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EVALUATION AND CONTROL OF CORROSION
AND ENCRUSTATION IN TUBE WELLS OF THE
INDUS PLAINS, WEST PAKISTAN

By Frank E. Crarke and Ivax BARNES

ABSTRACT

Seepage from rivers and irrigation canals has contributed to waterlogging and
soil salinization problems in much of the Indus Plains of West Pakistan. These
problems are being overcome in part by tube-well dewatering and deep leaching
of salinized soils. The ground waters described here are anaerobic and some are
supersaturated with troublesome minerals such as calcium carbonate (calcite)
and iron carbonate (siderite). These waters are moderately corrosive to steel.
Some wells contain sulfate-reducing bacteria, which catalyze corrosion, and
pH-electrode potential relationships favorable to the solution of iron also are
rather common. Corrosion is concentrated in the relatively active (anodic) saw
slots of water-well filter pipes (screens), where metal loss is least tolerable.
Local changes in chemical properties of the water, because of corrosion, appar-
ently cause deposition of caleium carbonate, iron carbonate, and other minerals
which clog the filter pipes. In some places well capacities are seriously reduced in
very short periods of time. There appears to be no practicable preventive treat-
ment for corrosion and encrustation in these wells. Even chemical sterilization for
bacterial control has yielded poor results. Periodic rehabilitation by down-hole
blasting or by other effective mechanical or chemical cleaning methods will pro-
long well life. It may be possible to repair severely damaged well screens by insert-
ing perforated sleeves of plastic or other inert material.

The most promising approach to future well-field development is to use filter
pipes of epoxy-resin-bonded fiber glass, stainless steel, or other inert material
which minimizes both corrosion and corrosion-catalyzed encrustation. Fiber-
glass plastic pipe appears to be the most economically practicable construction
material at this time and already is being used with promising results.
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HYDROLOGIC SETTING

The ares known as the Indus Plains of West Pakistan is approxi-
mately 900 miles long and is as much as 400 miles wide. As shown in
figure 1, it stretches from the Arabian Sea at the southwest to the
foothills of the Himalayas in the northeast, with Afghanistan on the
west, and India and Kashmir on the east. It appears to lie at least in
part in a structural trough formed by deep crustal subsidence related
to upthrusting of the Himalaya and other bordering mountain ranges.
The 125,000-squatre-mile area is underlain by unconsolidated sediments
of Tertiary and more recent age, which extend to depths of a few thou-
sand feet. The sediments consist primarily of sand, silt and elay but
sandy sediment is most prevalent. Much of the deposit is water satu-
rated to within a few feet of the land surface. Significant salt deposits
occur in the northwestern margin bordering the Salt Range.

In the northern part of the plains, the Sutlej, Ravi, Chenab, Jhelum,
and Indus Rivers converge in a fan-shaped pattern to form a single
channel—the Indus, and to give the area its name, Punjab, from the
native words “paunch ab,” which mean five waters. From this point of
convergetce the Indus flows alone southwest through the Sind to the
Arabian Sea.

The climate of the Indus Plains ranges from relatively humid in
the mountainous northeast, where rainfall may exceed 30 inches per
year, to semiarid in the central part, and to near desert conditions in
the southern Sind, where annual precipitation is likely to be less than
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dewatering operations during the past 4 years has lowered ground-
water levels in the SCARP-1 area 1-8 feet and an average of 6 feet.
Depth to water now ranges from 10-20 feet in this region. Some salty
areas like the one shown in figure 6 have been reclaimed and are
productive agricultural lands.

Continuing success of ground-water dewatering operations in the
Indus Plains depends on the continuing effectiveness of pumping. Loss
of well capacity already has proven to be an unexpected and costly
problem in parts of the Punjab. Exploratory studies by several investi-
gators have shown corrosion and related mineral encrustation of water-
well components, particularly the latter, to be major contributing
factors. These observations led to the work reported here, which was
conducted in the shaded areas shown in figure 1 and was aimed at
understanding corrosion and encrustation processes involved in order
to determine the preventive and corrective treatments best suited to
tube wells of the Indus Plains. Earlier work is discussed in open-file
reports (Clarke and Barnes, 1964 and 1967).

GENERAL WATER-QUALITY CHARACTERISTICS OF GROUND-WATER
SYSTEMS

Data reported by Swarzenski (1968) show that five rivers of the
Punjab contain waters with dissolved solid contents of only 200-
800 mg/1 (milligrams per liter), particularly during the period from
April to October when the rivers are sustained partially by snowmelt
from the mountains and by monsoon rains, both of which dilute the
higher base-flow concentrations resulting from irrigation return. The
river waters are calcium-magnesium bicarbonate types, but this surface
water is converted to sodium bicarbonate type as it seeps from the
river channels to form narrow belts of relatively shallow fresh ground
water beneath the flood plains, Deeper water and water farther inland
beyond the range of this fresh-water source generally have higher
salt concentrations and sodium chloride contents.

The data shown in table 3 are reasonably representative of ground-
water quality in the Punjab, where tube-well dewatering and irriga-
tion is being practiced or planned. The data represent a rather wide
range of dissolved-solid concentrations and ionic balances. Most of
the waters with dissolved-solid contents below 1,000 mg/1 are primarily
sodium bicarbonate types because of base exchange. Occasionally
sodium sulfate or calcium sulfate solutes are found to predominate.
Sodium chloride predominates only in water with concentrations above
1,000 mg/1, and occasionally sodium sulfate predominates in this con-
centration range. Much of the water is anaerobic, and much of it con-
tains significant concentrations of ferrous and sulfide ions, which are
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relatively common in air-free ground-water systems. Generally speak-
ing, concentration of ground-water solutes tends to increase down
doabs toward river junctions. However, this is not a consistent pattern,
and more than one center of high salt concentration may occur within
the doab boundaries as shown in figure 7. Water-table evaporation
at depths of 50 feet or more has been suggested as the primary cause
of salt concentration (Greenman, Swarzenski, and Bennett, 1967).
Flow of saline water from the Salt Range in the northwest of the
Punjab also has been proposed as a possible source of saline water
(H. E. Skibitzke, oral commun., 1967). However, it is doubtful that the
Salt Range supplied saline ground water to the southern plains (Sind)
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F1eURE 7.—Mineral content of native ground water in Punjab area.
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Indus Plains wells, West Pakistan

Cations (mg/l) Anions (mg/l)

Al Ca Mg Na K Fett  Mn Cu Cl HCO; COs 8— 804
0.9 344 415 2,350 42 1.7 0.26 0 3,000 266 0.5 ____.___ 3,220
0 28 16 4.8 .2 A2 0 183 .57 0.65 32
0 39 23 84 4.3 .2 12 0 20 306 .64 75 64
0 39 23 76 6.7 .2 12 0 9.3 321 .57 L15 75

5 60 106 1,500 28 N 13 26 1,490 678 2.4 2.1 1,150
.3 41 44 103 3.8 .9 12 .17 39 394 1 116
.6 89 52 825 6.2 .3 42 .35 460 690 2.3 1.0 874
.5 63 37 600 6.7 .1 0 .20 925 131 8 .6 181

0 50 21 62 34 18 .4 0 13 341 .91 125 44
.1 47 27 48 5.3 1.8 0 0 8 333 .46 L1 44
0 26 12 3.5 0 .02 0 11 327 .68 7 44
0 70 38 130 6.1 5 .04 0 79 407 .52 .35 209
1 18 10 1.7 0 .02 .02 6.1 205 1.6 .7 52

0 14 11 140 26 0 .02 0 15 328 2.2 .4 99
4 29 13 19 3.6 1 .14 .47 3.5 138 .8 .1 29
0 47 13 3.1 3 0 0 26 366 .64 .9 60
0 55 17 110 3.1 75 .05 0 32 388 .76 .97 92
2 46 15 44 4.8 8 .24 .12 16 271 .8 .25 22

0 42 16 35 5.0 22 .10 .04 13 259 L7 1.1 18
01 62 27 61 3.1 .12 .04 23 357 7 .5 45
R 37 25 56 ________ . 12.6 266 .6 .2 912

5 58 23 95 4.9 7 27 .25 26 399 .8 .6 56

3 43 16 9.8 6.7 ..o 19 .15 22 359 .8 4 49

3 53 18 77 3.4 .2 22 .16 22 366 .8 .9 56

1 62 17 150 41 10 34 .09 41 459 .8 .5 104

0 56 20 120 4.4 75 05 .02 36 404 .59 7 92
S 10 66 _______. F: J 12.6 142 P S 130

5 35 21 155 60 0 10 .26 32 432 L1 . ___ 121
.5 36 26 190 6.2 0 05 21 40 536 1.2 45 267

1 16 40 496 9.1 0 0 02 145 810 1.15 1Lo 380

0 27 10 19 4.3 .22 100 0 6.8 126 1.8 .5 42
0 28 9 15 38 0 0 0 3.8 123 1.8 0 28
0 38 20 200 3.2 .52 .09 .22 108 344 1.2 1.1 111
1 54 19 138 5.0 .45 .09 0 60 387 L0 .75 117

2 43 17 166 4.5 .67 11 0 96 354 1.4 .5 126

0 40 19 202 4.5 .52 A1 0 74 408 1.5 0 187
0 49 14 158 4.5 .75 A1 o 56 420 1.0 .1 115
0 62 17 155 4.4 .95 .11 0 69 425 .7 .65 141
0 52 15 185 3.3 .75 11 0 86 41 11 .5 142
0 75 28 453 58 13 A1 0 448 514 1.4 .5 230
.1 69 26 195 6.3 0 0 0 159 239 .27 1.0 260
0 58 17 280 55 10 .08 0 185 533 1.4 .95 153
0 54 18 150 6.5 .6 .09 0 81 402 1.0 1.0 110
0 27 18 135 36 0 .04 0 38 340 1.15 .5 97

with calculated equilibrium concentrations of the same species in the
same environment. The degree of undersaturation or supersaturation
determined by this analysis is an indication of the driving forces in
pertinent, chemical processes. Such calculations do not indicate chemi-
cal effects on well components in a quantitative way because such
effects also are influenced by kinetic and catalytic factors.



L36 CONTRIBUTIONS TO THE HYDROLOGY OF ASIA AND OCEANIA

To compare observed cation concentrations with their concentrations
at equilibrium, the activities of various probably dissolved species were
calculated using the relation : ‘

o =Miyi
where
«i is the activity of the ith species,
m; is the molality of the /th species, and
yi 1s the activity coefficient of the ith species.

Molality m; was determined by direct analysis of the well water, and
the activity coefficient of each species was computed from the Debye-
Hiickel equation in the form used by Clarke and Barnes (1968).

In comparing actual composition of well water with equilibrium
composition for the same solution, activity (o) is defined in terms of
chemical potential differences between the actual and equilibrium
states by the relation

RThna;=p,—p°

where

R is the gas constant,

T is the temperature in degrees Kelvin, and

u: and u,° are chemical potentials of the actual and standard

states, respectively.

The difference in the sum of chemical potentials between the actual
solution and the solution at equilibrium with a particular postulated
phase is expressed as follows:

; .
Aur= (Z”iproducts - 2jrea.ev;al:lv;s)

observed

i j
- (Zﬂ products Zf reactants) equilibrium”
For a reaction of the type aA+bB=cC+dD, which is controlled by
mass action, the actual composition is expressed as the product of
observed activities (activity product, AP) in the equation

AP= (ac)c (aD)d

(aA )a (CYB)Z'.

Comparison of actual solution composition (well water) with equilib-
rium state can be made in terms of the difference in sums of chemical
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potentials by substituting the above definition of activity to yield the
expression

P
Aun—=RTIn Af

where K is the equilibrium constant and Apg is the difference in the
sum of the chemical potentials between the actual and equilibrium
states.

A similar calculation made for oxidation-reduction reactions, which
are directly related to corrosion processes, uses

]'EhTC=]‘E°<T)"'%B%Z ln%

where

E°;, is the standard electrode potential,

n is the number of electrons involved,

& is the volt equivalent (calories per volt gram equivalent), and
EhTC is the electrode potential calculated for the observed
temperature.

The EhTC is the electrode potential the solution (well water) should
have if the postulated oxidation-reduction reaction is controlling the
observed or measured Eh (Ehm), recorded in the well-water data of
table 1. This equilibrium case (EhTC) is compared with the observed
electrode potential (Ehm) by the relation

Aurn=n3 (EhTC—Ehm).

The mass action and the oxidation-reduction relationships described
above assume that steady-state conditions exist in the well waters
during testing, a requirement that was met reasonably well in these
studies, because well-head tests yielded essentially constant results
during repeated sampling.

Because only the difference in the sum of the chemical potentials
(Apr) has thermodynamic rigor, there is no sound theoretical justifica-
tion for interpreting well-water data of these kinds in terms of signifi-
cance of a single compositional variable, such as pH or ferrous ion.
However, such interpretations have practical value when the variable
selected is known to have major significance in the system being studied
(for example, Fe** in a steel cased well), and when the results obtained
by such calculations correlate favorably with observed effects on water-
well components.

Comparison of observed and equilibrium states for the great variety
of mineral species which might influence corrosion or encrustation can
be done practically only by a computer method, such as that described
by Barnes and Clarke (1969).
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The usefulness of such studies in assessing water-well problems of
the Indus Plains is evident in figures 28-34, where equilibrium data

actual concentration

[log (equilibrium concentration

)

J

for particularly significant minerals are plotted against measured cor-

+2
Fe™ “actual JFeCO3

Fe™2equilibrium

Logo (

| caCO,

Ca' 2 equilibrium.
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F1cUrE 28.—Relation of corrosion to equilibrium state, FeCOs.
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F1cURE 29.—Relation of corrosion to equilibrium state, CaCOs.
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F1cURE 30.—Relation of corrosion to equilibrium state, Fe (OH)s.

rosion rates in steel parts of the corresponding wells. Similar data
from troublesome well fields in the Western Desert of Egypt and the
Chad Basin of Nigeria are included for comparison. The corrosion
ranges, marked by vertical dashed lines and representing moderate,
severe, and extreme damage, are those normally accepted by corrosion
engineers. In each case the heavy solid horizontal line represents equi-
librium concentration (saturation) for the mineral species identified
on the ordinate. Plotted points above and below this line represent well
waters supersaturated and undersaturated, respectively, with this spe-
cies. Positive correlation between severity of corrosion and degree of
saturation with both Fe(OH); and CaCO; is evident in these plots.
However, tests in other well fields suggest that the CaCOs relationship
is the more consistent one. There appears to be no consistent relation
between corrosion rate and degree of saturation with iron carbonate
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F1eUrEe 31.—Relation of corrosion to equilibrium state, Fe;O,.

(FeCOy), although this is a troublesome encrustant in steel-cased water
wells, and particularly so in the Indus Plains.

Other interesting relationships between ground-water qualities and
effects on steel well parts also are evident in equilibrium data of table 4.
From the standpoint of corrosion, it is significant that virtually all
anaerobic waters represented by the diagram in figures 28-34 are un-
dersaturated with ferrous hydroxide [Fe(OH).], a primary product
of corrosion of steel, and iron metal, the material undergoing solution
in steel systems. Undersaturation with ferrous hydroxide and iron
metal indicate capacity of the water for dissolving iron, and one would
expect corrosion in such an environment unless there are inhibiting
processes. All waters were supersaturated with Fe;O, and unsaturated
with Mn,O,—the highest concentrations occurring in the least corro-
sive wells in each case. The fact that waters slightly supersaturated
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F1aure 32.—Relation of corrosion to equilibrium

state, Fe.

with ferric hydroxide [Fe(OH),], as judged from analysis of well-
head samples, cause relatively mild corrosion of steel, whereas much
more serious damage occurs in waters undersaturated with this species,
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probably is significant. However, the true relationship of this meta-
stable phase to corrosion processes has not yet been determined.

It is evident in table 4 that practically all waters tested in SCARP-1
were supersaturated with siderite and calcite-—the supersaturation fac-
tors of these materials range from 1.08-12.16. Field experience sug-
gests that supersaturation above a factor of 2 is likely to cause mineral
deposition, either spontaneously or in combination with some reaction
that serves as a catalyst. The relative rates of deposition from waters
with various levels of supersaturation are unknown because catalytic
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F1aure 34.—Relation of corrosion to equilibrium state, Cu(OH).2.

and kinetic factors still are poorly understood. However, it is well
established that both siderite and calcite are troublesome encrustants
in the Indus Plains.

It is probably significant that thermodynamic analysis showed only
one stable phase (calcite) to behave as predicted from stable equilib-
rium considerations. All other solids found as precipitates in the Paki-
stan wells are metastable phases. In other words they are not the least
soluble phases possible in the chemical system studied. Siderite (Fe-
CO;) and ferric hydroxide [Fe(OH);] appear to behave approxi-
mately as would be predicted from equilibrium considerations, but
both are metastable, and the presence of neither would be expected if
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TaBLE 4.—Equilibrium data, selected

Measured cation concentration . .
cation ratio

Well name and No. Cation concentration at equilibrium
CaCOs Iron, Fe Fe(OH):

Khaipur 12_____________ 2. 1831 3. 4338 X102 3. 604910~
Khéngra Dogran 73______ 1. 3614 5. 9539 10-% 2. 656810~
72 1. 4204 6. 1772 X 10~ 3. 196010+
71 __ 8 11531071 2. 2996102 4. 121010
Lyallpur 54_____________ 2.0313._.____ 2. 2453 X 10~ 3. 896510~
Mona 53 - ____________ 1. 6977 1. 1416 X10~# 1. 0814103
83 .. 4. 0306 2. 4334 X102 2. 4445X 104
113 . 1. 0305 2. 6527 X 1039 2, 210310~
Phalia 65_______________ 2. 2398 3. 669810~ 2. 5658 X102
66 __ 1. 2910 2. 8369 X 1022 7. 1126 X 104
81 . 9. 0021 X 10~ ___ o
88 1. 5441 6. 1496102 1. 7011 X 10
89 .. 1. 5343 oo
101 .. 1. 5884 e
Sangla Hll 2____________ 9. 6410101 1. 09441038 4. 469010~
Shadman 16-.._________ 1. 7436 6. 0579 X 10— 3. 2303 X10~*
17 . 2. 1215 2. 9641102 8. 062210~
27 (1964) ______ 1. 8475 7. 1861 X102 1. 7170 X103
27 (1965) .. ____ 1. 6741 6. 1218102 5. 1472X 10~
34 ____ 1. 9612 1. 1097102 3. 4715X 10~
40 ___________ 7. 9397101 2. 6473 102 4. 815010
45 .. 1. 7583 3. 7583 X 10~ 4. 4195X 10
46 __________ 1. 6019 ool
47 . 1. 6983 7. 4560 X 10~ 1. 624810~
48 . 1. 9266 1. 88531022 5. 460110~
50 . ________. 1. 8897 1.9762X 102 5. 867210~
81 .. 1. 3500 6. 18221022 7. 0617104
Shahkot 16_.__________ 1.4670 e
20A_ . _____ 1. 5036 e
218A_ . ______ 7. 7976 10 e
251 . 1. 0762 e
252 . __ 1. 1688 oo
Zafarwal 1______________ 1. 9598 1. 0818 10-2 1. 5179 X 10~
4 . 2. 1122 6. 339910~ 4. 3309 10
6 __ 2. 4461 1. 5397 X 1022 1. 0522 102
f e 2. 2377 3. 8583 X 10— 5. 982110~
11 1. 8537 4. 5795X 102 3. 826710~
160 1. 7545 1. 17791022 5. 2677 X 104
17 . 2. 0059 1. 6004 1022 7. 4707 <10~
27 .. 2. 8341 1. 4138102 1. 0730102
120A . ______ 1.4103 e
142 ____ 2.7010 1. 040510~ 1. 0006 X 103
159 . 2. 1242 2. 1868 1022 6. 9496 <10~
367 . ____ 17728 e
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minerals, West Pakistan wells

Measured cation concentration

cation ratio—Continued

Cation concentration at equilibrium

Fe(OH)3 FeCOa FegO3 Fe304
5. 4924 1. 6152 1. 8528 X108 3. 8835X 10¢
2. 7384 X 10! 1. 0434 9. 0502 109 1. 0026 X 105
1. 1217 X 10 1. 0886 3. 7071108 5. 8812X10*
2. 1079X 10! 8. 7524 X 10! 7. 9809 X 10° 1. 1194 X105
2. 1169 X 10t 3. 5682 7. 6818108 1. 0552 X 10
1. 3726 X 10t 5. 6111 4. 9807 X 108 1. 1108 X 10*
1. 0896 X 10t 2. 0393 3.7916X10° 5. 5595 10¢
4. 8678 X103 2. 4698101 1. 8431X10° 3. 4233 X108
8. 5178 X 10t 1. 2158X 10 3. 1570X 107 5. 1123105
4. 3032 7. 4655 1. 6293 10¢ 4. 6552 10*
_____ 3620510t L6618  1.3278X107 L I572X10°
---- 3.3201X 107 5.0260X10-1  1.2843X108  1.5912X10°
1. 0490 < 10t 1. 6705 3. 6504 < 10° 5. 9484 10*
1. 8351 X 10t 4. 3458 6. 4528 X109 1. 1839 X 108
1. 1802 10t 4. 8228 4. 1071108 1. 1230 X 10®
6. 8893 1. 3141 2. 3482 10° 5. 1399 X 10*
8. 9623 1. 8960 3. 0548108 5. 3715X 10¢
2. 9975 1. 6253 1. 0217 X 108 2. 8863 10*
6. 7395 3. 1852 2. 3453108 4. 9168 X 10*
_____ 33728 0.6191x10 1 1737X10°  2.2202X L0*
4. 2892 4. 6563 1. 4620 10¢ 3. 8221 X 104
1. 4216 10 3.7988 4. 9472108 8. 8881104
3. 4838 L. 7955 1. 1874 108 3. 6250 104
""" 9.6116X 10~ 3.8352X101  3.0194X105 8. 4700X 103
1. 7146 X 10 2. 0478 5. 7252 108 8. 7267 X 10¢
1. 4705 10t 2. 5589 4. 6193 X 10° 9. 9527 X 104
1. 1283 X 10t 2. 0921 3. 7674 X108 7. 3527 X 104
1. 6147 2. 2675 5. 5036 X 105 1. 7700< 10*
5. 3362 4. 0214 1. 7818 108 4. 2780 10*
7.1778 4. 3425 2. 4978108 6. 1083 10*
1. 3543X 10! 7. 3636 4. 6354 108 1. 0347 10°
____ 44457 77 Te9sar T TTTTTLIBBIIX0 48409 104
5. 8257 3. 5336 1. 9653 109 5. 0269 10
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only the most stable phases were considered. Why metastable phases
precipitate in these wells, and by what route stable phases eventually
would be formed, cannot be explained on the basis of present data.
Regardless of this fact, the data do provide an explanation for the
presence of siderite and calcite encrustants and thus provide a plausible
explanation for the observed clogging of screens.

CHEMICAL INTERACTIONS

Chemical interactions undoubtedly are largely responsible for water-
well problems in the Indus Plains. Corrosion processes alter the com-
position of aqueous films covering the cathodic and anodic areas of
corrosion cells, and these changes probably are sufficient to cause
mineral precipitation from water which is at or near saturation with
calcite, siderite, or other troublesome encrustants. Precipitated
minerals, in turn, cause differences on the metal surfaces by shielding
some areas while leaving others unprotected, thereby creating new
electrolytic cells. Interactions of this kind are likely to be most signi-
ficant in mildly corrosive waters like those of the SCARP-1 wells,
where concentrations of troublesome minerals are at or above satura-
tion, and metal loss by corrosion, even in the most susceptible areas, is
too slow to prevent adherence of solids precipitated by electrode reac-
tions and other processes. Rapid encrustation of idle wells between the
period of delevopment and the period of approval testing undoubtedly
is the result of catalytic effects of corrosion. Figure 35 shows reason-

1962 | 1963 1964 | 1965
I [ [ 1
g | | ]
'—Start of pumping Shahkot 252
' (Average corrosion
~ 10 7 rate 0.004 ipy) —
ﬂJJ 0 ~ o~ T s — —_——
s
4
. 15— 1 -
z
S
o)
220 | Shadman 47 n
Fdl / (Average corrosion
% ‘ rate 0.015 1py)
25+ | ]
30— I 7
35 | | |

F1cure 35.—Performance record of corrosion test wells, SCARP-1.
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ably good correlation between performance records and corrosion data
for two wells checked with corrosion probes. Preferential corrosion of
the casing slots is the most probable cause of heavy mineral encrusta-
tion in these areas, where it is least tolerable. The fact that both corro-
sion and mineral encrustation are far more prevalent on the relatively
stagnant exterior of the casing than on the interior surfaces can be
explained on this basis. Inert surfaces, such as stainless steel or plastic,
are less likely to encrust because chemical interactions are minimized.
Performance data in table 5 show that steel wells in certain areas lose
as much as 80 percent of original capacity during a few months of idle-
ness between development and performance testing, whereas fiber-glass
wells generally retain approximately their original capacities under
similar conditions. Apparent increases in these capacity data resulted
from change of datum point due to well-house construction. The
marked variations in performance among the test areas indicates the
importance of slight quality differences and kinetic factors.

CORROSION CONTROL TREATMENTS

Corrosion of steel can be controlled by protecting the metal surface
with an inhibiting chemical or impervious coating ; by eliminating de-
polarizing agents from the system ; by counteracting corrosion current
with an external current source (cathodic protection) ; by providing a
sacrificial anode, which corrodes in preference to the steel well part; or
by minimizing effects of dissolved carbon dioxide and unfavorable Eh-
ph relationships through addition of an alkaline chemical. These treat-
ments are not very practicable for a water well, and they are not con-
sidered promising for corrosion control in ground-water systems of
the Indus Plains. Surface coatings, such as bitumastic paint, enamels,
and epoxy resins invariably provide very poor coverage of the sharp
edges of filter pipe openings, where corrosion is likely to be most severe
and corrosion damage least tolerable. Even the best coating is subject
to damage during transport and installation of well parts, and cor-
rosion is concentrated and accelerated in damaged areas unless second-
ary protective treatment, such as cathodic protection, is available.

Theoretically, cathodic protection is capable of counteracting the
total electrolytic current generated by local and long-line corrosion
sells. However, no practical use has been made of the process in these
wells because theoretical considerations and experience show that it
will not prevent corrosion within the screen slots. Also, overcharging
because of improper current control would increase pH in cathodic
areas and could accelerate encrustation. Placing sacrificial electrodes
inside the well casings involves high cost and difficult engineering
problems.
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Chemical treatment with film-forming inhibitors, such as sodium
silicate, and neutralizers, such as lime, would not be economically feas-
ible for irrigation wells of this type. Down-hole injection of chemicals
involves expensive pumping equipment, and the cost of chemicals
alone probably would exceed the cost of well replacement in only a few
years of operation.

Sterilization with chlorine, hypochlorite, formaldehyde, copper sul-
fate, or other bactericide to eliminate sulfate-reducing bacteria and
their depolarizing effects is not very promising. With the exception of
copper sulfate, these treatments are not expected to have lasting effect,
and even the copper treatment has proved to be of little or no value in
West Pakistan. If sulfate-reducing bacteria introduced through well
openings invade the aquifers, reinfection of wells may occur soon after
the sterilizing chemical has been flushed away.

For these many reasons, corrosion control is far less promising than
reliance on rehabilitation and use of materials other than steel which
are less susceptible to corrosion and encrustation.

MAINTENANCE AND REHABILITATION

Approximately 10 percent of the water wells in SCARP-1 area of
the Indus Plains have deteriorated rapidly enough that rehabilitation
has been required to maintain adequate productivity. Both blasting
(fig. 36) and chemical cleaning have been tried, and only the former
has been effective. Blasting is effected by suspending explosive rope
(primacord) in the well and detonating it with an electric spark so
that an exposion occurs simultaneously throughout the slotted part of
the well casing. This is intended to blast out the slot plugs, leaving in
their places the enlarged openings resulting from whatever metal wast-
ing occurred since installation or the last rehabilitation treatment.
Blasting sometimes restores capacity to near that of the original well;
however, its effectiveness may be quite temporary, as shown in figure 37,
and capacity decline after blasting is common. Repeated blasting can

be expected to lead to abnormal openings in the filter section, collapse
of gravel shroud, and sand pumping problems.

Both hydrochloric acid and sulfamic acid have been tried without
success in chemical cleaning of encrusted water wells in SCARP-1. In
every case the acid component has been poured into and mixed with the
water of the well at ambient temperature, which always is far below
the optimum temperature for maximum effectiveness of chemical clean-
ing. In at least one case serious frothing of the well occurred, and
capacity after treatment was even less than before.
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To improve the effectiveness of chemical cleaning, it would be neces-
sary to maintain higher well-water temperatures, either with down-
hole immersion heaters or by recirculating the cleaning solution in a
heated surface tank, as discussed by Clarke and Barnes (1964). In
either case the well water must be analyzed periodically to insure main-
tenance of sufficient concentration of acid for effective chemical reac-
tion. Such treatment is difficult and expensive in a remote well site. For
this reason mechanical rehabilitation of some kind always is likely to
be more practical. Other mechanical treatments, some already tried,
include high frequency vibration, high pressure surging, and mechan-
ical hammering. These have not proven to be as practicable and as
effective as primacord blasting in West Pakistan. The bore holes are too
small to accept the high energy packages recommended for effective
high frequency treatment. High pressure surging of the long filter sec-
tions requires installation of packers which considerably increases the
time and cost of cleaning.

Regardless of the rehabilitation method employed, gradual deteri-
oration of steel-casing slots eventually will lead to poor screening and
related troubles. Problems of this kind have been overcome in other
parts of the world (for example, the Chad Basin of Nigeria) by in-
serting noncorrodible plastic casings and corrosion-resisting screens
within the damaged well. In the water wells of West Pakistan it may
be possible to use the same method by first perforating the damaged
screen with a down-hole cutter and then inserting slotted fiber glass,
slotted polyvinyl choride plastic, or other noncorrodible filter section.
The success of a rehabilitation method of this kind depends upon open-
ing enough area in the original screen to prevent rapid resealing of the
openings with encrustants. In other words, the cutter must produce
large holes.

Leakage of the gravel shroud and aquifer sand into the annulus be-
tween the original casing and the insert may not be a problem if clog-
ging of openings in the original steel casing does not occur. However,
there is the possibility that corrosion catalyzed encrustation may
spread from the old steel member into gravel both inside and outside
the original casing and thereby reduce flow. Thus, practicability of the
method should be determined on an experimental basis before large-
scale repair by this method is attempted.

IMPROVED MATERIALS OF CONSTRUCTION

Because of sensitivity to both aerobic and anaerobic environments,
steel is seldom the best choice for well construction material where
critical dimensions must be maintained for long periods of service.
The tendency of corrosion to catalyze encrustation reactions makes
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it a particularly undesirable construction material for well screens in
Pakistan, where ground waters are supersaturated with several
troublesome mineral species. A number of alternate alloys are more
resistant than plain carbon steel to corrosion in the waters involved,
but most of them have little advantage when all factors, including
cost, are considered. Aluminum, common yellow brass, red brass, man-
ganese-silicon bronze (Everdur), and cupronickel alloys, such as
Monel, range from 2-10 times the cost of plain carbon steel, depend-
ing on component design and availability of the alloy at the point of
use. High copper alloys, such as the red brass, Everdur bronze, and
cupronickel, are attacked rather readily by free carbon dioxide and
sulfide ion, but should be adequate for use in the Indus Plains, if it
were not. for their high costs. Aluminum would be much more durable
than steel, but some pitting would occur because of traces of copper,
which are rather common in the ground-water system. Yellow brass,
a locally available product, has adequate corrosion resistance for long-
term service, but it undergoes mild corrosion and some encrustation
of screen slots—a problem which has been intensified by the relatively
narrow slots used in local filter pipe constructed from this material.
Resin-bonded hydraulic plywood casing and slotted filter pipe is being
used on an experimental basis in the Indus Plains. Cost of the experi-
mental pipe is 4-5 times that of mild steel filter pipe. Joints are cum-
bersome and the rather thick wall tends to promote clogging.
Durability is not yet known.

Of all materials considered, stainless steel (chromium-nickel steel)
and epoxy resin-bonded fiber glass are the most attractive for use in
ground waters of the Indus Plains. Both resist corrosion and corrosion-
catalyzed encrustation. Stainless steel has greater strength. Its blank-
pipe cost is approximately equal to that of fiber glass at the time of
this reporting, but installed cost of stainless filter pipe may be several
times that of installed fiber glass because of differences in filter-pipe
design and handling costs.

Type 304 stainless-steel well screen containing approximately 18
percent chromium and 8 percent nickel has an excellent history of
reliable performance in aggressive ground water in many parts of
the world. In recent years a less expensive stainless steel with 11.5
percent chromium and 4.5 percent nickel has shown considerable
promise in corrosive ground-water service. Wire-wrapped stainless-
steel screens like the one shown in figure 38 are undergoing tests in
the Sind area of West Pakistan.

Since 1964 Tipton and Kalmbach, Inc. (Technical Consultants to
West Pakistan) has conducted and encouraged extensive development
research on fiber-glass pipe to improve it for use as a water-well con-
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TABLE 5.—FEffects of ground water on idle water wells, etc.—Continued

Specific capacity
Well Material Number of
months idle When When Percentage of
developed tested retention

PH-75_ __ ... F 5 75.4 78. 7 104. 4
PH-76_______________ F 6 57.5 64. 4 112 0
PH-77_ . ___ F 7 70.9 78.9 111. 3
PH-78 . ____ F 6 52. 8 55. 4 104. 9
PH-78A __ . ______._ F 6 79.0 80.1 101. 4
PH-79_______________ F 6 55. 2 56. 5 102. 4
PH-80__________.____ F 7 57.3 60.9 106. 3
PH-82_ ______________ F 6 81. 1 85. 4 105. 3
PH-82A_ ___ __________ F 6 77.3 84. 1 108. 8
PH-85_ .. F 6 73.8 78.6 106. 5
PH-86_______________ F 6 69. 4 117.7 169. 6
PH-90_______________ F 6 61. 0 60. 8 99. 7
PH-91_____ . _______ F 6 74. 6 74. 5 99. 9
PH-92_______________ F 6 86. 0 76. 7 89. 2
PH-94_______________ F 5 101. 8 103. 7 101. 9
PH-180. ________._____ F 6 117.7 119. 0 101. 1
PH-181______________ F 6 149. 0 153. 4 103. 0
PH-182______________ F 6 157. 7 153. 0 97.0
PH-183______________ F 6 127. 7 129. 4 101. 3
PH-184_ . _____ F 6 141. 0 147. 7 104. 8
PH-198_ _____________ F 5 111. 5 105.9 95.0
PH-199______________ F 5 111. 8 121. 0 108. 2
PH-200______________ F 4 145. 6 153. 7 105. 5
PH-201__..____._____ F 5 121. 9 122. 9 100. 8
PH-202______________ F 5 146. 1 157. 8 108. 0
PH-203_ ________.____ F 4 152. 5 159. 5 104. 6
PH-205______________ F 4 113. 3 121.7 107. 4
PH-207__ . ___________ F 4 115.0 118. 4 103. 0
PH-210____________.__ F 5 121. 4 126. 5 104. 2
PH-211______________ F 4 130. 8 142, 5 108. 9
PH-212_ _____________ S 7 96. 2 108. 3 112. 6
PH-214______________ S 8 117. 2 110. 6 94. 4
PH-215______________ S 8 121. 1 131. 1 108. 3
PH-216______________ S 8 103. 2 107. 3 104. 0
PH-217_ _____________ S 8 101. 3 104. 2 102. 9
PH-218______________ S 8 139. 3 138. 6 99. 5
PH-220______________ S 7 118. 9 118. 6 99. 7
PH-221______________ S 8 129. 3 141. 7 109. 6
PH-222_ _____________ S 8 110. 7 127.9 115. 5
PH-223. ____ . ____ S 8 152. 5 167. 5 109. 8
PH-224______________ S 8 89. 5 95. 3 106. 5
PH-227______________ S 8 163. 3 167. 3 102. 4
PH-228 _____________ S 7 145. 6 150. 3 103. 2
PH-230_ _____________ S 8 101. 7 114. 6 112. 7
PH-231_ . ____ S 8 110. 7 119. 4 107. 9
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TAsLE §.—Hffects of ground water on idle water wells, etc.—Continued

Specific capacity
Well Material Number of
months idle When When Percentage of
developed tested retention
SO-8 e S 12 86. 9 64. 4 74.1
SO-8A_ ______________ S 11 77.3 53.7 69. 5
8O0-9. . ___ S 11 72. 5 54. 2 74. 8
SO-20A______________ S 8 48. 5 32. 8 67.6
SO-21._ .. S 15 47. 8 36. 4 76. 2
SO-21A______________ S 6 39. 2 30. 8 78.6
SO0-23 .. S 7 55.3 36.0 65. 1
SO-23A_____ . _______ S 7 48. 3 35.7 73.9
SO0-24 . __.__ S 4 62. 0 43.7 70. 5
80-25. .. S 11 77.2 66. 1 85. 6
8O0~26. .. S 14 53. 9 36. 2 67. 2
8027 . S 8 80. 2 44. 2 55. 1
SO-27A . S 8 65. 7 47. 2 71. 8
SO-29_ . _____________ S 7 97. 6 59. 9 61. 4
SO-30. . S 7 74. 8 72. 4 96. 8
SO-30A_ . ___ S 9 73.3 70. 2 95. 8
SO—41._ ... S 11 101. 7 104. 5 102. 8
SO0-42. . ___. S 12 94. 0 94. 9 101. 0
80-43_______________ S 11 113. 9 73. 1 64, 2
SO-44_ . S 8 97.5 96. 5 99. 0
SO-45_ ... S 13 60. 9 64. 0 105. 1
SO-46__ ... S 8 74.7 73. 8 98. 8
SO-47 .. S 10 58. 8 48. 6 82. 7
SO-48_ _ . ______ S 8 65. 4 50. 6 77. 4
SO-49____ . ______ F 13 68.7 64. 5 93. 9
SO-50______________. F 7 65. 8 70. 6 107. 3
SO-51_ . ___ S 9 52. 9 52.1 98. 5
SO-53____ . S 13 59.7 50. 3 84.3
SO-56______ .. ______ F 10 59. 3 59. 1 99. 7
SO-57 . F 9 77. 4 78.0 100. 8
SO-58. . F 14 74. 4 75. 8 101. 9
SO-59__ .. F 8 83. 3 82. 5 99. 0
SO-60__ . . _____ F 9 52.0 57.0 109. 6
SO-61_______________ F 10 48. 9 48. 6 99. 4
SO-62_______________ F 10 85. 3 84. 8 99. 4
SO-64_______________ F 10 58. 7 59. 8 101. 9
SO-65____ ___________ F 10 61.1 52. 3 85. 6
SO-66._____ . _______ F 9 103. 1 109. 5 106. 2
SO-67_ . __. F 10 105. 3 115. 2 109. 4
SO-68. - ___ F 9 84. 6 91. 0 107. 6
SO-69._ . _ F 10 92. 9 83. 5 89. 9
SO-70. . ___________ F 12 102. 3 102. 4 100. 1
SO-71_ . F 10 68. 2 72. 4 106. 2
SO-73. . F 9 82. 0 79. 8 97. 3
SO-74_ . ____ F 9 100. 5 97. 8 97.3
SO-75_ F 9 111. 0 108. 8 98. 0
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TaBLE 5.—FEffects of ground water on idle water wells, etc.—Continued

Specific capacity
Well Material Number of
months idle When When Percentage of
developed tested retention

SO-76_ . ____ F 10 74. 6 68. 1 91. 3
SO -7 L. F 10 130. 9 123.7 94. 5
SO T8 . F 10 118. 2 100. 0 84. 6
S0-80_ - ___.___ F 10 54. 5 56. 6 103. 9
SO-81_ oo F 12 73.0 79. 8 109. 3
SO0-82 ... _______. F 9 63. 8 64. 4 100. 9
SO-83 . _____._____. F 9 69. 1 73. 1 105. 8
80-84_ . ____. ¥ 9 136. 1 135. 0 99. 2
8085 . F 10 61. 7 59. 3 96. 1
BO-85A . ______._. F 10 70. 9 79.5 112, 1
BS-1__ .. F 9 130. 3 145. 0 111. 3
BS2. . __ F 9 178.9 205. 7 115. 0
BS-3_ . ___ F 11 142. 6 158. 5 111. 2
BS-4_____ .. ____ F 11 128. 8 156. 8 121. 7
BS-5_ . F 13 124. 4 125. 8 101. 1
BS-40_ ... P 11 138. 2 156. 5 113. 2
BS-42... . _______.___ F 9 152. 5 169. 2 111. 0
BS-43_ ... F 9 103. 6 115. 8 111. 8
BS-44_ . __________._ F 9 81. 3 87. 6 107. 7
BS-45 o ... F 9 103. 3 113. 7 110. 1
BS-81 . .. F 10 91. 4 97. 6 106. 9
BS-82 ... . ____ F 10 129. 5 145. 2 112, 1
BS-83. . ___ F 8 150. 8 169. 5 112. 4
BS-94_ . .. ___. r 5 100. 4 150. 8 150. 2
BS-95_ . F 5 109. 2 123.0 112. 6
BS-149_ .. .. _.___._ F 5 118. 9 132. 8 111. 7
BS-150 .. . ______.. F 9 87.8 89, 4 101. 8
BS-151 .. __._ F 9 128. 3 132. 5 103. 3
BS-152 .. F 9 119.7 121. 2 101. 3
BS-1564 o .. F 8 132. 7 139. 2 104. 9
BS-191_ .. . __.__..._ F 6 104.9 112. 6 107. 3
BS-192___._ ... ___ F 6 101. 4 112. 0 110. 5
BS-193._ ... _ ... F 6 107.8 122. 9 114. 0
BS-194_____________.. F 6 86. 9 100. 0 115.1
BS-195c . F 6 99. 3 115. 0 115. 8
BS-223 . ... F 8 75.0 119. 0 158. 7
BS-224___..__. IS F 8 110. 7 115. 7 104. 5
BS-225_ . ... F 8 107. 2 120. 6 112. 5
BS-226__ .. . _._____ F 8 116. 8 126. 3 108. 1
BS-227 e _ F 9 148. 6 159. 5 107. 3
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SUMMARY

Ground water of the Indus Plains varies considerably in solute
concentration and ionic balance, but much of it is supersaturated with
troublesome minerals, such as calcite, siderite, and ferric hydroxide.
Most of the wells covered by this report are anaerobic (air free), and
sulfate-reducing bacteria and their products, sulfide ion and metallic
sulfide compounds, are rather prevalent. The waters tested so far are
corrosive enough to cause objectionable changes in dimensions of mild
steel casing slots and to encourage mineral encrustation, but are not
corrosive enough to cause intolerable damage on blank casings and
pumps.

High cost, engineering difficulties, and probability of adverse chemi-
cal reactions make it impracticable to overcome corrosion and en-
crustation problems through the use of protective coatings, chemical
treatments, or cathodic protection, and chemical sterilization for
minimizing bacterial attack has not yielded promising results. Theo-
retical considerations and short-term experience suggest that construc-
tion of slotted filter pipes and screens from corrosion-resisting
materials, such as fiber-glass plastic and stainless steel, will minimize
encrustation as well as corrosion, and use of fiber-glass plastic appears
to be the most economically feasible alternative at present. Some en-
crustation is likely to occur regardless of the construction material
used, and both corrosion and encrustation will continue to plague
existing steel-cased wells. These problems must be overcome by me-
chanical or chemical cleaning and either repair or periodic replace-
ment of wells. The water-quality tests now in use are capable of
identifying the areas which are most likely to be tolerant to steel-cased
wells—those with high Eh and pH and with low CO., sulfide, and
ferrous ions. The same tests are adequate for systematically monitor-
ing areal changes in water quality as dewatering continues and for
providing data against which to compare performance of alternate
construction materials. Periodic removal and examination of slotted
fiber-glass pipe is the best means of assessing long-term performance
of this new and promising product.
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