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Abstract
Ground water is a vital source for fresh water in Saudi Arabia and the surrounding gulf countries.
It is well known that fresh water density is lower than that of fresh water containing appreciable amounts of
dissolved salts. Therefore, water quality in the top of the aquifer is superior to the water in the bottom of the
aquifer due to the effect of density and gravity segregation. Normally, there is a margin of separation
between fresh and saline water is known as the fresh water-saline water contact.
Producing fresh water (from the top of aquifer) by excessive pressure drawdown forces the saline
water to move faster towards the producing wellbore in a process called coning. The top of the cone
(maximum height) is function of pressure drawdown. Several incidences have been reported indicating that
the quality of many groundwater wells in the Kingdom of Saudi Arabia are decreased perhaps due to saline
water coning caused by high pressure drawdown. Therefore, pressure drawdown must be carefully selected
so that good quality fresh water is produced without coning the saline water into the producing wellbore.
In this study, a general equation governing water coning process in groundwater wells is
presented. Water coning process is examined on a Saudi groundwater aquifer. Furthermore, a comparison
study is made for pressure drawdown using vertical and hypothetical horizontal wells producing from the
same groundwater aquifer.
Thus, optimum pressure drawdown reduces the degree of fluid disturbance (coning and saline
water intrusion) that may occur due to high pressure drawdown caused by excessive water production from
groundwater aquifers.

Keywords: Groundwater, Aquifer, Coning, Horizontal well, Pressure drawdown,
Water quality, Saline water.
Introduction
Saudi Arabia (225 million square kilometers) in general is one of hottest and most arid
countries in the world, with an average summer temperatures of 46oC and an average
rainfall of 120 mm per year. Water resources in Saudi Arabia are conventional which
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includes groundwater and surface water, and non-conventional such as desalinated
seawater and treated waste water. About 88 percent of the water consumption in Saudi
Arabia is met by groundwater. The western coastal plain (Tihama) receives 60 percent
of the country’s total rainfall. Rainfall in this region provides an average supply of
approximately 1.85 billion cubic meters of water, accounting for approximately nine
percent of the total annual water consumption. Desalinated water production is
approximately two and a half million cubic meters per day, constituting approximately
2.5 percent of annual water consumption [1]. Table 1 lists the major groundwater
aquifers in Saudi Arabia [2]. All wells drilled in these formations for groundwater
production are vertical [3]. Groundwater aquifers listed in Table 1 are formed millions
of years ago. Most of these aquifers are non-rechargeable leading to depletion and
water quality deterioration with time [4]. Water deterioration can be attributed to
saline water natural intrusion or saline water coning caused by excessive drawdown.
Drinking Water Quality
Water fit for human consumption should not contain any substances, which
would affect its color, odor or appearance. It should be free from foreign bodies such
as soil, sand and other substances and impurities which are visible to the naked eye
with total hardness less than
500 ppm [5].
Incidences have been reported indicating that the quality of many groundwater
wells in several parts of the Kingdom of Saudi Arabia are decreased perhaps due to
saline water coning caused by high pressure drawdown. For example, the quality of
groundwater produced from Neogene groundwater aquifer in Al-Hassa in the eastern
province was decreased sharply due to saline water intrusion [6]. Similar situations
were observed in Ha'il groundwater aquifers [7] and in the central province in Minjur
groundwater aquifer [4] due to excessive pressure drawdown.
Objective Of The Study
The objective of this study is to present an engineering method that can be
utilized for the prediction of optimum fresh water production rates with no saline water
intrusion (coning). This method is presented in the following section.
Water Coning Theory
Coning is a term used to describe the mechanism underlying the upward
movement of high salinity water into the producing well. Coning can seriously impact
fluids distribution caused by density and gravity action over millions of years in the
groundwater aquifers. Once this equilibrium is disturbed, it needs very long time for
these fluids to reach there initial equilibrium.
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Coning is primarily the result of movement of high density water (saline
water) in the direction of least resistance towards the production well as shown in
Figure 1 [8 and 9]. Water coning is highly dependent on specific gravity difference
(Δγ , dimensionless) between fresh water (γw1) and saline water (γw2), formation
permeability (k, Darcy), radius of the drainage area
(re , ft), wellbore radius (rw , ft),
depth of wellbore penetration into the fresh water zone (d, ft), fresh water viscosity (μw
, cp) and fresh water zone thickness (h , ft). By the combination of the above
parameters, critical production rate (Qc , m3/day/well) above which saline water coning
occurs, can be calculated as follows:

Q c = 0.2441

k Δγ ( h 2 − d 2 )
r
μ ln ( e )
rw

…(1)

From equation 1, it can be observed that the height of saline water cone (h
minus d) is directly proportional to the magnitude of the production rate (i.e. pressure
drawdown) as shown in Figure 2. Equation 1 is used to predict water coning in Wasia
groundwater aquifer based on the technical data presented in Table 2. It must be
noticed that fresh water-saline water contact (interface) and densities must be measured
accurately using well logging tools and chemical analysis respectively in order to get
realistic predictions using the above equation.
Results And Discussion
Water coning analysis for Wasia groundwater aquifer is performed based on
the technical data presented in Table 2. Figure 3 shows the relationship between fresh
water production rate and wellbore penetration into the fresh water zone and fresh
water zone thickness ratio (d/h). It can be seen that as the penetration of the wellbore
into the fresh water zone increased more saline water will cone into the production
wellbore and mix with the fresh water causing poor water quality production.
Therefore, for good water quality production, the wellbore penetration into the fresh
water zone should be kept minimum.
During fresh water production, saline water coning effect will be small if the
permeability of the groundwater aquifer is high enough to allow for fast fresh water
recharging from the surrounding drainage area. By doubling the value of the
permeability, the critical fresh water production rate with no coning is also doubled as
shown in Figure 4. Thus, high fresh water production rats can be applied in high
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permeability groundwater aquifers. Similar effect on fresh water production rate can
be noticed due to the difference between the specific gravities of the fresh water and
the saline water as shown in Figure 5. Higher saline water specific gravity yields
higher gravity (weight). Therefore, higher fresh water production rates can be applied
when high specific gravity saline water exists below the fresh water.
It is well known that a horizontal well yields similar production rate as four
vertical wells or more based on h/L ratio yield from identical drainage areas for the
same pressure drawdown as shown in Figure 6 [3]. Therefore, higher fresh water
production rates with no saline water coning can be applied in horizontal water wells.
More details about the utilization of horizontal well technology in groundwater projects
are documented in reference 3.
Conclusions
Based on the analysis conducted in this study, the following conclusions are
obtained:
• Fresh water quality is highly affected by undersigned production rates.
• Minimum well penetration into fresh water zone should be applied in
groundwater aquifers.
• The utilization of horizontal wells provides higher water production at
minimal disturbance of water level and formation properties.
• Saline water coning in groundwater aquifers is highly affected by
formation permeability and saline water specific gravity and height.
• Groundwater aquifer permeability and fresh water-saline water interface
must be evaluated carefully.
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إﺑﺮاهﻴﻢ ﻋﺒﺪاﻟﻌﺰﻳﺰ اﻟﺼﻌﻘﺒﻲ و ﻣﺤﻤﺪ ﻋﻠﻲ ﻣﻌﻠﻢ  1421 ،هـ" .دراﺳﺔ اﻟﻤﻮارد اﻟﻤﺎﺋﻴﺔ ﺑﻤﺪﻳﻨﺔ ﻣﻮﻗﻖ ﺑﻤﻨﻄﻘﺔ ﺣﺎﺋﻞ، ".
اﻟﻨﺪوة اﻷوﻟﻰ ﻟﺘﺮﺷ ﻴﺪ إﺳ ﺘﻬﻼك اﻟﻤﻴ ﺎﻩ وﺗﻨﻤﻴ ﺔ ﻣ ﺼﺎدرهﺎ  15-12 ،ﻣﺤ ﺮم  1421ه ـ  ،وزارة اﻟﺰراﻋ ﺔ
واﻟﻤﻴﺎﻩ  ،اﻟﺮﻳﺎض ،اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﺑﻴﺔ اﻟﺴﻌﻮدﻳﺔ.
ﺧﻠﻴﻔﺔ ﻋﺒﺪاﷲ اﻟﻜﻮﻳﺘﻲ  ،ﺻﻼح ﺳﻴﺪ أﺣﻤﺪ و ﻋﺎدل ﺧﻀﺮ ﺑﻮزﻳﺪ 1421 ،هـ" .اﻟﺤﺎﻟﺔ اﻟﺮاهﻨ ﺔ ﻟﻤﻠﻮﺣ ﺔ اﻟﻤﻴ ﺎﻩ اﻟﺠﻮﻓﻴ ﺔ
ﺑﻤﻨﻄﻘﺔ ﻣﺸﺮوع اﻟﺮي واﻟﺼﺮف ﺑﺎﻹﺣﺴﺎء واﻟﻌﻮاﻣﻞ اﻟﻤﺆﺛﺮة ﻋﻠﻴﻬ ﺎ ، ".اﻟﻨ ﺪوة اﻷوﻟ ﻰ ﻟﺘﺮﺷ ﻴﺪ اﺳ ﺘﻬﻼك
اﻟﻤﻴ ﺎﻩ وﺗﻨﻤﻴ ﺔ ﻣ ﺼﺎدرهﺎ  15-12 ،ﻣﺤ ﺮم  1421ه ـ  ،وزارة اﻟﺰراﻋ ﺔ واﻟﻤﻴ ﺎﻩ  ،اﻟﺮﻳ ﺎض  ،اﻟﻤﻤﻠﻜ ﺔ
اﻟﻌﺮﺑﻴﺔ اﻟﺴﻌﻮدﻳﺔ.
راﺋﺪ ﺳﻠﻴﻤﺎن اﻟﻤﺪﻳﻬﻲ1421 ،هـ" .ﺗﺄﻣﻴﻦ ﻣﻴﺎﻩ اﻟﺸﺮب – اﻟﺘﺤﺪي اﻟﻤﺴﺘﻤﺮ ، ".اﻟﻤﺆﺗﻤﺮ اﻟﻬﻨﺪﺳ ﻲ اﻟ ﺴﻌﻮدي اﻟﺜﺎﻟ ﺚ ،
 21- 18ﺟﻤﺎدى اﻷوﻟﻰ  1421هـ  ،اﻟﺮﻳﺎض  ،اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﺑﻴﺔ اﻟﺴﻌﻮدﻳﺔ.
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Table 1 Major groundwater aquifers in Saudi Arabia [3].
Aquifer name
Water depth,
Thickness, Productivity, Location
(Rock type)
m
m
103 m3/day
Saq
150 – 1500
650
8640
Central-North
(Sandstone)
Wajid
150 – 900
600
3456 – 6912 Southern
(Sandstone)
Tabuk
60 – 2500
1072
1296 – 1728 Central-North
(Sandstone and Shale)
Minjur
1200 – 2000
315
5184
– Central
(Sandstone)
10368
Dhruma
100
375
5184
– Central
(Sandstone and
10368
Limestone)
Biyadh
30 – 200
425
2160 – 4320 Northern
(Sandstone)
Wasia
100 – 800
150
7344 – 9504 Central-East
(Sandstone and Shale)
Umm-Er-Radhuma
100 – 400
330
4320 – 8640 Eastern
(Limestone)
Dammam
160 – 200
80
605 – 1900 Eastern
(Limestone)
Neogene
50 – 100
100
4320 – 8640 Eastern
(Sandstone and
Limestone)
Table 2 Technical data for Wasia groundwater used in coning calculations.
Permeability (k) = variable (0.5, 1.0 and 1.5 Darcies).
Fresh water zone thickness (h) = 1200 ft.
Wellbore penetration into fresh water zone (d) = variable with maximum value of
1200 ft.
Single vertical well drainage radius (rev) = 1388 ft.
Single horizontal well drainage radius (reh) = 2776 ft.
Length of horizontal well (L) = h, 5h and 7h, ft.
Wellbore radius (rw) = 0.375 ft.
Fresh water viscosity (w) = 1 cp.
Fresh water specific gravity (γw1) = 1.0.
Salt water specific gravity (γw2) = variable with maximum value of 1.04.
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Figure 1 A schematic diagram of coning phenomenon.
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Figure 2 Coning process caused by water production in the studied
Saudi groundwater aquifer.
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Figure 3 Relationship between d/h and critical production rate from a
vertical well in the studied Saudi groundwater aquifer.
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Figure 4 Relationship between d/h and critical production rate from a
vertical well in the studied Saudi groundwater aquifer
at various permeabilities.
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Figure 5 Relationship between d/h and critical production rate from a
vertical well in the studied Saudi groundwater aquifer
at various specific gravity difference.
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Figure 6 Relationship between pressure drawdown and production rates
from vertical and horizontal wells.

ﺍﳌﺆﲤﺮ ﺍﻟﺪﻭﱄ ﻟﻠﻤﻮﺍﺭﺩ ﺍﳌﺎﺋﻴﺔ ﻭﺍﻟﺒﻴﺌﺔ ﺍﳉﺎﻓﺔ )2004ﻡ(
10

ﺍﻟﻌﻼﻗﺔ ﺑﲔ ﺍﻟﺘﻨﺎﻗﺺ ﰲ ﻗﻴﻤﺔ ﺿﻐﻂ ﺍﻟﺴﺤﺐ ﻭ ﺟﻮﺩﺓ ﺍﳌﻴﺎﻩ ﺍﳌﻨﺘﺠﺔ
ﻣﻦ ﻣﻜﺎﻣﻦ ﺍﳌﻴﺎﻩ ﺍﳉﻮﻓﻴﺔ

ﻣﺴﺎﻋﺪ ﻧﺎﺻﺮ ﺟﺎﺳﻢ ﺍﻟﻌﻮﺍﺩ

ﻗﺴﻢ ﻫﻨﺪﺳﺔ ﺍﻟﻨﻔﻂ – ﻛﻠﻴﺔ ﺍﳍﻨﺪﺳﺔ – ﺟﺎﻣﻌﺔ ﺍﳌﻠﻚ ﺳﻌﻮﺩ -ﺍﳌﻤﻠﻜﺔ ﺍﻟﻌﺮﺑﻴﺔ ﺍﻟﺴﻌﻮﺩﻳﺔ

ﺍﳌﻠﺨﺺ ﺗﻌﺘﱪ ﺍﳌﻴﺎﻩ ﺍﳉﻮﻓﻴﺔ ﻣﺼﺪﺭ ﺣﻴﻮﻱ ﻟﻠﻤﻴﺎﻩ ﺍﻟﻌﺬﺑﺔ ﰲ ﺍﳌﻤﻠﻜﺔ ﺍﻟﻌﺮﺑﻴﺔ ﺍﻟﺴﻌﻮﺩﻳﺔ ﻭﺩﻭﻝ ﺍﳋﻠﻴﺠـﻲ ﺍﻟﻌـﺮﰊ.
ﻭﻣﻦ ﺍﳌﻌﺮﻭﻑ ﺃﻥ ﻛﺜﺎﻓﺔ ﺍﳌﺎﺀ ﺍﻟﻌﺬﺏ ﺃﻗﻞ ﻣﻦ ﻛﺜﺎﻓﺔ ﺍﳌﺎﺀ ﺍﶈﺘﻮﻱ ﻋﻠﻰ ﻛﻤﻴﺎﺕ ﻣﻦ ﺍﻻﻣﻼﺡ ﺍﻟﺬﺍﺋﺒﺔ .ﻭﻟﺬﻟﻚ ﻓﺄﻥ
ﻋﺬﻭﺑﺔ ﻭﺟﻮﺩﺓ ﺍﳌﺎﺀ ﺍﳌﻮﺟﻮﺩ ﰲ ﺃﻋﻠﻰ ﺍﳌﻜﻤﻦ ﺍﳉﻮﰲ ﻟﻠﻤﺎﺀ ﺃﻛﱪ ﻣﻦ ﺍﳌﺎﺀ ﺍﳌﻮﺟﻮﺩ ﰲ ﻗﺎﻉ ﺍﳌﻜﻤﻦ ﺑﺴﺒﺐ ﻗـﺎﻧﻮﻥ
ﺍﻷﻧﻔﺼﺎﻝ ﺑﲔ ﺍﻟﺴﻮﺍﺋﻞ ﻧﺘﻴﺠﺔ ﺍﳉﺎﺫﺑﻴﺔ ﻭ ﺇﺧﺘﻼﻑ ﺍﻟﻜﺜﺎﻓﺔ .ﻭﻋﺎﺩﺓ ﻣﺎ ﻳﻜﻮﻥ ﻫﻨﺎﻙ ﺧﻂ ﻭﳘـﻲ ﻳﻔـﺼﻞ ﺑـﲔ
ﻣﺴﺘﻮﻯ ﺍﳌﺎﺀ ﺍﳌﺎﱀ ﻭﺍﳌﺎﺀ ﺍﻟﻌﺬﺏ.
ﺇﻥ ﺇﻧﺘﺎﺝ ﺍﳌﺎﺀ ﺍﻟﻌﺬﺏ ﻣﻦ ﺃﻋﻠﻰ ﺍﳌﻜﻦ ﺑﺘﻨﺎﻗﺺ ﻋﺎﱄ ﰲ ﺿﻐﻂ ﺍﻟﺴﺤﺐ ﺳﻮﻑ ﻳﺆﺩﻱ ﺍﱃ ﺣﺮﻛﺔ ﺍﳌﺎﺀ ﺍﳌﺎﱀ ﻣـﻦ
ﺍﺳﻔﻞ ﺍﳌﻜﻤﻦ ﺍﱃ ﺍﻷﻋﻠﻰ ﲝﺮﻛﺔ ﺗﺴﻤﻰ ﺍﳊﺮﻛﺔ ﺍﳌﺨﺮﻭﻃﻴﺔ .ﻭﻳﻌﺘﻤﺪ ﺍﺭﺗﻔﺎﻉ ﳐﺮﻭﻁ ﺍﳌﺎﺀ ﺍﳌـﺎﱀ ﻋﻠـﻰ ﻗﻴﻤـﺔ
ﺍﻟﺘﻨﺎﻗﺺ ﰲ ﰲ ﺿﻐﻂ ﺍﻟﺴﺤﺐ .ﻭﻟﻘﺪ ﰎ ﺗﺴﺠﻴﻞ ﻋﺪﺩ ﻣﻦ ﺍﳊﺎﻻﺕ ﺍﻟﱵ ﺗﺸﲑ ﺍﱃ ﺗﻨﺎﻗﺺ ﰲ ﻋﺬﻭﺑﺔ ﺍﳌﻴﺎﻩ ﺍﳌﻨﺘﺠﺔ
ﻣﻦ ﺑﻌﺾ ﺁﺑﺎﺭ ﺍﳌﻴﺎﻩ ﺍﳉﻮﻓﻴﺔ ﰲ ﺍﳌﻤﻠﻜﺔ ﺍﻟﻌﺮﺑﻴﺔ ﺍﻟﺴﻌﻮﺩﻳﺔ ﻗﺪ ﺗﻜﻮﻥ ﻧﺎﺷﺌﺔ ﻋﻦ ﺍﳊﺮﻛﺔ ﺍﳌﺨﺮﻭﻃﻴﺔ ﻟﻠﻤﺎﺀ ﺍﳌﺎﱀ ﻣـﻦ
ﺍﺳﻔﻞ ﺍﳌﻜﻦ ﺍﱃ ﺍﻷﻋﻠﻰ ﺑﺴﺒﺐ ﺍﻟﺘﻨﺎﻗﺺ ﰲ ﺿﻐﻂ ﺍﻟﺴﺤﺐ ﻧﺘﻴﺠﺔ ﻣﻌﺪﻻﺕ ﺍﻷﻧﺘﺎﺝ ﺍﻟﻌﺎﻟﻴﺔ ﻟﻠﻤﺎﺀ .ﻭﻟﺬﻟﻚ ﳚﺐ
ﺍﳊﺮﺹ ﻋﻨﺪ ﺇﺧﺘﻴﺎﺭ ﻣﻘﺪﺍﺭ ﺍﻟﺘﻨﺎﻗﺺ ﰲ ﺍﻟﻀﻐﻂ ﻟﻠﺤﺼﻮﻝ ﻋﻠﻰ ﻣﻴﺎﻩ ﻋﺬﺑﺔ ﺫﺍﺕ ﺟﻮﺩﺓ ﻋﺎﻟﻴﺔ ﺩﻭﻥ ﺣﺼﻮﻝ ﺣﺮﻛﺔ
ﳐﺮﻭﻃﻴﺔ ﻟﻠﻤﻴﺎﻩ ﺍﳌﺎﳊﺔ.
ﰎ ﰲ ﻫﺬﻩ ﺍﻟﺪﺭﺍﺳﺔ ﺑﻴﺎﻥ ﺍﻟﻘﺎﻧﻮﻥ ﺍﻟﻌﺎﻡ ﺍﻟﺬﻱ ﻳﺮﺑﻂ ﺍﳊﺮﻛﺔ ﺍﳌﺨﺮﻭﻃﻴﺔ ﻟﻠﻤﺎﺀ ﺍﳌﺎﱀ ﻣﻊ ﻗﻴﻤﺔ ﺍﻟﺘﻨﺎﻗﺺ ﰲ ﺍﻟـﻀﻐﻂ
ﺑﺴﺒﺐ ﺍﻹﻧﺘﺎﺝ ﻭﰎ ﺗﻄﺒﻴﻖ ﺫﻟﻚ ﻋﻠﻰ ﻣﻜﻤﻦ ﻣﻴﺎﻩ ﺟﻮﰲ ﻟﻠﻤﻴﺎﻩ ﺍﻟﻌﺬﺑﺔ ﰲ ﺍﳌﻤﻠﻜﺔ ﺍﻟﻌﺮﺑﻴﺔ ﺍﻟـﺴﻌﻮﺩﻳﺔ .ﻭﻣـﻦ ﰒ ﰎ
ﻋﻤﻞ ﻣﻘﺎﺭﻧﺔ ﺑﲔ ﻣﻘﺪﺍﺭ ﺍﻟﺘﻨﺎﻗﺺ ﰲ ﺿﻐﻂ ﺍﻟﺴﺤﺐ ﺍﻟﻨﺎﺷﺊ ﻋﻦ ﺇﻧﺘﺎﺝ ﺍﳌﺎﺀ ﻣﻦ ﺑﺌﺮ ﻋﻤﻮﺩﻱ ﻭﺁﺧﺮ ﺃﻓﻘﻲ ﰲ ﻧﻔﺲ
ﺍﳌﻜﻤﻦ.
ﻭﻋﻠﻰ ﺫﻟﻚ ﻓﺄﻥ ﺍﺧﺘﻴﺎﺭ ﻣﻘﺪﺍﺭ ﺗﻨﺎﻗﺺ ﻣﻨﺎﺳﺐ ﰲ ﺿﻐﻂ ﺍﻟﺴﺤﺐ ﺍﳌﺘﻮﻟﺪ ﻋﻦ ﺇﻧﺘﺎﺝ ﺍﳌﺎﺀ ﺳـﻮﻑ ﻳﻘﻠـﻞ ﻣـﻦ
ﺍﻻﺿﻄﺮﺍﺑﺎﺕ ﺍﻟﻨﺎﺷﺌﺔ ﻋﻦ ﺍﳊﺮﻛﺔ ﺍﳌﺨﺮﻭﻃﻴﺔ ﻟﻠﻤﻴﺎﻩ ﺍﳌﺎﳊﺔ ﺑﺴﺒﺐ ﺍﻹﻧﺘﺎﺝ ﺍﳉﺎﺋﺮ ﻭﺑﺎﻟﺘﺎﱄ ﳛﺎﻓﻆ ﻋﻠﻰ ﺟﻮﺩﺓ ﺍﳌـﺎﺀ
ﺍﳌﻨﺘﺞ.

