.22 0.13

Low molar mass compounds
(mg/L)

0.38 0.3
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through the aquifer system causes changes to occur in the feed water by removal of
various substances, normally improving water quality by removal of particulates
and some dissolved organic compounds (Missimer and Winters 2000, 2003; Sch-
wartz 2003; Choules et al. 2007; Laparc et al. 2007; Missimer 2009; Missimer et al.
2013). Recently collected data show that well systems can be very effective in the
removal of algae, bacteria, and natural organic matter (NOM), including TEP
(Dehwah et al. 2014a, b, c; Rachman et al. 2014). It is the purpose of this chapter to
summarize the most recent data on the effectiveness of well intake systems in the
removal of algae, bacteria, TOC, NOM fractions, and TEP from the raw water.

9.2 Methods

9.2.1 Sampling Sites and Methods

Detailed research on organic substances removal by well intakes systems is reported
for 9 systems located in Saudi Arabia (4), Spain (3), Turks and Caicos Islands (1),
and Oman (1) (Dehwah et al. 2014a, b; Rachman et al. 2014). Most of these well
intakes use conventional vertical wells with the exception of two sites in Spain
which have a horizontal well system and a water tunnel containing radial collectors.
The wells in Spain, the Turks and Caicos Islands, Oman and one system in Saudi
Arabia are constructed into carbonate rocks or sediments. The other wells in Saudi
Arabia were constructed into siliciclastic sediments consisting of alluvial outwash
sands and gravels.

Fig. 9.1 Schematic diagram showing induced aquifer flow from the sea to a well (from Missimer
et al. 2013)
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Water samples were collected from different locations within or near the facil-
ities including surface seawater, at the well discharge, at the aggregated intake
pipeline (blend of all wells), at the media filter outlet, and at the cartridge filter
outlet and placed into the appropriate types of bottles, and transported to the lab
facilities the same day inside coolers containing ice. Data reported in this chapter
include only those collected from the raw seawater, at the wellhead discharges, and
the aggregated well intake pipe.

After water sampling, a 0.02 % (w/v) sodium azide solution was added to the
TEP sample bottles for fixation and to limit the bioactivity. For samples collected
for bacterial and algae quantification, glutaraldehyde was added for fixation
immediately after sampling. All the samples were stored at 4 °C and analyzed
within 7 days of sample collection. Proper sampling, quality control and assurance
measures were used based on the type of analyses to be performed.

9.2.2 TEP Measurement

In this research two types of TEP were investigated, particulate and colloidal.
Particulate TEP has a size >0.4 µm, while colloidal TEP ranges in size from 0.05 to
0.40 µm (Villacorte et al. 2009a). Particulate TEP is formed predominantly by the
self-assembly of precursor substances, such as dissolved polysaccharides and bio-
polymers, that are produced by algae and bacteria (Passow and Alldredge 1994;
Passow 2000, 2002).

Analysis of TEP was accomplished based on the method developed by Passow
and Alldredge (1995). A staining solution was prepared from 0.06 % (m/v) Alcian
Blue 8GX (Standard Fluka) in an acetate buffer solution (pH 4) and freshly pre-
filtered through a 0.2 µm polycarbonate filter before usage. Between 150 and
300 mL of seawater from each water sample was filtered through a 0.4 µm pore size
polycarbonate membrane using an adjustable vacuum pump at low constant vac-
uum. After filtration, the membrane was rinsed with 10 mL of Milli-Q water to
avoid the coagulation of Alcian blue once it came into contact with the seawater in
the staining process. The retained TEP particles on the membrane surface were then
stained with Alcian Blue dye for 20 s. After staining, the membrane was flushed
with 10 mL of Milli-Q water to remove excess dye. The flushed membrane was
then placed into a small beaker, where it was soaked in 80 % sulfuric acid for 6 h to
extract the Alcian Blue dye that was bound to the TEP. Finally, the absorbance of
the acid solution was measured using a UV spectrometer at a 752 nm wavelength to
determine the TEP concentration. The same methodology was applied to determine
the colloidal TEP. The only difference is that, water sample permeate from the
0.4 µm polycarbonate membrane was filtered through a 0.1 µm pore size membrane
to allow deposition of the colloidal TEP on the membrane surface.

In order to relate the UV absorbance values to estimated TEP concentrations, a
calibration curve was established. Xanthan gum solutions with different volumes (0,
0.5, 1, 2, 3 mL) were used to obtain a calibration curve (Fig. 9.2). The TOC
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concentrations of xanthan gum before and after 0.4 µm filtration were analyzed, and
the TOC concentration difference was used to calculate the gum mass on each filter.
The TEP concentration then estimated using the calibration curve. The same pro-
cedures were used for the 0.1 µm membrane to establish the calibration curve for
colloidal particles. Afterwards, the TEP concentration was expressed in terms of
xanthan gum equivalent µg/L by dividing the TEP mass on the corresponding
volume of TEP samples. Because particulate and colloidal TEP is measured indi-
rectly, these values must be considered to be semi-quantitative.

9.2.3 Algae and Bacteria Quantification

Counts of the number of algae and bacteria in the water samples were determined
using a flow cytometer manufactured by BD Bioscience FACSVerse. Algal cell
counting was performed by combining 1 mL of each sample with a 2 μL volume of
a standard containing 1 μm beads into a 10 mL tube. The tube was then vortexed
and measured using high flow with a 200 μL injection volume. The counting
procedure was repeated three times to assess the precision of the measurements.

For bacterial counts, a comparative protocol employing SYBR® Green stain was
used. A volume of 1 mL from each sample was transferred to a 10 mL tube,
incubated in a 35 °C water bath for 10 min and stained with the SYBR® Green dye
(10 μL into 1 mL aliquot), vortexed, and incubated for another 10 min. The prepared
samples were then analyzed in a low flow setting with a 9 μL injection volume.
Triplet measurements were made on each sample to assess measurement precision.

9.2.4 Organics Analysis Using the LC-OCD Methodology

A Shimadzu TOC-VCSH instrument was used into determine the bulk organics
concentration (TOC) in the samples. In order to determine the detailed fractions of

y = 0.0018x + 0.1364
R² = 0.9987

0 

0.05

0.1 

0.15

0.2 

0.25

0 10 20 30 40 50
A

bs
or

ba
cn

e 
at

 7
52

 n
m

 (
-)

 

Xanthan gum eq. (µg)

Fig. 9.2 Example of a
xanthan gum calibration curve
used to measure TEP
concentration (from Dehwah
et al. 2014c)
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dissolved organic carbon, a Liquid Chromatography Organic Carbon Detector (LC-
OCD) from DOC-Labor was used employing the method developed of Huber et al.
(2011) to measure the various fractions of NOM.

The samples for the LC-OCD were pre-filtered using a 0.45 syringe filter to
exclude the non-dissolved organics. Before analyzing the samples, a system
cleaning was performed by injection of 2000 µL of 0.1 mol/L NaOH though the
column for 260 min. Following the cleaning step, 2000 µL samples were injected
for analysis with 130 min of retention time. The analysis result is a chromatogram
showing a plot of signal response of different organic fractions to retention time.
Manual integration of the data was then performed to determine the concentration
of the organic fractions including biopolymers, humic substances, building blocks,
low molecular weight acids and low molecular weight neutrals.

9.3 Geological Background and Description of SWRO
Intake Well Sites

9.3.1 Sur, Oman

The SWRO plant located at Sur, Oman uses a series of 28 production wells to yield
the required 160,000 m3/day of feed water (Fig. 9.3; Table 9.2). This facility is
currently the largest capacity SWRO facility using wells as an intake (David et al.
2009). The plant permeate capacity is 80,200 m3/day.

A coastal carbonate aquifer system occurs along the segment of the Oman coast at
Sur. The heterogeneous limestone aquifer occurs within early Tertiary age sediments
(likely Eocene in age) lying within the Seeb Formation of the Hadhramaut Group and
some sediments within the overlying Dhofar and Fars Group (Beavington-Penny
et al. 2006; Fournier et al. 2006). The aquifer located along the coast is unconfined at
surface and becomes semi-confined with depth. It is a dual- or tri-porosity aquifer that

Fig. 9.3 Location of SWRO plant and wells at Sur, Oman (modified from Rachman et al. 2014)
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contains solution cavities, fractures, and some remaining intergranular porosity.
Based on the geology of the aquifer, the flowpath from the sea is likely directed
downward through the seabed and then follows either a tortuous path or more direct
path following preferential flow conduits.

The wellfield generally parallels the coastline, but there are wells lying near the
beach and others further inland with distances ranging from 30 to 250 m from the
high tide line (Fig. 9.3). Depths of the wells range from 40 to 100 m below sea level
and are completed with PVC screens. Each well is equipped with a submersible
pump.

Water samples were collected from September 22–23, 2012 and March 19–20,
2013. The detailed analyses of algae, bacterial, TOC, organic carbon fractions and
TEP are reported by Rachman et al. (2014). The site was chosen for analysis due to
its high frequency of harmful algal blooms (HAB’s).

9.3.2 Alicante, Spain

Wells systems are used to supply feedwater to two SWRO plants located at Ali-
cante, Spain. The Alicante I and II facilities have permeate capacities of 50,000 and
65,000 m3/day respectively. Three types of well intake systems are used to obtain
feedwater, including conventional vertical wells, horizontal wells or drains, and a
horizontal water tunnel containing lateral screens similar to those constructed on the
horizontal plain in collector wells.

The conventional well system includes 30 individual production wells, each with
a capacity of about 4,000 m3/day that produce the 120,000 m3/day required for
Alicante I (Fig. 9.4). The combined yield of a horizontal well system and a water
tunnel intake provide the feed water for Alicante II. The horizontal well system
consists of 11 individual wells (differs between published papers and the numbers
reported by the operators in the field) constructed using the Neodren configuration
(Malfeito 2006; Farinas and Lopez 2007; Peters et al. 2007).

The vertical wells are constructed into Tertiary-age limestone (likely Miocene)
containing some unlithified sediments (Gell et al. 1992). These wells are located
between 60 and 110 m from the shoreline.

The horizontal drains or wells are constructed primarily into unlithified sedi-
ments that are carbonates with possibly some siliciclastic component (Gutierrez-
Elorza et al. 2002). These wells may also penetrate soft limestone that occurs
offshore. This carbonate unit does contain some solution cavities. The operators of
the plant have suggested that the end of some horizontal wells may have been
opened to the sea to allow greater capacity to occur. This has not been verified by
observation. The horizontal wells are drilled at the ends of the water tunnel; three on
the east side and 8 on the west side.

The water tunnel system is similar in concept to that developed by the City of
Louisville in the United States as reported in Missimer (2009). It has a length of
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1 km and lies 14 m below the sea level. It is oriented parallel to the shoreline and
has a diameter of 3.14 m (Fig. 9.5). Seawater enters the tunnel via 104 lateral wells
drilled into the aquifer.

9.3.3 Turks & Caicos Water Company, Providenciales, Turks
& Caicos Islands

The Turks & Caicos Water Company operates a SWRO facility that has a capacity
of 10,000 m3/day and uses conventional vertical wells that collectively produce
about 24,000 m3/day of feed water (Fig. 9.6). There are production wells that have
maximum depths ranging between 30 and 50 m below surface. The wells contain
PVC casings that are grouted between 15 and 20 m below surface. The wells are
completed with open hole below the casing. The wells are located in the central part
of the island, a distance of about 2000 m from the shoreline.

Little has been published concerning the subsurface geology of Providenciales.
The surface geology was investigated by Kindler et al. (2008), and Wanless and
Dravis (2008a, b, c). Based on a comparison to the geology of the Bahamas to the
northwest beneath Andros Island, the age of the penetrated limestones is Pleisto-
cene (McNeill et al. 2001). The aquifer is either semi-unconfined or semi-confined

Fig. 9.4 Location of SWRO plant and various well intake systems at Alicante, Spain (modified
from Rachman et al. 2014)

Fig. 9.5 Water tunnel intake system design at Alicante, Spain (from Rachman et al. 2014)
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in nature based on the subsurface occurrence of low-permeability duricrusts. The
production aquifer is karstic in nature, containing numerous large and small cavities
and some preserved intergranular porosity.

9.3.4 Buhayrat City, Jeddah, Saudi Arabia

Four small to medium capacity SWRO facilities are being operated in the area
within or near Jeddah, Saudi Arabia (Fig. 9.7). The Buhayrat city plant has a
capacity of 6000 m3/day and a feed water capacity of 12,400 m3/day. Four pro-
duction wells, located parallel to a tidal canal connected to the Red Sea, are used to
produce the feed water. The wells are located between 70 and 80 m from the canal
bank and have depths ranging from 30 to 40 m below surface and have a screened
completion and three of the wellfields near Jeddah have a similar configuration, but
with differing numbers of production wells (Fig. 9.8).

The shallow aquifer consists of siliciclastic sediments deposited as alluvial
outwash. The aquifer is extremely heterogeneous with the aquifer containing sand
and gravel with some large cobbles and a minor percentage of mud (silt and clay
sized particles). Alluvial outwash aquifers in this region tend to have a high
hydraulic conductivity and will effectively convey water from the canal into the
wellbore (Missimer et al. 2012).

9.3.5 North Obhor, Jeddah, Saudi Arabia

The North Obhor SWRO facility has a permeate capacity of 13,350 m3/day and the
feed water capacity is about 33,375 m3/day. The facility is using a well system that
is constructed into a coral formation. A total of 13 vertical wells are used to supply
the required capacity into the desalination facility. The wells range from 50 to 55 m
in depth and are located 450 m from the seawater source. The wells were con-
structed in three different phases with the oldest being 13 years while the latest ones
are 3 years old.

Fig. 9.6 SWRO plant and wells at the Turks & Caicos Water Company, Provindenciales, Turks &
Caicos Islands (modified from Rachman et al. 2014)
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Fig. 9.7 Location of four SWRO plants that use vertical well intake systems in the Jeddah area,
Saudi Arabia

Fig. 9.8 Typical configuration of the SWRO facilities with well intake systems in the Jeddah area,
Saudi Arabia
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9.3.6 Corniche, Jeddah, Saudi Arabia

The SWRO plant located at the Corniche in Jeddah uses a series of 5 production
wells to produce the required 11,250 m3/day of feed water. This facility has a
permeate capacity of 4,500 m3/day. The vertical wells are constructed into silici-
clastic sediments and the depth of these wells ranges from 46 to 50 m below sea
level. These wells are located at a distance of 300 m away from the shoreline. The
supplied water to this facility has a high iron concentration which causes a real
problem for the pretreatment system. The cartridge filters used at this facility are
replaced in a very short time due to an iron precipitation problem. The high iron
concentration may be related to the water passage through the heterogeneous si-
liciclastic systems or some redox reaction.

9.3.7 South Jeddah Corniche, Jeddah, Saudi Arabia

The South Jeddah Corniche SWRO facility has a permeate capacity of 10,000 m3/day
and the feed water capacity is about 25,000 m3/day. This facility utilizes a rather
unique well intake system that consists of 10 production wells located on an artificial
fill peninsula constructed into the Red Sea nearshore (Fig. 9.9).

During the initial construction of the plant, a series of wells were installed along
the shoreline (beach wells), similar to many other low to medium capacity SWRO
facilities in the region. After startup of the facility, it was discovered that the salinity
of the feed water being produced from the wells was substantially greater that in the
Red Sea. This is a rather common problem along the Red Sea coastline in areas
where coastal sabkha environments are found. These environments contain trapped

Fig. 9.9 Schematic diagram showing the offshore well system and SWRO plant constructed at
South Jeddah, Saudi Arabia (from Al-Mashharawi et al. 2014)
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seawater and are essentially evaporation basins that transmit hypersaline water
toward the sea as density flows, thereby rendering the shoreline alluvial aquifer
unusable for SWRO feed water development (Missimer et al. 2014). Therefore, an
artificial peninsula was constructed from the beach seaward on the inner reef
hardground. The wells are located 20 m apart and range from 40 to 50 m in depth.
They have a screened completion. The aquifer beneath the Red Sea consists of
interbedded limestone and carbonate sand.

9.4 Results

9.4.1 Introduction: Removal of Organic Particulates
and Dissolved Compounds by Aquifer Transport
to Wells

A relatively small quantity of data have been presented in the literature until
recently on the effectiveness of aquifer removal of particulate and dissolved organic
compounds within the marine environment. Most of the literature on aquifer
treatment of organic compounds has occurred for freshwater systems associated
with riverbank filtration and removal of organic compounds associated with aquifer
treatment of domestic wastewater.

Missimer et al. (2013) summarized the historical data collected from SWRO well
intake systems (Table 9.2). The early data suggest that significant reductions in

Table 9.2 Location and details of well intake systems investigated

System name Location Capacity
(m3/day)a

Well type Aquifer
type

No. wells

Sur Oman 160,000 Shallow-beach Carbonate 28

Alicante Spain 130,000 Shallow-beach Carbonate 30

Alicanteb Spain 130,000b Tunnel with
laterals

Carbonate 1

Alicanteb Spain 130,000b Horizontal Carbonate 11

Turk & Caicos I. Providenciales 50,000 Shallow-
inland

Carbonate 6

Buhayrat city,
Jeddah

Saudi Arabia 12,500 Shallow-beach Siliciclastic 4

North Obhor,
Jeddah

Saudi Arabia 33,375 Shallow-beach Siliciclastic 13

Corniche, Jeddah Saudi Arabia 11,250 Shallow-beach Siliciclastic 5

South Jeddah
Corniche

Saudi Arabia 25,000 Shallow-
offshore

Siliciclastic 10

aCapacity is defined as the capacity of the intake not the SWRO plant
bThe required capacity for the combination of the horizontal wells and the tunnel is
130,000 m3/day. Most of the time the tunnel is used and not the horizontal wells
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organic compounds occurred, but these data were rather incomplete. The detailed
analytical data included in this section were compiled from Dehwah et al. (2014a, b,
c), Rachman et al. (2014a, b), and from unpublished data.

9.4.2 Algae and Bacteria Removal During Aquifer Transport

Data on algae within the surface seawater and in the discharge from wells was
investigated at seven sites globally (Table 9.3). A large variation occurs in the
natural concentrations of algae in seawater depending upon the climate, oceanic
circulation, and nutrient balance of the site. The highest concentrations of algae in
the investigated sites occurs al Sur, Oman, which shows a total algae concentration
of nearly 200,000 cells/mL during one of the sampling periods. The lowest con-
centration occurred within the Red Sea at the South Corniche site with a total of
1,677 cells/mL.

Algae occurring in the water from the vertical intake wells sampled are labeled
as numbers in Table 9.3. In all cases, the algae in the seawater were fully reformed
during passage through the seabed and the aquifer feeding the wells. The detection
limit varies based on overall algae concentration, but in all cases the measured
concentration was less than the detection limit. The horizontal well intake at Ali-
cante, Spain was the only subsurface intake system that showed any significant
concentration of algae in the feed water. However, it was only 22.7 % of that in the
surface seawater. The water tunnel intake system at the Alicante site was also
100 % effective in algae removal.

Bacteria occurrence within the marine environment varies greatly at the 7 sites
sampled. The highest concentrations occur in the Arabian Sea at the Oman site at
nearly a million cells/mL during the first sampling campaign and the lowest con-
centrationwas in the Red Sea near Jeddah at theNorthObhor site at 112,790 cells/mL.

Vertical well intakes into coastal aquifers showed the highest percentage of
bacteria removal in passage of seawater through the seabed and aquifer to the
production wells (Table 9.4). The highest removal rates were found in the limestone
aquifer system at Oman and the Turks & Caicos Islands site. The highest removal
percentage achieved was 99.8 %. Within vertical well intakes at Alicante, Spain,
removal percentages varied between 84.3 and 90 %. Vertical well intake systems in
the Red Sea showed a reduced removal percentage with considerable variation
between sites and within sites. In all cases, the reduction percentage was greater
than 74.4 % and was as high as 96.5 %, The South Cornich Jeddah site, using the
unique offshore well system, performed best.

Two different well intake systems at Alicante, Spain were also evaluated. The
tunnel intake system produced a bacteria reduction of 69.9 %, close to the lowest
reduction achieved using vertical wells within the 7 studied sites. The much-touted
horizontal well or drain system produced only a 47.6 % reduction in bacteria
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Table 9.3 Comparison of algae concentrations in surface seawater versus those in well intake
discharges (values in cells/mL)

Samples Prochlorococcus sp. Synechococcus sp. Cyanobacteria Pico/Nanoplankton Total algae

Sur, Oman

SW 4,400 113,040 0 1,900 119,340

1 <100 <100 <100 <100 <100

2 <100 <100 <100 <100 <100

3 <100 <100 <100 <100 <100

4 <100 <100 <100 <100 <100

SW 2,810 194,310 0 435 197,555

1 <100 <100 <100 <100 <100

2 <100 <100 <100 <100 <100

3 <100 <100 <100 <100 <100

4 <100 <100 <100 <100 <100

Alicante, Spain

SW 350 24,275 0 985 25,610

1 <100 <100 <100 <100 <100

2 <100 <100 <100 <100 <100

3 <100 <100 <100 <100 <100

4 <100 <100 <100 <100 <100

Hort. 135 5,460 0 225 5,820

Tunnel <100 <100 <100 <100 <100

Turks & Caicos

SW 770 37,225 0 250 38,245

1 <100 <100 <100 <100 <100

2 <100 <100 <100 <100 <100

3 <100 <100 <100 <100 <100

Buhayrat city

SW 6,330 20,785 0 3,280 30,395

1 <100 <100 <100 <100 <100

2 <100 <100 <100 <100 <100

3 <100 <100 <100 <100 <100

4 <100 <100 <100 <100 <100

North Obhor

SW 203 – 30,053 268 30,524

1 <50 – <50 <50 <50

2 <50 – <50 <50 <50

3 <50 – <50 <50 <50

4 <50 – <50 <50 <50

Corniche, Jeddah

SW 243 0 3,300 60 3,603

1 <50 <50 <50 <50 <50

2 <50 <50 <50 <50 <50

3 <50 <50 <50 <50 <50

(continued)

9 Effects of Well Intake Systems … 177



concentration. There is a question concerning this well system in terms of its
possible opening to direct influx of seawater either at the well terminus (suggested
by operators) or within a vertical solution cavity allowing direct enter of seawater
without passage through the sediment.

9.4.3 TOC and DOC Removal During Aquifer Transport

There is a considerable difference in the concentration of TOC and DOC in the
surface seawater at the 7 sampling locations (Fig. 9.4). TOC concentrations ranged
from 0.88 to 1.677 mg/L with the highest concentration found at the Turks and
Caicos Islands site and the lowest values occurring in the Red Sea sites (0.88–
1.02 mg/L). Where DOC was measured, concentrations ranged between 0.890 and
0.997 mg/L.

TOC and DOC concentrations were reduced during aquifer transport in all wells
sampled, but there were considerable variations in the percentage of removal
(Table 9.5). The highest percentages of removal were achieved in the vertical wells
at the Turks & Caicos Islands site with a reduction range of 76.9–82.8 % for TOC
and 74.2–77.7 % for DOC. The lowest percentage of TOC concentration reduction
occurred at the South Corniche Jeddah site (26.3–42.1 %). A very large difference
between wells in terms of removal efficiency achieved occurred at the North Obhor
site on the Red Sea (16.7–72.7 %). Seawater from the vertical wells at Alicante,
Spain showed that reductions ranging between 53.0 and 60.2 % occurred for TOC
and DOC. The water tunnel intake showed a reduction of only 23 % and the
horizontal wells system only 6.5 %.

9.4.4 TEP Removal During Aquifer Transport

There are two types of TEP that occur in raw seawater; particulate and colloidal.
The data from various sites show aquifer removal of particulate TEP during
transport from the sea to the wells ranging from 36.9 to 92.1 %. Colloidal TEP

Table 9.3 (continued)

Samples Prochlorococcus sp. Synechococcus sp. Cyanobacteria Pico/Nanoplankton Total algae

South Jeddah Corniche

SW 140 0 1,507 30 1,677

1 <5 <5 <5 <5 <5

2 <5 <5 <5 <5 <5

3 <5 <5 <5 <5 <5

4 <5 <5 <5 <5 <5
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Table 9.4 Bacteria concentrations in surface seawater and the well intake discharges with the
removal percentages achieved during transport

Site Sample Total bacteria concentration
(cells/mg/L)

Percentage removal

Sur, Oman

SW 995,310 0

1 3,270 99.7

2 8,540 99.1

3 13,630 98.6

4 11,000 98.9

SW 702,609 0

1 5,109 99.3

2 1,196 99.8

3 3,043 99.6

4 5,109 99.3

Alicante, Spain

SW 292,283 0

1 29,348 90.0

2 35,761 87.8

3 45,870 84.3

4 34,783 88.1

Hor. 153,261 47.6

Tunnel 89,891 69.2

Turks & Caicos

SW 698,152 0

1 17,065 97.6

2 20,978 97.0

3 15,652 97.8

Buhayrat City

SW 320,870 0

1 11,087 96.5

2 10,978 96.6

3 26,630 91.7

4 13,804 95.7

North Obhor

SW 112,790 0

1 10,054 91.1

2 1,250 98.9

3 8,370 92.6

4 5,978 94.7
(continued)
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removal ranges from 40.5 to 78.5 % (Table 9.6). There is considerable variation in
which form of TEP is removed at the greatest percentage with no consistent pattern.
At Alicante, Spain, the average removal differences in the vertical wells between
particulate and colloidal TEP is 68.15 to 51.45 % respectively. At the Corniche,
Jeddah site the comparison is 60.1 to 55.1 % respectively. At the South Corniche,
Jeddah site the removal percentage is nearly equal at 64.0 to 63.25 % respectively.

Aquifer removal during flow to vertical wells at the Turks & Caicos SWRO
facility shows the highest removal of particulate TEP, averaging about 90 %.
Removal of particulate TEP in water extracted from vertical wells at Sur, Oman and
Alicante, Spain shows an average removal of 66.45 and 68.15 % respectively.
Removal rates of particulate TEP using shallow wells along the Red Sea coast of
Saudi Arabia show lower average rates ranging from 53.4 to 64 %. The South
Corniche, Jeddah site has the average highest removal rate at 64 %. Also, there is
considerable variation in the removal percentage between wells located on the same
site. The worst performing intake system in terms of particulate TEP removal is the
horizontal well system at Alicante, Spain.

9.4.5 NOM Fraction Removal During Aquifer Transport

Assessment of the aquifer removal of the NOM components including biopolymers,
humic substances, building blocks, low molecular weight acids, and low molecular
neutrals were determined for the seven sites. The general pattern of removal during
aquifer transport from the sea to the wells was generally consistent (Table 9.7).

The highest removal rate of the NOM fractions occurred within the biopolymers.
The range in average removal by site was 92.3 to 100 %. The highest removals
occurred in the Alicante, Spain (vertical wells) and Turks & Caicos SWRO

Table 9.4 (continued)

Site Sample Total bacteria concentration
(cells/mg/L)

Percentage removal

Corniche, Jeddah

SW 196,377 0

1 30,652 84.4

2 49,638 74.7

3 38,804 80.2

South Corniche, Jeddah

SW 264,728 0

1 9,185 96.5

2 33,804 87.2

3 12,283 95.4

4 19,783 92.5
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Table 9.5 Organic carbon concentrations in surface seawater and from the well discharges with
percentage of removal during transport

Samples TOC (mg/L) Percentage removal DOC (mg/L) Percentage removal

Sur, Oman

SW – – 0.890 0

1 – – 0.293 67.1

2 – – 0.307 65.5

3 – – 0.331 62.8

4 – – 0.312 64.9

SW 1.053 0 0.957 0

1 0.266 74.4 0.210 78.1

2 0.478 54.61 0.442 52.8

3 0.533 49.38 0.481 49.7

4 0.514 51.19 0.425 55.6

Alicanti, Spain

SW 1.12 0 0.856 0

1 0.568 49.3 0.396 53.7

2 0.560 50.0 0.392 54.2

3 0.602 46.3 0.402 53.0

4 0.567 49.4 0.374 56.3

Hor. 1.05 6.5 0.873 −2.0

Tunnel 0.714 23.0 0.548 36.0

Turks & Caicos

SW 1.677 0 0.997 0

1 0.289 82.8 0.222 77.7

2 0.388 76.9 0.257 74.2

3 0.334 80.1 0.247 75.2

Buhayrat City

SW 1.053 0 0.573 0

1 0.536 46.7 0.295 48.5

2 0.653 35.0 0.341 40.5

3 0.581 42.2 0.361 37.0

4 0.517 48.6 0.293 48.9

North Obhor

SW 0.89 0 – –

1 0.24 72.7 – –

2 0.20 78 – –

3 0.37 58.2 – –

4 0.74 16.7 – –

(continued)
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facilities with 100 % removal. Two sampling events at the Sur, Oman site produced
about a 5 % difference in biopolymer removal, but the removal rate was still high.
The average removals for all of the SWRO facilities located in the Jeddah, Saudi
Arabia area showed high average rates of removal between 93.1 and 96.4 %. The
horizontal well system at Alicante, Spain showed a reduction of 93 %, but the
tunnel system produced only a 90.1 % removal.

Removal of humic substances was substantially lower compared to biopolymers.
The range of sample group averages was 27.5 to 80.9 %. The highest removal
occurred at Sur. Oman during the second sampling campaign. The first sampling at
the site showed a much lower removal average of 58.4 %. Most of the sites showed
removals between 43.9 and 45 % with the exception of the North Obhor site which
averaged 70 %. The horizontal site system at Alicante, Spain was found to show a
24 % increase in humic substances compared to natural seawater and the tunnel
intake system showed only a 24.3 % reduction in concentration.

The building blocks removal average percentage was lower at all sites compared
to humic substances with the exception of the Turks & Caicos and Corniche,
Jeddah sites. The range in average removal was 25.4 to 60.2 %. There was con-
siderable variation within the groups of sampled wells at each site. Again, the
horizontal well system at Alicante, Spain showed an increase in concentration of
11.8 %, similar to the increase found in the humic substances.

In most cases, the average removal percentages of the low molecular weight
acids and neutrals were lower than the building blocks with the exception of the
Turks & Caicos site (only acids), the Alicante site (vertical wells), and the Buhayrat
site. The average removal percentage between the low molecular weight fractions
varied with regard to which one was highest at a given site. The percentage of both
low molecular weight fractions increased compared to the background seawater at
the horizontal well site in Alicante.

Table 9.5 (continued)

Samples TOC (mg/L) Percentage removal DOC (mg/L) Percentage removal

Corniche, Jeddah

SW 0.94 0 – –

1 0.37 60.6 – –

2 0.41 55.8 – –

3 0.56 40.3 – –

South Corniche, Jeddah

SW 1.02 0 – –

1 0.69 32.3 – –

2 0.75 26.5 – –

3 0.71 30.3 – –

4 0.59 42.1 – –
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Table 9.6 Particulate and colloidal TEP in surface seawater and from the well discharges with
percentage of removal during transport

Samples Particulate TEP
(mg/L)

Percentage
removal

Colloidal TEP
(mg/L)

Percentage
removal

Sur, Oman

SW 0.036 – – –

1 0.007 80.4 – –

2 0.008 77.4 – –

3 0.011 70.2 – –

4 0.015 58.9 – –

SW 0.117 0 – –

1 0.035 70.1 – –

2 0.038 67.5 – –

3 0.040 65.8 – –

4 0.044 62.4 – –

Alicante, Spain

SW 0.521 – 0.171 0

1 0.147 71.8 0.080 53.2

2 0.156 70.1 0.090 47.4

3 0.177 66.0 0.074 56.7

4 0.184 64.7 0.088 48.5

Hor. 0.329 36.9 0.085 50.3

Tunnel 0.179 65.6 0.077 54.9

Turks & Caicos

SW 0.642 – – –

1 0.051 92.1 – –

2 0.066 89.7 – –

3 0.053 91.7 – –

Buhayrat City

SW 0.058 –

1 0.023 60.3

2 0.038 34.5

3 0.027 53.4

4 0.020 65.5

North Obhor

SW 0.162 – – –

1 0.116 28.4 – –

2 0.032 79.9 – –

3 – – – –

4 0.072 55.2 – –

(continued)
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9.5 Discussion

9.5.1 Processes Involved in Organic Removal Within Aquifer
Systems

Removal of the particulates in the aquifer flowpath from the sea through the bottom
and the connecting aquifer to the wells is likely caused by straining with some
adsorption. The algae and bacteria loss is likely caused by straining, death and
breakdown of the living organisms, and some adsorption, particularly onto sub-
surface biofilms within secondary porosity in the carbonate aquifers. Some of the
bacteria may be removed by bacterial predation by groundwater species, but that is
an unresolved issue.

Removal of TEP and the NOM fractions is likely a combination of physical,
chemical, and biological processes. TEP and the biopolymer fraction of NOM
contain large molecules, some of which are sticky polysaccharides that would tend
to adsorb onto the aquifer matrix, particularly at the seawater/sediment interface.
The largest molecules within the biopolymer fraction of NOM are also likely
removed by straining and dispersion. Reduction in the overall TOC and the smaller
NOM fractions is likely caused by chemical and bacterial activity with the aquifer.
As the composition of the NOM becomes more refractory, the removal percentage
of the NOM lessens. The NOM fractions data suggest that the large molecular
weight fraction, biopolymers, have the highest removal with a reduction in removal
percentage from the highest to lowest molecular weight.

It is likely that the uptake of organic matter within the aquifer system is
somewhat dependent on operational time of the facility in that the bacterial activity
in the aquifer will likely increase in time as more organic carbon flows through it.

Table 9.6 (continued)

Samples Particulate TEP
(mg/L)

Percentage
removal

Colloidal TEP
(mg/L)

Percentage
removal

Corniche, Jeddah

SW 0.121 – 0.073

1 0.019 83.9 0.043 40.9

2 0.055 54.6 0.041 44.7

3 0.070 41.9 0.015 79.8

South Corniche, Jeddah

SW 0.157 – 0.122

1 0.038 75.7 0.071 42.2

2 0.069 56.1 0.032 73.8

3 0.057 63.8 0.026 78.5

4 0.062 60.4 0.051 58.5

184 R. Rachman et al.



T
ab

le
9.
7

N
O
M

fr
ac
tio

ns
in

su
rf
ac
e
se
aw

at
er

an
d
fr
om

th
e
w
el
l
di
sc
ha
rg
es

w
ith

pe
rc
en
ta
ge

of
re
m
ov

al
du

ri
ng

tr
an
sp
or
t

Sa
m
pl
es

B
io
po

ly
m
er
s

(p
pb

)
% re
m
ov

al
H
um

ic
su
bs
ta
nc
es

(p
pb

)

% re
m
ov

al
B
ui
ld
in
g

bl
oc
ks

(p
pb

)

% re
m
ov

al
L
ow

m
ol
ec
ul
ar

W
t.
ac
id
s

(p
pb

)

% re
m
ov

al
L
ow

m
ol
ec
ul
ar

W
t.

ne
ut
ra
ls
(p
pb

)

% re
m
ov

al

Su
r,
O
m
an

SW
13

3
39

4
16

7
18

7
76

1
8

93
.9
8

74
81

.2
2

38
77

.2
5

68
63

.6
4

22
71

.0
5

2
13

90
.2
3

18
0

54
.3
1

85
49

.1
0

12
0

35
.8
3

44
42

.1
1

3
11

91
.7
3

21
5

45
.4
3

97
41

.9
2

11
0

41
.1
8

48
36

.8
4

4
9

93
.2
3

18
6

52
.7
9

88
47

.3
1

96
48

.6
6

46
39

.4
7

SW
11

1
26

0
21

2.
5

22
9

77
.5

1
1

99
.2
5

85
78

.4
3

80
52

.1
0

95
49

.2
0

32
57

.8
9

2
8

93
.9
8

41
89

.5
9

59
64

.6
7

15
0

19
.7
9

49
35

.5
3

3
0

10
0.
00

91
76

.9
0

77
53

.8
9

12
5

33
.1
6

38
50

.0
0

4
2

98
.5
0

84
78

.6
8

83
50

.3
0

11
7

37
.4
3

26
65

.7
9

A
lic
an
te
,
Sp

ai
n

SW
14

2
44

9
12

1
66

78

1
0

10
0.
00

23
8

46
.9
9

70
42

.1
5

41
37

.8
8

47
39

.7
4

2
0

10
0.
00

24
3

45
.8
8

70
42

.1
5

33
50

.0
0

46
41

.0
3

3
0

10
0.
00

25
9

42
.3
2

72
40

.5
0

29
56

.0
6

42
46

.1
5

4
0

10
0.
00

24
7

44
.9
9

59
51

.2
4

26
60

.6
1

42
46

.1
5

H
or
.

10
92

.9
6

55
6

−
23

.8
3a

13
5

−
11

.5
7a

67
−
1.
52

a
10

5
−
34

.6
2a

T
un

ne
l

14
90

.1
4

34
0

24
.2
8

89
26

.4
5

45
31

.8
2

60
23

.0
8

(c
on

tin
ue
d)

9 Effects of Well Intake Systems … 185



T
ab

le
9.
7

(c
on

tin
ue
d)

Sa
m
pl
es

B
io
po

ly
m
er
s

(p
pb

)
% re
m
ov

al
H
um

ic
su
bs
ta
nc
es

(p
pb

)

% re
m
ov

al
B
ui
ld
in
g

bl
oc
ks

(p
pb

)

% re
m
ov

al
L
ow

m
ol
ec
ul
ar

W
t.
ac
id
s

(p
pb

)

% re
m
ov

al
L
ow

m
ol
ec
ul
ar

W
t.

ne
ut
ra
ls
(p
pb

)

% re
m
ov

al

T
ur
ks

&
C
ai
co
s

SW
21

5
44

6
17

4
11

1
51

1
0

10
0.
00

14
2

68
.1
6

52
70

.1
1

3
97

.3
0

25
50

.9
8

2
0

10
0.
00

16
3

63
.4
5

60
65

.5
2

4
96

.4
0

30
41

.1
8

3
0

10
0.
00

15
8

64
.5
7

58
66

.6
7

3
97

.3
0

28
45

.1
0

B
uh

ay
ra
t
C
ity

SW
47

34
3

82
16

85

1
0

10
0.
00

17
8

48
.1
0

55
32

.9
3

9
43

.7
5

53
37

.6
5

2
1

97
.8
7

20
9

39
.0
7

62
24

.3
9

12
25

.0
0

57
32

.9
4

3
5

89
.3
6

21
2

38
.1
9

71
13

.4
1

13
18

.7
5

60
29

.4
1

4
2

95
.7
4

17
3

49
.5
6

56
31

.7
1

10
37

.5
0

52
38

.8
2

N
or
th

O
bh

or

SW
76

34
5

10
3

16
8

88

1
2

97
.4

11
0

68
.1

55
46

.6
10

3
38

.7
52

40
.9

2
2

97
.4

89
74

.2
33

68
.0

10
7

36
.3

41
53

.4

3
4

94
.7

14
5

58
.0

53
48

.5
10

5
37

.5
71

19
.3

4
3

96
.1

70
79

.7
23

77
.7

12
0

28
.6

44
50

.0
(c
on

tin
ue
d)

186 R. Rachman et al.



T
ab

le
9.
7

(c
on

tin
ue
d)

Sa
m
pl
es

B
io
po

ly
m
er
s

(p
pb

)
% re
m
ov

al
H
um

ic
su
bs
ta
nc
es

(p
pb

)

% re
m
ov

al
B
ui
ld
in
g

bl
oc
ks

(p
pb

)

% re
m
ov

al
L
ow

m
ol
ec
ul
ar

W
t.
ac
id
s

(p
pb

)

% re
m
ov

al
L
ow

m
ol
ec
ul
ar

W
t.

ne
ut
ra
ls
(p
pb

)

% re
m
ov

al

C
or
ni
ch
e,

Je
dd

ah

SW
90

36
0

91
19

2
94

1
3

96
.7

19
9

44
.7

51
44

.0
14

3
25

.5
63

33
.0

2
2

97
.8

14
7

59
.2

49
46

.2
13

6
29

.2
57

39
.4

3
8

91
.1

20
5

43
.1

46
49

.5
12

7
33

.9
71

24
.5

So
ut
h
C
or
ni
ch
e,

Je
dd

ah

SW
11

6
35

1
13

9
19

7
10

3

1
7

94
.0

24
7

29
.6

99
28

.8
14

6
25

.9
84

18
.4

2
6

94
.8

28
2

19
.7

11
4

18
.0

15
8

19
.8

87
15

.5

3
3

97
.4

24
4

30
.5

12
0

13
.7

19
1

3.
0

11
7

−
13

.6

4
16

86
.2

24
5

30
.2

82
41

.0
12

7
35

.5
71

31
.1

a N
eg
at
iv
e
va
lu
es

of
re
m
ov

al
su
gg

es
t
th
at

th
e
m
ea
su
re
d
co
nc
en
tr
at
io
n
is
hi
gh

er
th
an

se
aw

at
er

at
th
e
si
te

9 Effects of Well Intake Systems … 187



Detailed sampling may indicate changes in aquifer assimilation based on seasonal
changes in water temperature and dissolved oxygen concentrations in the aquifer.
Further research would be required to assess this issue.

9.5.2 Effects of FlowPath Length on Organic Substances
Removal

The length of the flowpath from the sea to the wells and the corresponding
hydraulic retention time in the aquifer affects the removal percentage of bacteria and
NOM. The longest flow pathway from the sea to the wells occurs at the Turks &
Caicos SWRO facility. This site shows the highest percentage reduction in TOC,
TEP, nearly all fractions of NOM, and the second highest reduction in bacteria.
Wells at the Sur, Oman site contain a variation in flow pathway length and show a
very high reduction in bacterial concentration, but a slightly lower TEP reduction.
The depth of the screens at Alicante is deeper than most of the other sites inves-
tigated which increases the flowpath length and may be responsible for the rela-
tively high removal percentage of bacteria, biopolymer fraction of NOM, and TEP.

The length of the flowpath of the sites sampled in the Jeddah area does not differ
greatly, but there are observable differences in the removal percentages of organic
matter between the sites. This may indicate difference in operational time or local
changes in the biological activity within the aquifer.

The shortest flowpaths occur within the horizontal and tunnel intake systems at
Alicante. Within the horizontal well system, breakthrough of algae is observed
indicating a direct correction between the sea and the well system. These systems
show the lowest percentages of bacteria removal. In addition, there is an increase in
NOM within all fractions except the biopolymers.

9.5.3 Effects of Aquifer Type and Matrix on Organic
Substances Removal

Three fundamental types of aquifers were investigated; carbonate systems with
secondary porosity (Sur, Oman, Turks & Caicos, and North Obhor), combined
lithified and unlithified carbonate (Alicante, Spain and South Corniche, Jeddah),
and heterogeneous siliciclastic systems (Buhayrat City, Corniche, Jeddah). In
general, there are no distinct differences in the removal of the organic matter
between the different aquifer types. The highest bacteria removal percentages occur
at the Turks & Caicos and Sur, Oman, but most of the other sites also exhibit high
removal percentages. The carbonate aquifer types have a generally higher removal
percentage for TEP compared to the siliciclastic aquifer sites. The results for
removal of the NOM fractions are mixed and do not appear to be related to lith-
ologic characteristics of the aquifer type.
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9.5.4 Well Intake Design and Organic Substances Removal
Efficiency

The design of the well system does have a significant impact on the removal of
organic matter during the transport process. The sampling at Alicante, Spain
allowed three types of well intake systems in close proximity to be evaluated;
vertical wells, horizontal wells or collectors, and a water tunnel system with vertical
collectors. Of the three intake types, the vertical wells significantly outperformed
the other design types. Greater amounts of TOC, bacteria, TEP (with exception of
the tunnel), and all NOM fractions were removed during transport from the sea to
the wells. The horizontal well system performed quite poorly, showing a break-
through of algae, less than 50 % removal of bacteria, only a 6.5 % removal of TOC,
less than 40 % removal of TEP, and actual increases in most NOM fractions. The
tunnel intake system produced significant removals of organic matter, but not as
great as the vertical wells.

Based on the data collected and interviews with the operators, the horizontal
wells system had operating problems and there may be some direct connection
between the seawater and the installed wells at one or more locations. The transport
distance of seawater to the horizontal well systems and the tunnel intake system
were both much shorter compared to the transport distance from the sea to the
vertical wells. The reduced distance and corresponding hydraulic retention time
likely impact the removal percentage of the organic matter. The exact cause of the
breakthrough of algae and poor performance of the horizontal well system is not
known due to lack of detailed operational data.

9.6 Conclusions

Data collected from seven SWRO facilities in different geologic conditions and
geographic locations clearly demonstrates that conventional vertical well intake
systems provide a robust degree of pretreatment that significantly improves raw
seawater quality. In all cases 100 % of the algae occurring in the raw seawater were
removed and up to 99.8 % of the bacteria were removed during aquifer transport.
Up to 92 % of the TEP was removed, but considerable variation occurred in TEP
removal occurred between sites and internal within sites. Most of the biopolymer
fraction of NOM was removed at all sites with reduction percentages ranging from
93.1 to 100 %. The removal of the NOM fractions appears related to molecular
weight with the highest removal rates occurring in the biopolymer fraction and the
lowest occurring in the low molecular weight acid and neutrals.

The combined removal of the bacteria, biopolymer fraction of NOM, and a
significant amount of the TEP demonstrate that use of well intake systems tends to
reduce the potential biofouling. The processes occurring within the aquifer during
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transport produce both physical entrapment and biodegradation of the organic
matter, similar to that occurring in a sophisticated engineered pretreatment systems.

Perhaps the key factor affecting the degree of treatment achieved within the
groundwater system is the length of the flow pathway from the sea to the wells. The
longer flowpath length generally increases the hydraulic retention time, allowing
biological processes within the aquifer to achieve greater assimilation of organic
compounds. In the case of similar flowpath lengths, the geological materials
forming the aquifer framework do not appear to be a significant factor impacting
organic matter removal.

Performance of vertical wells was found to be significantly greater compared to a
horizontal well system at Alicante, Spain. An innovative water tunnel intake system
at the same location achieved significant reductions in organic matter, but not as
great as the horizontal wells. This lower reduction is likely caused by a shorter
flowpath from the seabed to the tunnel.
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