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INTRODUCTION

Ground-water development in the New Valley Project of
Egypt’s Western Desert, like that in many other parts of the
world, has been troubled by serious corrosion of metal casings,
screens, pumps, pipes, and fittings. Over the years there have
been numerous observations and investigations of this rroblem
and various theories and remedies have been proposed in edmini-
strative documents, open-file reports, and other communications.
This report summarizes such work to 1977, including that of the
author during the period 1962-64. It discusses corrosion control
in the light of theory and operational experience with the objec-
tive of providing useful background information for all who may
have such problems. Although the observations were confned to
wells in Kharga and Dakhla Oases depressions, corrosiveness is
likely to be a problem in other parts of the Nubian aquifer un-
derlying the Western Desert.

The site and well location maps (figs. 1 and 2) provide official
translations from Arabic to English terms, as approved by the
U.S. Board on Geographic Names (BGN). The official (BGN)
name is shown in parenthesis. Names have been obtained from a
variety of sources. Only the English terms are used elsewhere in
the text, tables and illustrations, consistent with recent practice
in U.S. Geological Survey publications dealing with Egypt. Names
preceded by an asterisk (*) have not been verified by the Board
on Geographic Names.
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all of the U.S. Geological Survey.
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ENVIRONMENTAL SETTING

The Western Desert of Egypt extends from the northern mar-
gin of Qattara Depression and Siwa Oasis to the border of the
Sudan and from the western edge of the Nile Valley to the Libyan
border. Its area is approximately 685,000 square kilometers (km?)
or about 68.5 percent of Egypt’s total area. As shown in figure 1,
a series of topographic depressions, thought to be the combined
effect of wind and water erosion, extend diagonally southeastward
from Siwa Oasis just north of latitude 29°, through the Oasis of
Bahariya, Farafra, Dakhla, and Kharga to near where the Nile
River crosses the northern boundary of Sudan. The heads and
flanks of these lows are bounded by escarpments which rise to
300 or 400 meters (m) above sea level. Their floors slope gently
southeastward with subdepressions as low as 0.8 m above the sea.
According to Ezzat (1974) mean daily temperatures in this
southern part of the desert, known as the New Valley and covered
by this study range, from 13°C in January to 31°C in July and
temperatures may reach 49°C or more. Rainfall averages only 1
millimeter (mm) per year according to official records although
infrequent intense storms are known to occur. Despite the arid
climate, villages and supporting wells are scattered throughout
the New Valley area as shown in figure 2.

The entire Western Desert is thought to be underlain by a
thick sequence of waterbearing strata (aquifers) consisting of
sand and sandstone, interbedded at places with shale, mudstone,
and chalk. Loosely cemented angular sands like those of figure 3
constitute part of the sandstone. This series, collectively called the
Nubian aquifer (Jones, 1967), rests on a Precambrian basement
of granite and gneiss which outcrops on the east flank of the En-
nedi, Erdi, and Tibesti Mountains at the southwest extreme of
the desert, outside of Egypt. The Nubian aquifer slopes at a
gradient of 1/2,000 to the northeast and is capped, except in the
depressions, by shales, chalks, and limestones of upper Cretaceous,
Paleocene, and Miocene ages. The sand and sandstone components,
which constitute about 30 percent of the reservoir are nonfossili-
ferous and thus undated, but are thought to range from upper
Cretaceous at the top to Cambrian at the bottom,

Thickness of the Nubian aquifers varies throughout the desert.
It averages about 800 m in North Kharga Oasis and is as thick as
1,500 m in South Dakhla Oasis. The upper surface ranges from
50 m to several hundred meters below land surface, and artesian
pressures as great as 157 m above sea level and 50 m land sur-
face have been reported (Cushman and Gates, 1967). Numerous
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account of the excessive oxidation of the iron. They declare
that rods which have been left in a well for a few months have
become corroded; that any iron nails driven into the casings
perish almost immediately and that it is for this reason that
they are obliged to fix the two halves together by meauns of
timber dowels. (See fig. 5.)

In the report which contained the quotation cited above, the
view was expressed that corrosion problems would be encoun-
tered in using ordinary steel casings.

Paver and Pretorius (1954), who appear to have been the first
to study desert well corrosion in any detail, mention serious metal
loss in the upper casings of Gina well 2 of Kharga Oasis after
only 6 months of operation and stated that significant attacl was
apparent in a pipe used for cleaning Qara well 1 in Dakhla Oasis
after only one week of immersion. They described the morde of
attack on steel accurately as the formation of a black film on the
metal surface and development of a deposit which gradually eats
into the metal, flakes it off, and yields serious pitting. These same
effects were observed by the author and pictured in his repcrt of
1963 (fig. 11). Paver and Pretorius attributed the collapse and
obstruction of certain desert wells to perforation of metal casings
and resulting intrusion of formation materials or erosion of the
casings by high pressure leakage. They apparently made no mea-
surements to determine how much corrosion and obstruction con-
tributed to the observed reductions in flow. They did, however,
make self-potential logging measurements on a number of ob-
structed and unobstructed wells, including some cased in whole
or in part with wood, by observing the difference in elecfrical
potential between a nonpolarizing electrode in “a fixed ground
position” and a movable electrode within the well. The resulting
data in table 1 show values above what they termed ncrmal
ground potential of 140 millivolts (mV) for all but the wood-cased
holes. From this they concluded that the steel tubes were corrod-
ing over their entire lengths. Although such measurement be-
tween a nonpolarizing electrode near the well and a sliding elec-
trode within the casing is primarily an indication of external
corrosion potential, their conclusion that serious corrosion was in
progress was sound.

Fahmi (1956), who approached the problem primarily from
theoretical considerations based on knowledge of water qual-
ity, also concluded that plain mild steel would corrode raridly.
He accurately predicted that aluminum, stainless steel and Monel
Metal would be significantly more resistant. On the basis of this
assessment he recommended aluminum and galvanized steel as
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TasLE L.—1Vell obsiruction and self-potential data
{Modified from Paver and Pretorius, 1954.]

des ig,ne;]tion Co n;l;]tzt fon ¥ e(; :ce}?xtlzge 0 ll))s:i?l?cltig;) N %223? p ofeerllt;:ial
in flow* (m) (m) (mVj
Deep wells:
Kharga Oasis
(steel casing)
Ginah 2 1952 Nil obstﬁloction 200 740
Bustan 1950 62 248 457 850
Faruqiya 1939 69 350 470 910
Qara 1939 77 412 507 770
Borg 1940 41 348 497 800
El Mahariq 1947 40 432 492 760
Dakhla Oasis
(steel casing)
Budkhulu 1941 100 42 240 800
Qara 1 1947 58 2 Unknown ——
Qara 2 1943 64 2 221 ——
Gedidah 1940 66 110 259 800
Qalamun 1940 84 118 249 820
Faruqgiya 1940 69 Collapsed 233 I
Ismant 1 1951 Nil  obstrustion 207 830
Shallow wells:
Dakhla Oasis
El Adion
(wood casing) —— - S 80 140
Abdl Latif
(wood casing) —_—— N - 35 140
Abdl Latif
(steel casing) S — - 125 600

* Combined effects of corrosion and other hydrologic factors.
* Normal ground potential.

practicable alternative construction materials. Burdon and Pavlov
(1959) also were aware of the waters’ serious corrosiveness and
stated that a solution to the problem must be founc before large-
scale well development began in the oases.

Sudrabin (1962), an American corrosion consultant to the New
Valley Project, examined a number of wells in Kharga Oasis and
reported after examination of corroded steel screen parts and
discharge pipes that damage is more severe on internal surfaces
and that hydrogen sulfide and carbon dioxide are the principal
corrosive agents, the latter’s effect possibly being increased by gas
release due to pressure drop across the screen openings. Sudrabin
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TABLE 5.—Gas composition, selected New Valley wells
[Data from Mostafa Salem, Nasr Oil Co.]|

Percentage of gaseous components

Well Hydrogen sulfide Carbon dioxide Nitrogen
designation H:S CO: N2
El Kharga 1 Trace 3.1 96.9
El Kharga 1A 0.1 1.4 98.5
El Mahriq 2 Trace 4.0 96.6
Nasser 1 Trace 1.5 98.5
Mut 1 Trace 2.9 97.1

sidered to be generally reliable. Together with computer analyses
of pertinent geochemical factors by the method of Plummer and
others (1976), these data form the basis for generalizations con-
cerning water-quality characteristics and their contributions to
metallic corrosion. The data agree with earlier conclusions that
well waters of Kharga and Dakhla Oasis are abnormally high in
temperature and relatively high in iron, sulfide ion, and dissolved
gas. Reliable temperatures range from 33° to 39°C in the test wells
and are up to 6°C above expected values for some of the shallow
wells according to Cushman and Gates (1967), although they
found the thermal gradient with depth to be less than expected.

Despite the significant variation in water quality from well to
well and from Dakhla Oasis to Kharga Oasis, as judged from
samples taken at the surface, all waters tested fall into a category
characterized by relatively low dissolved solids content, low pH
and Eh values, and relatively high temperatures and gas con-
tents, particularly nitrogen and carbon dioxide. The pH values
are significantly lower and the Eh values significantly higher in
Dakhla Oasis than in Kharga Oasis. The trilinear diagrams in
figure 29 also show significant differences between waters of the
two oases. In these percentage plots of principal ions and ionic
combinations, Dakhla Oasis waters are consistently sulfochloride
types and except for Balat well 6, have more alkaline earth (Ca
and Mg) than alkali species (Na and K). The Kharga Oasis
waters do not group as consistently. Garmashin well 1 and Nasser
well 1, like the Dakhla Oasis wells, are sulfochloride types rela-
tively high in alkaline earths, and Nasser well 3 is a marginal
sulfochloride type, whereas Kharga well 1 and Mahariq well 2
are alkaline bicarbonate types.

There is little doubt and some analytical evidence that quality
varies appreciably between certain ground-water rorizons and
that bottom-hole qualities are different from those measured in
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Kharga Oasis
1. Garmashin 1
2. Kharga 14
3. Mahariq 2
4. Nasser 1*
5. Nasser 3*

Dakhla Oasis
6. Balat 6
7. Masara 1
8. Mut1

9. Rashda 1

0. Rashda 2

AVAVAVATAVAVAN

WAVAVAVA I VAVAYT AN
INONINININTNENEN/ N INONINENON S N/N/N
NN NN NNNN/ \VAVAVATA/AVAVAVAVA

) T ® 2 $ e o @ B
CATIONS PERCENTAGE REACTING VALUES ANIONS

FIGURE 29.—Trilinear diagram showing ionic balances of New Valley well
waters.

the mixed waters at the well heads. There also is evidence that
dissolved gas content varies with depth. Cushman and Gates
(1967) conducted borehole pressure tests which indicated gas sepa-
ration starting above the screened sections in certain deer wells.
Considerably more work would be required to relate quality char-
acteristics to the various geographic locations and water-bearing
zones.

CAUSES OF CORROSION

Corrosion of iron and steel in aqueous media is an electrolytic
process involving innumerable anodic and cathodic areas on the
metal surfaces that are caused by differences in stress (for ex-
ample, from cold working), surface films, metallic inclusions, and
other nonuniformities. Long-line electrolytic currents resulting
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from differences in solute concentrations, temperature, flow rates,
or other characteristics from one part of the metallic system to
another (for example, top to bottom of a well casing) may be
superimposed upon and markedly influence local corrosive action.
Direct coupling of dissimilar metals such as steel and aluminum
can cause local electrolytic (galvanic) attack.

In its simplest form the electrolytic corrosion of steel involves
solution of iron in anodic areas to form ferrous ion and release
electrons which pass through the metal to cathodic areas where
they react with hydrogen ions in the water and cause atomic
hydrogen to form upon and protect (polarize) metal surfaces.
Loss of protective hydrogen through combination with dissolved
oxygen, lowering of pH or involvement in bacterial reduction
processes depolarizes the cathode and allows corrosion to
proceed.

In natural waters a variety of quality characteristics tend to
influence electrolytic reactions. If the water contains sufficient
calcium bicarbonate, calcium ion attracted to the cathodic areas
will react with hydroxyl ion to form concentrated calcium hydrox-
ide which, in turn, will react with bicarbonate ion to precipitate
protective calcium carbonate scale on the metal surface. Sodium
chloride, on the other hand, yields nonscaling sodium hydroxide
at the cathode which increases pH of the cathode in relation to
that of the anode thereby increasing reaction rate (corrosion).
Chloride ion attracted to anodic areas has no corrosion-inhibiting
power and actually tends to increase solubility of the metal. If
dissolved oxygen is present, the resulting iron solution will con-
vert to ferric chloride and this will hydrolize to hydrcchloric acid,
a very corrosive agent.

Water of particularly low pH reacts as acid solution by dis-
solving metal and liberating a chemically equivalent amount of
hydrogen gas. For a weak acid, such as a solution of carbon
dioxide in water (carbonic acid), this attack may b~ significant
at a pH value of 6 or more and it is markedly influenced by tem-
perature, doubling in rate for each 10°C temperature increase.

Interaction of these factors is expressed by the Langlier and
Ryznar indices. The Langlier which equals the actual pH minus
the pH of calcium carbonate saturation (pHs), yields either posi-
tive or negative values as evidence of the water’s akility or lack
of ability, respectively, to form protective carbonate deposit.
The Rynar index, which equals 2pH«pH, yields cnly positive
numbers and there is some agreement that values below 7 indi-
cate increasing tendency to deposit calcium carbonate, whereas
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higher numbers indicate increasing tendency to corrode. It is
significant that New Valley waters appear to be nonprotective
(corrosive) by these criteria. See table 4.

Solubility of metal and related protective films also is influenced
by the pH-Eh relationship which determines stability of mineral
species and by the concentrations (degree of saturation) of vari-
ous solutes in the aqueous solution. The nature and rate of water
movement across metal surfaces can be important factors in
corrosion, depending upon the type of metal and corrosion process
involved. Whatever the process, increasing electrical conductivity
in the solution (for example, by increasing dissolved mineral)
tends to intensify its effects. In most natural waters, chemical
interactions are so complex that it is difficult to determine which
of the several contributing factors is primarily responsible for
the damage observed.

Data collected on the well waters of Kharga and Dakhla Oases
show that they combine a number of characteristics which could
be expected to cause corrosion. The trilinear diagrams in figure
29 indicate that none of the predominantly sulfochloride waters
has a calcium carbonate content high enough to precipitate pro-
tective calcium carbonate scale, a fact confirmed by EGDDO’s
gaturation index studies. Such waters could be expected to pro-
mote the corrosive chloride electrode processes discussed above,
with the resulting effects generally more pronounced in Dakhla
Oasis than in Kharga Oasis. This has been confirmed by the
limited number of corrosion observations made thus far and is
congsistent with the correlation of corrosion rate and combined
percentage of sulfate and chloride ions in sulfochloride type
waters (fig. 30).

The relatively high carbon dioxide and hydrogen sulfide con-
tents of certain wells and the high temperatures of all waters in
both oases undoubtedly are contributing very significantly to cor-
rosion processes. The nature of attack in Kharga well 1A (fig. 11)
is evidence that sulfide ion is combining directly with the iron to
generate relatively cathodic iron sulfide, which increases the cor-
rosion potential, and hydrogen which penetrates and aprarently
embrittles the metal surface. Chloride and sulfate concenfrations
are known to increase and pH to decrease under such deposits,
thus increasing corrosion (Baylis, 1926). Less than a part per
million of sulfide ion can be very destructive in this process.

The pH values of Dakhla Oasis ground water collected at the
well heads are in the range where direct attack of the metal by
carbonic acid would be expected and it is likely that much lower
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F1GURE 30.—Relation of sulfochloride concentration to corrosion rate.

pH values exist in the carbonic-acid rich envelopes of carbon
dioxide bubbles that contact the metal surfaces. Even in Kharga
well 1A where the pH was significantly higher than in Dakhla
Oagis wells, the deep relatively uniform corrosion noted in the
discharge pipe is evidence of acid attack. These unfavorable re-
actions are being intensified both by the high temperrtures that
characterize all the well waters and by the relatively high sur-
face velocities that result in part from well design. The tempera-
ture abnormalities observed by Cushman and Gates (1967) would
be significant in corrosion reactions controlled by hydrogen libera-
tion (for example, carbonic acid attack) where doubling of rate
occurs with each 10°C rise in temperature. The maximum sur-
face velocity of 335 ¢m, 's which the author estimated for flow at
Rashda well 2 in 1962 on the basis of the well’s discharge of
11,000 m?*/d is far above the 90 cm's recommended limit for steel
exposed to corrosive water.

Innate corrosiveness of the New Valley well waters also is in-
dicated by the Eh—pH relationships shown in figure 31. In this
stability field diagram, plotted according to Hem and Cropper
(1959), the segmented central line separates oxidized species
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FIGURE 31.—Stability field diagram, ferric and ferrous species, &ssuming
2 % 107 molal activity of iron and based on Fe(OH)..

above from reduced species below. Vertical lines which separate
the various species are determined from equilibrium constants.
The Eh-pH values which intersect in reducing areas of the dia-
gram, particularly in the ferrous ion (Fe**) stability field, indi-
cate waters capable of dissolving iron from either geologic for-
mations or the steel in well components. Those which plot in
areas of oxidation, particularly in the ferric hydroxide [Fe(OH) ]
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field, represent less aggressive solutions which may actually in-
hibit corrosion of steel.

All the well waters tested by the author plot in the ferrous
ion field (fig. 31) as evidence of their abilities to take iron into
solution. This is consistent with the fact that dissolved iron is
common in native desert wells which contain no metel parts.

Additional information concerning tendency for corrosion to
occur can be obtained by comparing the observed concentration of
calcium carbonate, a protective mineral species, with its equilib-
rium concentrations in the same environment. Such comparisons
made by the computer method of Plummer and others (1976) are
plotted against corrosion rates in figure 32 where the dark hori-
zontal line separates oversaturation (protection) above from un-
dersaturation (lack of protection) below. The fact that all the
well waters included in the plot are far below calcium carbonate
saturation agrees with their observed high corrosion rates. The
degree of undersaturation (that is, distance of point below the
saturation line) correlates reasonably well with observed maxi-
mum corrosion rates despite the fact that other corrcsion control

i ! o T [ —
|
Typical encrusting
wells |(W' Pakistaln)
S o0 | | Saturation line Encrust
R | | Corrode
= | |
5 | |
=|8
3= _ ] Nasser 3* I |
3 & | o Nasser 1%
ey
33 S | o Kharga 1A
~— 8 | c |
e = I Q I
§ 2= § | § | " -
2 asara
‘£ | § | Extreme corrosion ° ?
3 | & | Balat 6
- 3 ¢§ | T~
3 l L1 1 1 | L1 l
0 5 1.0 1.5 2.0 25 3.0 35 4.0 45 5.0

MAXIMUM CORROSION RATE, IN MILLIMETERS PER YTAR

FIGURE 32.—Relation of calcium carbonate equilibrium to cor~osion rate.
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mechanisms are involved (for example, sulfide, chloride, and car-
bonic acid processes).

Taken together, the characteristics described in the preceding
text show the New Valley well waters to be anaerobic media with
considerable capacity for reduction (solution) of protective iron
compounds; with ionic ratios known to promote corrosion rather
than inhibit it (for example, chloride to bicarbonate), and with
minor solutes, such as carbon dioxide and sulfide ion, whicl' are
particularly destructive to steel. Sudrabin’s long-line potential
data (table 3), which range from —700 to —861 mV and suggest
corrosion of steel in an anaerobic environment, agree with these
conclusions. Concentration of damage in certain parts of the sys-
tem can be attributed to cold-work stresses, such as those in the
formed bridge slots of screen sections, and to velocity effects,
like those evident in the elbow from Mut well 1 (fig. 6), or other
pecularities of construction or operation which intensify effects
of the basically corrosive waters.

CONTROL OF CORROSION

A variety of treatments are commonly used for controlling cor-
rosion of steel in aggressive aqueous solutions, including surface
coatings, soluble inhibitors, impressed electrical currents and
sacrificial electrodes of more active metals. Unfortunately, none
of these treatments is practicable for use in water wells of the
New Valley. Even the best surface coating provides little pro-
tection at sharp edges like those in screen slots, and coatingr are
liable to damage in transit and installation with resulting severe
corrosion in the damaged area. Similarly, down-hole chemical
treatment with corrosion inhibitors is impracticable and incom-
patible with the intended water use. Cathodic treatment with im-
pressed current requires precise control which cannot easily be
achieved in remote desert locations and it protects only external
surfaces, not the interiors of screen slots and casings where seri-
ous damage is known to occur. Proper positioning and meinte-
nance of sacrificial electrodes also would be difficult and costly
in these desert wells and even the best installations would not
prevent corrosion of casing exteriors and inner surfaces of screen
openings.

Because of the limitations of conventional treatments, one must
depend upon selection of materials and well design to minimize
the kinds of corrosion damage discussed in this report. Several
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investigators suggest operation with open-hole construection in-
stead of conventional screen wherever the characteristics of the
water-bearing formations favor such design since it would elimi-
nate the problem of rapid deterioration of steel screens. Con-
tinuation of the present practice of externally cementing steel
casing above filter (screen) sections should prevent formation
erosion in case of casing failure and overcome the problem of well
collapse described by Paver and Pretorious (1954). Using optimal
screen lengths and openings and increasing diameters of well
screens and casing to reduce surface velocities and accommodate
larger pumps, where pumping is required, also should significant-
ly reduce corrosion problems and increase hydraulic efficiency,
but the cost-benefit aspects of such design changes obviously are
an important consideration. Designing well-head equipment for
long life or easy replacement, even if down-hole corrosion of steel
parts occurs, is desirable.

Corrosion problems which cannot be handled practicably by
design changes must be overcome through the use of alternative
construction materials that are inherently more r=sistant to at-
tack by the desert ground waters. The corrosion data already dis-
cussed show that high strength aluminum is significantly more
resistant than steel in most Western Desert locations. However,
because of aluminum’s relatively high cost (about 2.5 times that
of steel), and its unpromising behavior in certain tests, par-
ticularly down-hole exposure, it is a questionable substitute for
steel in wells which are intended for long-term trouble-free serv-
ice and when durability of down-hole metal parts (for example,
screens) is an important consideration. The excellent performance
of Type 804 stainless in all tests shows that it would be durable
screen material for long-term service in any location which re-
quires screening rather than open-hole operation. Such material
could be used in conjunction with cemented mild steel casing
with or without an electrically insulated joint, but such insula-
tion would be an additional safeguard against possible galvanic
attack. The relatively high cost of stainless steel (4 to 6 times
that of mild steel, depending on design), is its only disadvantage.
That cost must be weighted against the cost and practicability of
replacing less durable screen materials’ as well as the feasibility
of open-hole operation.

In recent years considerable progress has been made in fab-
ricating epoxy-bonded fiberglass and wood tubing for use as both
casing and filter pipe (screen) for well construction. Modern
fiberglass products, which are essentially corrosion proof, will
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OPPORTUNITIES FOR FURTHER STUDY

To make the best of Western Desert experience in planning
new wells for Egypt or well fields elsewhere in the world, it
would be desirable to make additional observations when cir-
cumstances permit. Down-hole camera observations of the several
kinds of metallic and non-metallic filter pipe materials installed
since 1959 would provide positive evidence of their performance
and allow better predictions in the future. Similar observations
would show whether or not open-hole construction is practicable
and shed some light on the relative merits of various filter pipe
designs.

Ability to predict corrosiveness on the basis of water-quality
data also could be improved by measuring the qualities of the
individual water-bearing strata rather than by measuring their
mixed discharges at the well heads. Such data would also aid in
understanding the Nubian aquifer system. Advances in techninues
for sampling and analysis since initiation of the New Valley
Project should simplify these tasks. There is little doubt that the
technical community would be eager to see the results of such
studies.

SUMMARY

The observations and investigations reported here confirm the
extreme corrosiveness of well waters in the New Valley area of
Egypt’s Western Desert. Relatively low pH and Eh values to-
gether with the relatively high water temperatures, high carbon
dioxide contents, and high concentrations of sulfide, sulfate, and
chloride ions account for the severity of the attack.

Use of corrosion-resisting metals such as stainless steel or high
strength epoxy-resin bonded fiberglass or wood appears to be the
most practicable solution to maintenance problems in deep wells
which require long-term service from screens and casings. How-
ever, high strength aluminum should provide significantly better
service than plain steel in most locations.

Better information on the specific quality characteristics of the
several water-bearing horizons and on the performance to date of
the various kinds of well screen materials would simplify the
choice among alternative construction materials.
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