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.General Background

PR '&,.;»,\; I
P eging

Inadequate water is the primary constraint on agricultural production
in alarge portion of the developing countries. The technology for using
available water supplies most efficiently is either lacking, or not adapted
to,the available resources, in many of these countries,

Recognizing that these water management problems were common to
many countries, it was apparent that solutions gained in one country
should be, to some degree, transferable to others. Consequently, it was
decided that a coordinated effort should be made to build up a fund of
transferable water management technology. A consortium of universities-
was formed to develop this fund of water management information and
gain experience in the factors limiting or accelerating its adaptation in
new countries. CSU was initially assigned the Near East-South Asia,
~ with Pakistan selected as the study area in which on-farm water manage-
 ment principles and concepts would be developed and adapted to resources
similar to those available in many other developing countries.

_ At the recent AID sponsored International Conference concerned with
"On-Farm Water Management,' water management specialists from
developing countries, from the World Bank, FAO and AID concluded that
the limiting factor in having large irrigation projects achieve their ex-

. .pected economic return was poor management of the water from when it
leaves the canal till it enters the root zone. It was also emphasized that
water management research was not complete until the "improved water
management practices' are being used by the small farmer and are
increasing his production and his profit.

B. Objectives of the Project

- The General Objective of the Project is:

.. To increase food production in the arid and sub-humid lands of the
less developed countries through the improvement of water management
practices and the integration of these with other good management and
cultural procedures with appropriate consideration given to increasing
employment in the rural sector and utilizing local resources.

1/ Council of U. S. Universities on Soil and:Water: development, in.Arid
and Sub-Humid areas. e EE S :



Specific Objectives are:

Iv.- Development of knowledge and data on how best to conserve and -
utilize water falling on the land as rain and the most efficient means of
.gupplementing needed soil moisture by 11m1ted amounts of irrigation
:water.

2. Development of knowledge and data that can be used for the eco-
nomic design and construction of water conveyance and delivery systems
dncluding structures for control and measurement of 1rrigation water,
especially on the farm, i

3. Development of surface and subsurface water removzal systems
to minimize the hazards resulting from surface flooding, high water
tables and salt in the groundwater.

4, Identification of important factors to be considered in land
preparation and leveling of the various irrigated soils in the major cli-
matic zones and the relationship of these factors to water management,
erosion, water infiltration, and good land use and cropping practices.

5. Development and adaptation of methods of water application,
including time and amounts, which are suitable and efficient for different
soils of varying physical properties (water-holding capacities, mtake
rates, etc.) with major crops.

. 8. Integration of these water use fac*ors into a productive cropping
system consistent with farm size and available farming practices.

7. Where water quality, soil salinity and exchangeable sodium are
problems, means will be developed for increasing crop production by
using amendments and management practices which will improve water
and soil properties and by using salt-tolerant crops. ’

8. The identification of institutional and policy factors (legal,
social, economic, religious, manpower, credit, education, etc.) which
influence efficient distribution and management of water on the farm level, .

C. . Continued Relevance of the Objectives

Our research findings, surveys in Pakistan and consultation with
experienced water management personnel from USAID, FAO, the World
Bank and several developing countries indicate that accomplishment of
the original objectives will benefit the developing countries and contribute
‘substantially to the fund of transferable water management technology.
Survey of the resource positions of farmers in Pakistan, Vietnam and
several other developing countries show that the average farmer is



‘unable to'make a large capital investment in technology. Consequently,
“variants of our water management technology package should be developed
-which will be labor intensive and within the means of the small farmers.
This will not necessitate change in our overall objectives, but will require
our continuing attention to ensuvre that the technology which we help pro-
duce can be used to increase productive work opportunities, as well as
“produce more food.

) - Another new factor which bears consideration in development of
_technology packages for developing countries is the rapidly increasing
'price of hydrocarbon energy. In countries such as Pakistan and Vietnam,
which have little hydrocarbon energy, the increasing cost of gasoline
‘powered mechanization and nitrogen fertilizer production appear to be
increasing the probability that animal power and legume production must
be a permanent part of the crop production picture. Consequently our
water management technology packages should have variants which are

ff:’a_idapt'ed to these low energy input situations.

.. A subject deserving major attention is assembly and development of

_information on seasonal water use and yields of all species and varieties

“of crops as a function of planting time (or season). This information
would be used by local specialists for advising farmers on how to
schedule their crops to make best use of fixed irrigation supplies. This
subject can be treated to some extent under Objective #6, but probably
deserves an objective of its own,

D Accomplishments During the Reporting Year
. (Nov. 1, 1972 - Nov. 1, 1973)

~ These accomplishments are organized according to the spec.ific
objectives of the proposal, as stated in the last work plan, However, the
last work plan covers the period from March 1, 1973 to March 1, 1974,
and consequently this report covers the last five months of the previous
work plan and the first seven months of the last work plan, Results from
kharif crop studies planned and carried out during the past summer and
fall are not yet available.

. The following findings fall in two general categories: problem iden-
tification and problem solution. At first glance problem identification
might appear to be the responsibility of the host country. However as
our studies in these host countries progress we find that many "'accepted
facts" concerning water management in these developing countries are
actually popular misconceptions originated by small amounts of question-
able data and reinforced by repeated references. Consequently we've
found it necessary to study delivery, application and crop use facets of
 water to determine where deficiencies lie and where improvement
efforts will be most productive.



. ‘Objective #1. The development of knowledge and data on how to best
congerve and utilize water falling on land as_rain and the most efficient
:‘means of supplementing needed soil moisture. '

. . a, Evapotranspiration and Crop Scheduling

Seasonal potential evapotranspiration was estimated and analyzed

(e. g. Clyma, Appendix G) at several locations in Pakistan., It was found
that while the growing season is essentially 12 months long, the potential
fé\}apotranspiration in December and January at Mona is 0, 08 inches per
‘d‘ay, while in May and June it is four times as high, Comparison with
‘cropping patterns and schedules indicates that farmers by design or by
chance tend to plant Kharif crops in late April or early May so the small
plant size during May and June limits the amount of water used. However,
this study points out a sizeable potential savings in water that could be
achieved by planning crops so the surface is largely bare during the high
potential evapotranspiration months, Short season crops to avoid these
months, row planting to concentrate foliage (rather than broadcasting),

~means for reducing evaporation from the soil while there is little vege-

~ tative cover and methods of irrigating small plants without wetting the

- ‘whole soil surface should all result in significant savings of water during

‘these hot dry months. :

Clyma's data and calculations also indicate that despite more
rainfall during the Kharif (summer) season net irrigation water require-
ments for the Kharif crop were almost double those for a Rabi (winter)
crop. Clyma's data also points out that even the tubewell augmented
watercourses, serving about 150 acres per cusec, can deliver water to
plants at only half the rate of maximum evapotranspiration if all fields
‘are planted. This illustrates the need in Pakistan for avoiding cropping
during heavy evapotranspiration pericds, or having crops at the stages
‘of growth where they are so small that they evaporate little water or
‘'where water stress does not markedly reduce final yield.

‘b, Wheat Yield and Irrigation Timing

. A Mexipak variety of wheat irrigated at the inception of tillering
‘made much better use of the water (bushels/acre inch of water) than wheat
irrigated at other times during the irrigation season. This response,
while previously observed on improved wheat varieties in other countries,
serves to affirm the need for planting schedules (and possibly additional
varieties) which would allow a farmer to have wheat fields reach tillering
on his successive irrigation turns. Such scheduling to allow use of
limited winter water supplies at the sensitive tillering stage would in-
crease the portion of their acreage which many farmers can plant without
appreciably decreasing yield/acre. These conclusions are baged on the
data of one year. The wheat yield vs. irrigation timing study is now in
its second year,



Objective #2. The development of knowledge and data that can be
used for the economic design and construction of water conveyance and
delivery systems including structures for conirol and measurement of
irrigation water,

, a. Watercourse Capacities and Their Relation to Actual and _
‘Potential Water Distribution

S A study of flow (Clyma and Ali, Appendix B) in several water-
courses in the tubewell augmented (SCARP) area showed that the water-
courses were almost never large enough to carry the total flow of the
tubewell and canal supply. Consequently farmers on the lower end of the
watercourse do not receive their share. Observations by our field party
and their cooperators have shown that sometimes the lower end farmer
:allows farmers on the upper to use part of the water during his turn
‘(which is actually illegal) in return for either cash, commodities or help
" by the upper end farmers on plugging holes in the ditch bank. In other
cases the farmer makes a valiant lone attempt to repair breaks in the
‘banks, but still loses a significant part of his water via spills. Frequently
farmers on the upper reaches of the canal simply steal some of the water
because chances of being detected are small (thefts were found to be more
frequent on longer canals) or because farmers on the lower reaches are
so accustomed to taking what is left that they will not assert their rights.

This informal trading and selling of water offers more flexi-
-bility with regard to timing and amounts of water applied than the Pucca
~Warabundi which is a fixed schedule distribution of water in the water-
.course. The fact that extensive trading and selling of water occurs,
when it is illegal, suggests that these farmers recognize at least some
_of the advantages of flexibility of water supply and are probably ready to
consider water user organizations which could legalize trading and other-
wise improve matching of water supplies to crop needs and facilitate
‘more sophisticated methods of irrigation. Such organizations and rules
.and structures which allowed splitting the water supply would allow the
use of smaller watercourses than are needed under the Pucca Warabundi
systems. Four improved watercourses which will demonstrate the
- advantages of adequate capacity have been designed and construction bids
“have been called for. Since the official distribution system on these
watercourses is the Pucca Warabundi it was necessary to design these
~watercourses for the full capacity right to their lower ends. Because
. these enlarged lower sections are obviously not the most economical
_physical design, they are expected to be a factor in convincing farmers
and relevant irrigation officials that changes in the Pucca Warabundi
water distribution systems are needed.



Watercourse Losses and Potential for Water Savings

Flow rate measurements (Corey and Clyma, Appendix A) in
watercourses in the Mona and Lyallpur area have shown that water losses
from "seepage'' range from 5 to 65% per mile of watercourse and average
about 35%. While some of this loss could be due to small undetected
leakages, this overall loss is much larger than reported in previous
studies or estimates in the Indus basin irrigation system and points out
the substantial savings in water that could be achieved from stopping or -
reducing seepage from these canals, Local brick and mortar and several
other types of linings will be installed and tested on the improved
watercourses discussed above.

Preliminary studies at CSU have shown that puddling of even
loamy sand soil can reduce its infiltration rate to from 5 to less than
0.5 cm/hour which would generally reduce seepage losses to less than
10% per mile of watercourse. Puddling, combined when necessary with
addition of fine sediments in the irrigation water (see next paragraph),
appears to have potential for markedly reducing seepage losses with
negligible materials cost.

c. Sediment and Its Management in Watercourses

‘ A computer-simulated canal network, whose sediment carrying
‘characteristics were based on the findings of hydraulic laboratory
studies, was developed (Mahmood, Water Management Technical Report
No. 26) and identified the following facts. Branching of a canal or water-
course system reduces its sediment carrying capacity and will frequently
result in high rates of sediment buildup in the channels immediately
downstream from the branch point. This factor has the potential for
being particularly severe when a small branch, such as a watercourse of
a few cusecs, is taken from a canal carrying a heavy sediment load.
Turnouts (or moghas) from the canal to the watercourse can be designed
(primarily on the basis of their level in the canal) to take from 30 to
300% as much sediment per unit of water as is being carried by the canal,
While this offers a major tool for sediment routing, the sediment in the
canals must go somewhere and the general destinations are in water-
“courses, from which it must be cleaned from one to several times per
year, or on the land where it can necessitate recurrent leveling every
~ 5to 20 years. Turnouts near the surface of the water deliver a much

finer sediment than turnouts placed near the base of the canal., Extrac-
tion of the proper sized sediment from the canal to be deposited in an
initially oversized watercourse channel and puddler with the local soil
to obtain desired decreases in seepage rates is apparently possible and
should be evaluated under field conditions,
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_ ‘Mahmood (WMTR #26) outlines computations for the design of the
'various aspects of a watercourse system pertaining to sediment, These
‘include design of stable alluvial channels; design of turnouts to bring
‘more or less of the sediment bed load (coarse sediment) into the water-
‘course depending on whether the farmers wish to have extra coarse sedi-
“ment on their fields to lighten its texture and on whether the slope and
flow rate of the watercourse channel will carry this amount of sediment;
and design of channels tc deposit various portions of the sediment on the
fields or in the watercourse, '

d.  Overirrigation and Means for its Reduction

‘ Flow measurements in watercourses «oupled with measurement
'of fiéld sizes and clocking of application times have been made on several
watercourses in the Mona-Lyallpur area, The measured irrigation appli-
cation was commonly in the 6 to 9 inch range and generally exceeded the
amou. of water needed to fill the root zone of the soil to field capacity by
factors of from 2 to 5. This degree of overirrigation, and the insep-
arable nitrate leaching from these soils, illustrates the need for per-
manent structures on watercourses where flow rate can be measured by
trained irrigation advisers who can advise farmers on how long they
should apply their stream of water to their respective fields.

Objective #3. Development of surface and subsurface water removal
systems to minimize hazards resulting from surface flooding, high water
tables and salt in the groundwater.

a, Skimming Well Performance and Anisotropic Permeability of
the Aquifer

The horizontal permeability of the Indus Basin aquifer has been
_reported to be greater than the vertical permeability by factors ranging
'from 2 to 25 depending on location. This anisotropy is caused by layers
of fine sediment interspersed with the dominant sand. Intuitively it is
apparent that this anisotropy should reduce the coning phenomena which
brings lower saline waters up to contaminate tubewells during pumping,
A numerical solution for the anisotropic case was developed and tested
for cases where the vertical permeability was down to 1/25 of the hori-
zontal permeability. A report titled "'Salt water coning in anisotropic
aquifers' was prepared by Chandler and McWhorter and is available on
request irom the Project Office,. A technical journal article will be pre-
pared from this report. It was found that the maximum well discharge
without salt water entrainment in an anisotropic media occurs with wells
that penetrate 30 to 40% of the undisturbed fresh water zone when ratios
of vertical to horizontal permeabilities ranged from 1/5 to 1/25, which
are reported commonly in Pakistan. This is significantly greater allow-

able penetration than the 15 to 20% which is optimum for wells in
isotropic media.




,Ma.:{!imiuxh"safe‘di‘s'charge from properly designed wells in the
anisotropic aquifer (1/25) is only ubout 18% greater than for the isotropic
case, This increase in safe discharge is less than was anticipated, which
means that influence of anisotropy on practical well operations is to de-
crease the probability that small variations (increases) in the pumping
rates, designed as optimums for isotropic media, will entrain salt water,

b. Field Testing of Skimining Well Theory and Performance

. During the current reporting period Dr, McWhorter spent ten
weeks in Pakistan making the necessary preparations for construction
and field testing of skimming facilities. Existing salinity-depth data
was surveyed and additional data was collected to identify suitable test
sites. Discussions regarding the need for and utility of skimming wells
were held with several agencies, and WAPDA was selected as the
cooperating agency,

. A proposal for field testing skimming wells was prepared, and
submitted to USAID/PAK through CARE/PAK,

WAPDA officials asked Dr, McWhorter to do a study on salt
water distribution in an area which has been particularly troublesome to
groundwater users, Item H of the appendix is a brief report of this study,
[t describes and explains the distribution of salt with depth in the study
area and makes recommendations relative to methods by which the
fresh water can be recovered with minimum contamination,

Design details and construction specifications for the field tests
were drawn up and are outlined in a 30-page document titled, "Field
.Experiments with Skimming Wells: Plans and Specifications," which is
"ava_ilable from the Project Office on request. :

e Skimming Well Theory and Mathematical Models for Prédicting
Salt Concentrations of Pumped Water _ ,

Skimming well theory developed in the past has generally treated
the saline and nonsaline waters as immiscible fluids of different densities
with a sharp boundary., While the resulting theory has provided good es-
timates of coning height and other parameters helpful in designing and
operating skimming wells, it cannot be used to make quantitative predic-
-tions of concentrations of water resulting from a given design and pump-

~ing rate in aquifers where salinity becomes progressively greater as
depth increases. To provide this capability a new mathematical model .
has been developed in which the hydraulic flow equation and hydrodynamic
dispersion equation are coupled. The mathematical model has been for-
mulated and the computer coding is 75% complete. Production computer
runs are anticipated early in 1974,
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] ' "Conjunctive Use of Surface and Ground Water of Different
’Sallnities in an Indus Basin Irrigation System

Iy

A mathematical model was developed to represent water and
salt transfer in the Lower Jhelum canal system, the commanded irri-
gated area, the aquifer lying below that area and the pumps and wells
required to bring the groundwater back to the surface, The model
zjefc’ognizes factors such as: the seasonal availability of river water; that
t}}is canal system can withdraw only its share of the additional available
:w‘ﬂ'ater from the river, based on its proportion of the mean historical
withdrawal; that water pumped from zones with moderately saline aquifer:
must be mixed with canal water before use and that specially designed
sklmming wells must be used to retrieve surface fresh wailer accumulat-
ing on top of the saline aquifers; that saline water must be pumped from
the saline aquifers and disposed of to maintain a salt balance; that the
river supply and crop demand are seasonal and mismatched; that pump-
ing costs vary as a function of water table depth and that the water table
 must be kept several feet below the soil surface. The variables con-
sidered as manipulatable were canal sizes, number and type of wells and
pumps. The objective was to minimize the total cost of the system, in-
cluding capital, operational and maintenance costs, for meeting the irri-
‘gation demand of 150% cropping intensity (i.e. an average of 1.5 crops/
year which was considered a practical optimum in a study of crop water
‘demands conducted by Tipton and Kalmbach). Recharge to the aquifer

comes from seepage from canals and watercourses and deep percolation
of temporary excesses of irrigation water and rainfall, Additional re-
‘charge of the aquifer in the nonsaline area was considered available by
increasing paddy rice acreage without puddling the soil and overirrigating
‘fallow lands as needed during the season of high river flow. The conclu-
"sions drawn from this model were:

f 1, There is sufficient water in the river system, even in low
‘_flow seasons to increase the cropping intensity to 150% or more in all
‘ithe existing canal commanded areas and vonJunctwe use of surface and
‘groundwater can provide an "on demand system'' furnishing water to
‘crops as needed.

2, Utilization of available river water to meet these crop de-
.mands requires enlargement of existing canal capacities in all three
;(nonsaline, intermediate and saline) of the groundwater quality areas.

e 3. During the season of low canal supplies the most economic
overall means of meeting crop water requirements was to divert available
‘canal supplies to the areas over saline aquifers and to utilize pumped
groundwater to meet crop requirements in the areas over nonsaline
aquifers, rather than transfer pumped water from the saline to the non-
saline areas. However, some export of water will be necessary to
‘maintain a long term salt balance.



... . 47 'Due to the:sensitivity of pumping costs and crop response to
extreme fluctuations of the groundwater level when the aquifer is being-
‘used as the major storage reservoir, the aquiter storage coefficient
“(inches of water available for pumping/inch change in water table height)
)"b‘ééomes a significant factor in designing the optimum system.

Maintenance of a long term salt balance in these areas requires
‘export of saline water, It is probable that the most efficient way of re-
~moving this salt is with deep cased wells, from which water may be
pumped to evaporation basins constructed on waste lands, Mineral com-
position of the saline waters should be studied in terms of the possibility
"of these waters being a source of potash, nitrate and other valuable
!minerals via systems of successive evaporation basins in which the
various salts crystallize out of solution as is done at the Dead Sea Works
in Israel,

Details of this study are available in a FPh,D. dissertation by

‘Mr. Fang-Hong Wu which is presently in draft form and is available on
‘request from the Project Office. This study was initiated as a coopera-
tive effort between the Water Management Research Project (for On-
Farm Water Management) and the 211(d) Grant (for Developing Expertise
“in Water Delivery and Removal Systems). Mr. Wu's salary was paid by
the Water Management Research project. Most of his advisers réceived
" galary and developed their relevant expertise under the 211(d) Grant.

However, certain aspects of this study were sensible and
essential prerequisites for on-farm conjunctive use studies and recom-
'mendations. For instance, we could not recommend heavier drafts on
- groundwater to supply water on demand to expanded cropping acreage on
farms unless we knew that adequate water supplies were available and
_could be transported for recharge of the whole area at reasonable cost,

" Objective #4. Identification of important factors to be considered in
- Jand preparation and leveling of the various irrigated soils in the major
‘climatic zones and the relationship of these factors to water management,
erosion, water infiltration and good land use and cropping practices.

““+ " a, Training Film

A film designed to help train develcping country engineers in the
basic operations of surveying, computing optimum cuts and fills, grading
‘and staking for land leveling was finished during this reporting period.
The text of this film, narrated in English, has been completed. The Urdu
translation is in progress and will be completed early in 1974, Copies
of this film will be made available through AID, TA]/AGR. '
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.s‘fgn_futnatiéii ‘Rates as ‘Affected by Elevation'in Basgin Irrigated
. Plots T e

Inspection of the Agricultural Research Institute (ARI) plots:
-rrigated by water of various salinities at Lyallpur indicated slight
iccumulations of salt on high areas which had developed following land
eveling. Dr, deMooy and his cooperators measured infiltration rates
>n these high areas (1 to 3" above the low areas) as compared to adjacent
.ower areas with ring infiltrometers and found that infiltration rates of
‘he high areas were approximately half those of adjacent lower areas.
lhese findings are similar to those of Amemiya and Robinson on similar
joils at Grand Junction, Colo., in 1956, Inadequate water to leach salts
- down and out of high spots results in an accumulation of salts (primarily
.Na salts) on the high area and when irrigation water is applied to these
.. fields the higher Na percentages on the higher areas disperse the clay,
-reducing infiltration still further, Less time in contact with the free
water, and lower infiltration rates reduce intake of water on high areas
to a small fraction of that occurring on adjacent lower areas. These
- detailed infiltration measurements point out that precision leveling is
-~ particularly important in achieving uniform applications of water on
..fields when those waters contain 1000 or more ppm of dominantly Na salts,

c. Border Irrigation and "High Spots"

Uniformity of water application by border irrigation was found

.0 be poor when elevation differences of 0.1 ft. existed in the cross
3lope, even though water eventually covered the high spots. It was con-
cluded that precision grading is just as, or even more, essential on border
irrigation systems than on flat basin systems. Details of this study are
contained in the report '""Evaluation of border irrigation with a 'High
Spot,!'"' by Clyma and Hussain, which is available from the Project Office
.on request.
B d. Elevation Variation in Irrigated Pakistani Fields and its Role
in Water Distribution and Nitrate Leaching ,

A survey of farmers' fields before precision leveling indicated
that approximately one fourth of the area was 2' below the average ele-
vation of the field and one fourth of the area was 2'' above the average
. level, Under these conditions minimum irrigation necessary to cover
‘the highest spot in the basin is generally about 3''. The studies discussed
in b and c indicate that a 3" average irrigation applied to these fields
will apply more than 5" of water to the lowest areas in the field and less
than 1'" of water to the highest areas. When the crop evapotranspiration
“needs are 3"/irrigation an excess of more than 2" per irrigation is being
-applied per irrigation to the low spots. Lysimeter data (see Appendix
Item E for details) shows that when 8 to 12 inches of overirrigation is
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apphed by basin flooding, a large portion of the applied N has been
leached below the root zone. Since farmers normally apply 6 or more
irrigations to Kharif crops, it is apparent that lack of precision land
leveling is exposing 25% of the applied N to loss by leaching.

Objective #5. Development and adaptation of methods of water
application which are suitable and efficient for soils of varying physical
properties (water-holding capacities, intake rates, etc.) with major crops

‘a., Evaluation of Border Irrigation Applications of Water

Uniformity of application was studied (Clyma, "Irrigation Prac-
tices with a Modern Border System,' available on request) on high and
low permeability soils on border irrigation plots at Mona and Lyallpur.
The applications were reasonably uniform on the soil with a high infiltra-
tion rate, except for a few high spots where leveling was not complete.
However the amount of water added to the soil was double the a:mount
1eeded.

Most of the water, applied in the borders with low permeability,
yonded at the lower ends of the fields resulting in much more water appli-
cation at the lower ends than at the upper ends. On the basis of these
studies it was recommended that when borders are used to irrigate soils
vith the low infiltration rates common in the Lyallpur-Mona area, these
“borders should be level,

b. Application Efﬁciencies

Efficiency was calculated as the ratio of the water needed to
fill the root zone (to field capacity) to the amount of water applied to the
“field in over 25 trials on the small fields in SCARP areas. These effi-
ciencies varied from 10 to 50% with the majority of them being less than
25%. These low efficiencies are generally due to overirrigation asso-
ciated with the fact that the farmer fills his bunded field till the highest
spot is covered before turning the water to his next field, Agein the
solution appears to be land leveling, expanded crop acreage a'id crop
3cheduling to make best use of the fixed water supply.

c. Irrigation Method, Pore Size and Modulus of Rupture

The method by which a soil is irrigated following cultivation was

- found (Kemper, Olsen and Hodgdon, Appendix Item C) to be the major
determinant of the amount of large size e pores which persist in a goil,

' This is particularly true of weakly structures soils, as occur in the Indus

Basin and Mekong Delta. Slow capillary wetting as occurs in ridges

adjacent to furrows increases the proportion of the large aggregates and

pores which persist as the soils become wet. Slow wetting reduces the .

gradient in swelling induced displacements which are a primary factor L
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causing wsintegration of: dggregates.’. Flood irrigation of freshly
¥illivated soil causes rapid wetting,' disintegration of aggregates and
drastically reduces the amount of large size pores, particularly in the -
top inch or two of weakly structured soils. ‘ :

Strength of a poorly structured soil, dried following wetting,
remained at levels which allowed seedling emergence if the freshly cul-
tivated soil was wet by capillarity. Saturation of the soil, even when
this occurred after capillary wetting, markedly increased the subsequent
dry modulus of rupture. This increase is due to greater slump and dis-
integration of the aggregates as air-water interfaces and surface tension
holding the aggregates intact are eliminated as the pores fill with water,
The resulting structureless mass is compressed by surface tension
forces during drying into a dense strong crust.

Texture, mineral content and organic matter content of a soil
all influence its aggregate stability, persistence of large size pores and
crusting strength, However, data from this study show that adequate
large size pores and sufficiently low crusting strength for 100% seedling
emergence can be maintained in a weakly structured soil if the soil in

“the ridge surrounding the seed is wet slowly by capillarity from furrows,
";‘Flvoc’:d irrigation of the same soil reduced seedling emergence by 50%.

d. = Irrigation Method, Fertilizer Placement and Nitrate Leaching

Irrigation in furrows and placement of fertilizer in bands in
ridges was evaluated as a means for allowing overirrigation to bypass
hitra_te and reduce leaching losses (Kemper, Olsen and Hodgdon, Appen-
dix Item E). In a loamy sand, placement of band 0 to 5 cm higher than
the surface of water in the furrow allowed over 120 cm of overirrigation
before the salt began to leave the root zone. In the clay loam a similar
delay of nitrate removal was not achieved until the band was 10 cm
higher than the water surface. This difference appeared to be associated
with a perched water table that developed in the "cultivated'' layer of the
clay loam soil due to higher hydraulic conductivity in cultivated than in
the lower soil. Overirrigation of 30 cm, applied as basin flooding,
leached a major part of broadcast '"fertilizer" out of the root zone.

,“ Downward movement of relatively concentrated salt solution

‘near the band, due to its greater density, was a factor that allowed fer-
‘Hlizer bands at lower levels to enter the mainstream of the leaching water.
i Leaching of nitrate from a soil can be delayed by placing it in
ridges and irrigating in furrows rather than broadcasting fertilizer fol-
lowed by flood irrigation, Some of this nitrate may become trapped in
‘the dry layer at the top of the ridge, but will be raade available again if

light showers occur. The practical significance of nitrate staying in the
root zone longer as a function of such water and fertilizer management
should be tesied in the field in terms of crop yields and N recovery.
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-Objective #6. Integration of these water use factors into productive
ieropping systems consistent with farm size and available farming practices,

LS _
a, Background

Field party members have worked with our cooperators to de-
-velop technological packages for increasing crop production which include
improved water management, adequate fertilization, etc. Some of these
technological packages have produced dramatic increases in crop produc-
tion on Pakistan research stations, Practical problems, such as lack of
information, lack of equipment, suspicion of benefits claimed and general
‘mismatching of the technology requirements with farmers resources,
have prevented farmers from adopting these technology packages.

The Mona and Shadab projects were conceived as means for
-assuring that the practical problems of implementation were evaluated
and solved, : :

b.  Mona Project

This project was signed on Feb, 5, 1973, and involves a two
million rupee USAID grant to the Mona Reclamation Center. The project
involves continuation and expansion of. research on water management and
related crop production technology and a program of lining and managing
watercourses so that the benefits of ''water on demand' and other im-

proved water management technology can be evaluated on a practical field

- scale basis. During the report year the areas served by three water-

" courses have been studied to evaluate present practices and production.

- These watercourses are being improved so that by June, 1974, an adequate
-system for fairly distributing water to all farmers on a watercourse will

- be operative. Brick lined systems for two major watercourse sections
have been designed, specifications written and bids called for.

: ~ Several studies involving water management and practices essen-
tial to optimizing crop yields have been initiated on these test watercourses,

.Shadab Project

This project was signed by the Government of Pakistan on
April 2, 1973, and involves a one million rupee grant to the Punjab De-~
partment of Agriculture. The project involves: a study of procedures
required for watercourse improvement and land leveling, studies to
improve irrigation methods, field scale studies to improve water utili-
zation and crop production and economic analyses of improved water
management., A watercourse system including 53 farmers on 262 acres
was selected. Fifteen acres were leveled before wheat planting time
and several farmers await harvest of fodder in December to begin
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levelmg operations on their farms, :/A major;portion of ithe, 53;garn;e will
‘be leveled during the next Kharif (summer): season since a. large portion -
vof the area is fallowed at that time, N ;

This project is especially 1mportant as a companion program to
'the USAID sponsored SCS precision land leveling training program being
initiated with the Governments of the Punjab and Sind, Farmer coopera-
tion and enthusiasm for this project has been excellent, The Project
‘Agreement provides for subsidization of the land leveling program, but
farmers are already willing to pay the tractor costs if the project will
furnish the required engineering. An experiment involving three water
management and crop production technology packages for growing wheat
was initiated about November 1, by Dr. deMooy on one of the leveled
farms, Within two days of startmg the experiment over 200 farmers
had visited the site,

d. Factors Which May Limit Yield as Water Management Improves

"~ Analyses of 58 soil samples from the Punjab (Franklin and
“Schmehl, Water Management Technical Report #28) showed that phos-
phorue is generally low and will become a limiting factor in crop produc-
“tion when water and nitrogen are supplied in adequate amounts, While
zinc was adequate in most of the soils tested, about 1/3 »nf the samples
had zinc levels sufficiently low that sensitive crops, such as maize,

' sorghum, potatoes, beans and paddy rice, may show increased yields
from Zn fertilization.

‘ Objective #7. Where water quality, soil salinity and exchangeable
Na are problems, studies will include soil amendments, soil and water
‘management procedures and use of salt tolerant crops.

a. Effects of Water Quality on Plant Growth and Infiltration Rates

Berseem was grown on the Agricultural Research Institute plota
at Lyallpur during the Rabi season and cotton was grown during the Kharif
season with salinity of irrigation water at 300, 1200, 2100 and 3000 ppm.
The Berseem yields were reported in last year's annual report and the
cotton yields have not yet been analyzed. The infiltration rates on these
plots were measured by deMooy, Bhatti and Cheema (Appendix Item I),
Irrigation with the water from 1200 to 3000 ppm, had reduced infiltration
rates from over 0.5 inches/hour down to around 0, 1 inches/hour. This
means that the plots irrigated with the saline waters are innundated for
about a day during a 3 inch irrigation and sometimes for 2 or more days
on plots where larger amounts of water for leaching are applied.

Infiltration rate on plots irrigated with 3000 ppm water was as
high as the rates on plots irrigated with 1200 or 2100 ppm water,
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Conséquently higher average infiltration rates would be achieved if the
canal (300 ppm) and tubewell (3000 ppm) waters were not mixed, Plotting
yield data from these plots as a function of irrigation water salinity does
not show higher average yields for mixed vs, unmixed water. If the
waters were not mixed and were used to irrigate separate areas, salt
tolerant crops could be grown on the tubewell waters and higher yielding
salt nontolerant crops on the canal waters. Consequently, the data to
jate using mixtures of this highly sodic (SAR=16) tubewell water indicate
‘hat asing the tubewell water separately from .i.e canal water on different
'ields rather than mixing the water would allow higher average production
ind infiltration rates.

‘b, Assessing the Sodium and Salinity Hazards of Marginal Quality
- Waters

A computer program was developed to calculate equilibrium
“golution compositions in calecareous and gypsiferous (Rai and Franklin,
Water Management Technical Report #29) systems. The calculations in
the program are based upon published solubility products of calcite and
gypsum and take into account ion-pair formation and the solubility en-
hancement of calcite resulting from the presence of Mg++ and SO4~ in
the solution. For a given pre-equilibrium solution, the program pre-
dicts equilibrium ionic strength, ionic activity coefficients, dissociated
(free) ions, ion-pairs, and total concentration of solute species, amount
~of CaCOjy precipitated or dissolved at a specified partial CO9 pressure,
and the amount of gypsum precipitated. Lime and gypsum solubility
results predicted with the computer closely agree with published experi-
mental results. The program is suitable for assessing the sodium and
salinity hazards of marginal quality waters using other independently
developed parameters, such as the concentrating effects taking place in
the soil solution due to evapotranspiration during the cropping cycle and
partial COg2 pressures developed under particular soil and cropping
conditions.

¢, Improving Irrigation Water Quality

1. Gypsum Addition to Water as Granules or Powder

T Rates of dissolution of gypsum particles from . 05 to 2 mm
- (Franklin, Appendix Item F) that gypsum saturation of the water is essen-
tially achieved within 5 minutes if the gypsum particle size is £0.25 mm.
When particle sizes were less than . 05 mm, dissolution in turbulent
water occurred within a few seconds. Equations for estimating the
amounts of dissolved gypsum necessary to achieve a given SAR were de-
veloped for tubewell waters having more than 6 meq/liter of Na and
HCOj3. This information can be used with ongoing field studies at

Shahkot to develop quidelines for deciding how finely gypsum should bo
pulverized when it is to be mixed with irrigation water to improve the
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‘water quality. Impetus for this study is that application of gypsum in
'thelwater rather than directly to the land can reduce spreading costs,
and that coarsely ground gypsum generally costs about 10% less than
finely ground gypsum.

2. Dissolution Rate of Large Gypsum Fragments in Flowing | _
Water : .

: The effects of fragments size (2 to 40 mm), solution velocity
‘ana 10n content of the incoming water were determined on the rate of
‘gypsum dissolution as water flowed through beds of gypsum fragments.
{Kemper, Olsen and deMooy, Appendix Item D). Gypsum from deposits
‘in Colorado and Pakistan gave essentially identical results. Hydraulic
head losses were measured and dissolution coefficients (K) were ob-
tained as a function of {flow rate and fragment diameter for the following
equation,

- -Kt
Ceq * cci+cge (1-e b), (1)

where c., and c; are the calcium concentrations of water flowing out
of and into the beé,respectively, and t}, is the time for which the water
was in the bed. c,, is the maximum concentration of catt or SO4~"
which could be adged to the initial solution by bringing that solution into
ammilihninm with the gypsum and may be calculated as

Cge = =(cgq + csi)‘-'-' ‘ﬂcci + 081)2 - 4[(cey x csi) - 082] (2)

where c_. is the SO4™~ concentration of the inflowing water and cg is the
saturation concentration of gypsum solution (starting with pure water).
These equations were developed using concentrations rather than activi-
ties of the ions involved and consequently are not precise, However,
the experimental data indicate that equations (1) and (2) give reasonably
good predictions of calcium ion increases as water flows through beds
of gypsum fragments. Graphs of the gypsum dissolution coefficient
needed for this calculation are plotted in Appendix D as a function of
fragment size and volution velocity.

Our cooperators at Mona pointed out that in Pakistan almost
half the cost of powdered gypsum applied to land is associated with the
. grinding that is done with expensive imported equipment. Local labor
can break the gypsum into fragments an inch or two in diameter at about
1/10 the present cost of grinding. Consequently if the farmer can use
the gypsum in the fragment form rather than the powder, his cost can
be reduced by as much as 40 or 50%. An example is given in Appendix D
of how to use knowledge of fragment size, allowable head loss (this can
be less than'l cm if desired) and initial Ca** and SO4~" concentrations
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~ to design a bed of gypsum fragments in a watercourse to achieve a
“desired Ca™ concentration in irrigation water. This method of gypsum_
application will be field tested at Mona. '

d. Gypsum Particle Size for Field Application

High carbonate concentration of some irrigation waters in
Pakistan results in precipitation of significant amounts of Ca** from’
gypsum as CaCOg before it can replace Nat from the surfaces of the
soil minerals (e. g, see Rai and Franklin, Water Management Research
Report #29). Since the amount of carbonate in the soil water at a given
time is limited, rapid dissolution of CaSO4 will result in less of the Ea'H'
being precipitated as CaCO3 and more being available to replace Na™ and
improve the physical properties of the soil. Gypsum in smaller particles
dissolves more quickly in soils, but is generally more expensive, The
rate of gypsum dissolution in soils was determined as a function of par-
ticle size (Franklin, Appendix item F)., These data can be used with
local grinding cost data and data on carbonate concentration in the soil
solution and irrigation water to determine the optimum particle size for

... gypsum.,

e. Organic Matter Addition and Flooding as Reclamation Techniques

Because of the relatively high cost and frequent unavailability of
gypsum in many areas of Pakistan, the farmers have used other materials

"in efforts to reclaim sodic soils. One of the most successful amendments

. has been organic matter, Realizing that CO, in the soil creates bicar-
bonite ion which solubilizes more Ca’* from CaCO3, laboratory studies
. were designed to evaluate this effect.

- Alfalfa and cow manure were added to 8oils which were then

) flooded CU,, contents up to 30% of the soil atmosphere were measured
~and Ca*t concentrations rose to levels equal to and greater than in gypsurr
saturated solution. This Ca™™", solubilized from lime in calcareous soils,
should be just as effective in replacing Nat from the soils as is Ca**
from gypsum. Further studies are needed to quantify amounts of Cat™
solubilized per unit of organic matter added so cost comparisons can be
made between gypsum and organic matter additions for reclamation of
sodic soils. Details of this study will be available in a forthcoming
manuscript by Franklin et al,

f.  Phosphorous Effect on Corn and Sorghum Emergence from Soils
Irrigated with Saline Water

In greenhouse and growth chamber studies, rates of emergence
of corn and sorghum from soils irrigated with water at various salinity
levels were measured as a function of P fertilization rate. Increasing
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avdilable P had no effect on emergence under nonsaline conditions but it
Increased emergence when the conductivity of saturation extracts of the
soil exceeded 6 mmhos/cm, Although full recovery from the detrimental
effﬁ@t of salinity was not attained by the addition of phosphorus fertilizer,
a high level of available phosphorus (>15 ppm by sodium bicarbonate test)
overcomes much of the adverse affects of salinity when saturation extracts
are in the 8 to 20 mmhos/cm range.

o While this level of P fertilization is higher than is normally applied
to the whole plow layer, concentrating P needed for fertility near the seed
could achieve the P levels needed to improve emergence. Since Pakistan
soils are generally low in available P, this research suggests the need for
emphasis on P fertilizer studies, particularly where saline irrigation
waters are used.

Objective #8. Identification of institutional and policy factors (legal,
social, economic, religious, manpower, credit, education, etc.) which
“Influence efficient distribution, rnanagement and utilization of water on the
farm level,

a, Water Management Decision Making

Mr. Ashfaq Mirza, a research assistant in Sociology (faculty member
of UAL on educational leave) returned to Pakistan in March, 1873, to study
farmer water management decision making. In villages on 10 watercourses
with tubewell augmentation of their water supply and 10 without this augmen-

' tation, key inhabitants were interviewed to determine the background leading
to decisions on: (1) when, and how well, to clean and maintain the water-
course, (2) changing scheduling of water turns from informal ("katcha'') to
the legal and rigid ("pucca') system, and (3) when to involve irrigation on

government officials in water management decisions. The worst flood in

Pakistan's history delayed data taking and the study has not yet been com-
pletely analyzed. The following tentative findings are abstracted from
Mirza's data.

, Added water from the tubewells generally exceeds the carrying
capacity of the original watercourses leading to spillage and deterioration,

At the same time, additional reliable water supplies create less willingness
to invest time and energy in maintenance of the watercourse.

‘ The primary criterion for leadership in decision making on water-
courses is not age, education or personal honesty, but is size of land holding.
F Frequency of cleaning watercourses ranged from twice a month to
twice a year. Tubewell augmented courses were cleaned less frequently.

Switching from katcha and pucca warabandis is done to protect
socially weaker farmers from exploitation by more powerful farmers, In-
dividuals who proposed the change to pucca warabandi were: owners of
moderate size holdings located toward the tail of the watercourse. who were
members of the majority caste.
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o The time required for making a change in the system for scheduling
“Water turns varied from 6 to 18 months. » |

b Officials were looked upon as dispensers of favora (for a price)
.rather than as objective adjudicators of the laws. Standard prices for such
-favors are often common knowledge. : '

Economic Analyses of Land Leveliag

+Available literature on land leveling has ,"bee'n:asséx‘nbled, and,
tevaluation -and zbstracting are in process. '

g

¢, s Economics of Saline Water Managemenf in'the Indus Basih

Analysis of tubewell and tile drainage costs for ameliorating water-
:logging and salinization showed that operation and maintenance costs were
"approximately the same per acre served, ranging from $8 to $12/acre/year.
However, capital costs were lower for tubewells, particularly in the Sind
where they were down to $60/acre. While tile drains do a better job of
skimming fresh water overlying saline water, their usefulness as a water
supply is limited since their heavyflow occurs during heavy rains and during
dry periods their flows are minimal. Specially designed skimming wells,
.. though generally more costly, show potential for achieving both the desired
. drainage and best available water quality.

While the foreign exchange component of tubewells is still up
" sround 60% (compared to 40% for drains) it is decreasing as Pakistan indus-
try manufactures a continuingly larger portion of the pumps and casings.

Arguments for public vs. private tubewells are summed up.
Available evidence indicates private tubewells mobilize more domestic
resources and contribute more strongly to local industry. However, since
their capital cost is high most private tubewells are installed by richer
farmers, who reap the benefits of increased crop production, tending to
hold down prices and generally increasing the disparity between the rich
and the poor farmers., Public tubewells, on the other hand, are planned
by the government to make extra water available to all farmers at the
same cost,

Details of these and related analyses are contained in the report,
"Economics of Saline Water Management in the Indus River Basin of
Pakistan," by Ahmed Saeed Khan which is available from the Project
Office on request,

“d, Water Law and Institutions

The major product this year was a review draft of the report,
"Institutional Alternatives for Local Water Management in Pakistan"
(200 pp.), by G. E. Radosevich and Craig Kirkwood (available from



21

_ Radosevich on request). This report discusses the role of local organi-
- zational structures in water management and describes and analyzes

.illustrative water user organization arrangements from five selected

countries and describes and assesses existing laws in Pakistan that can

“be ‘used as vehicles for implementation of selected water user organiza-

tional arrangements, In order to properly analyze what organizational
_arrangements could be acceptable in Pakistan a discussion of the Pakistan
- land tenure system is included. In general, it was found that there are no
~ serious legal impediments to the formation of water users organizations.

However it was found that cooperative or mutual efforts in properly utiliz-

" ing the public water resources are not encouraged by the laws., The final

chapter sets forth the recommended structural requirements of a model

. Water users organization for Pakistan.

George Radosevich was on leave with the United Nat1ons as a

:water law specialist during most of the year. However, the cooperation
.was continued between him and David Daines to coordinate efforts on the

© water law seminar in Quito, Ecuador, organized by Daines to be held in
- January, 1974. Radosevich will present a paper on the influence of
~Moslem water law on Spanish water law systems,

As a result of Dr. Radosevich's consultation with officials in the

_provinrce of Baluchistan, USAID was requested by the Pakistan Government
 to approve and support a water training fellowship at CSU for Mr. Atta

Gaffar, an administrator in the Water Resources Department of Baluchistan,

. This fellowship was given approval and support by AID. Mr. Gaffar will

arrive at CSU on Jan, 2, 1974, One of his major assignments will be to

~ prepare a draft water code for the Province of Baluchistan.

e. Rational of Indigenous Irrigated Farming Practices and Bench-

' mark Surveys

Considerable field work has been done to characterize the present

state of, and reasons for, irrigated agricultural practices in several test
" areas., This information will be used at later dates to evaluate change
" ‘resulting from planned dissemination with special emphasis on water

management.
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B, Dissemination and Utilization of Research Results

1. Dissemination of Results of Research

o Research findings are printed in several forms for distribution to

' various audiences. In addition to these annual reports, findings are pub-
-lished in our Water Management Research Report series, as technical
journal articles, in our Field Report Series, as informal reports for limited
. distribution, and as theses. A list, with abstracts, of these items which have
been prepared this year is included as Appendix J. A list of known uses of
materials produced by the project for seminars, conferences, speeches,
etc,, is attached as Appendix K,

One of Dr. Corey's first assignments in Pakistan was to assess
the potential cf improved water management for improving crop production,
After extensive field observations with Dr. Schmehl and others he concluded
that poor water management was the major constraint causing the poor
stands and low yields. Although the Government of Pakistan had fully sup-
ported the tubewell program, they did not appear to be aware of the potential
for increasing crop production through improved water management on the
farms. Consequently Dr. Corey began a low key effort to increase the
interest of Pakistani water management agencies in evaluating the potential
benefits of improved water management from the canal outlet to the plant
root zone. At least partially as a result of the efforts of the CSU tield party,
a growing awareness that "improved on-farm water management may be one
of Pakistan's most profitable investments'' is apparent in Pakistan, Evidence:
of this awareness are included in Appendix L of this report. This awareness
has produced a ready market for cur water management research results.

In general, a concerted effort has been made to design the work
on the CSU campus to give guidelines for solution of specific problems in
Pakistan. For instance, the work on skimming wells, gypsum application,
water quality, irrigation and seedling emergence, irrigation methods to
Aimprove structure, economic analysis of land leveling, etc., are designed
to give general guidelines for improved water management, but also to
solve specific host country problems.

Utilizing his results of his theory and model studies of skimming
wells, Dr, McWhorter spent 10 weeks in Pakistan consulting with agencies
interested in water improvement and in planning, with Pakistani coopera-
tors, the installation and testing of promising designs of skimming wells,

The first Pakistani Water Management Seminar, initiated and
planned primarily by our field party in cooperation with the Agricultural
Research Council, was held on January 22 and 23 in Lahore. Seventy-two
official participants from the major agencies concerned with water man-
agement participated. About 50 other scientists and administrators were
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+#also:in attendance. * Field party members led several of the discussions

=tin this first seminar; but it is hoped that the many capable Pakistanis in
attendance will play the major role in organizing and leading discussions,
of the future seminars, The purpose of this seminar was to make

- Pakistani water management people aware of what is going on at other

- agencies within the country, to help them discuss and put priorities on
water mans jement problems in Pakistan and to show them where the
CSU field party can work with them on these water management problems,
‘This seminar can be considered the culmination of a low key "on-farm
water management research'' promotion campaign begun over two years

- ago by Dr. Corey to bring the importance of this research and its appli-

- cation to the attention of Pakistani government officials. The attendance,
interest and participation of the relevant officials along with recent
government emphasis on water management indicates that this campaign

-‘has been successful.

: While there are several instances cited above where specific
needs in host countries have generated CSU research, results of which

- are now being utilized in field applications, our field party has a broader

. responsibility to adapt all available water management research to the
improvement of water management and crop yields in Pakistan. Conse-
quently methods developed by Utah State and the U. S, Agricultural
Resear ch Service for measuring and estimating consumptive use have
been initiated, along with studies to obtair the required data at eight
research locations in Pakistan. Cutthroat flumes designed and tested at
USU and CSU have been found ideally suited to Pakistan conditions
because of their low head loss requirements.

In addition to the seminars, speeches, etc., based on our project
-findings, services of our staff members for planning and designing water
-management research and advising on water management problems have

been sought frequently during the year. The following are a few examples:

1. The GOP and USAID requested advice from the CSU field
party on a new water management study proposed at the University of
Islamabad. The final result was a request that the field party become

‘‘permunent" consultants and ccoperators.

2. Following the national Seminar on Water Management, eight
research locations requested assistance and training from Dr. Clyma and
Dr. deMooy in the measurement of water flow and soil water content to
allow them to make quantitative studies of water use by crops,

3. The Farmers Technical Training and Extension Center at
Mian Channu requested training on farm irrigation practices from
Dr. Corey.
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e 4, Dr. Eckert was asked by the USAID Mission Director to
*'*participate in (and chair) a committee studying the problems and potential
- use of rural labor. ;

5. Dr. deMooy was asked by the USAID Assistant Director for
' ‘Agriculture to assist in planning an extensive (750 sites) study to develop
" treatments to increase barani wheat yields.

6. Dr. Schmehl was asked to come to the Philippines as part

" of a USAID sponsored team to look into the specific problems of the Bical .
“‘River Development Project, help select and outline a development pro-
gram for three pilot project areas and recommend research, training and
other activities,

7. Dr. Bowers was asked by USAID/Saigon to assume adminis-
trative as well as technical responsibilities on the water management
project for crop production on heavy clay soils of the Mekong delta,

The Mona and Shadab projects were conceived as a means for

" testing our water management technologies on farmers' fields and under

- practical farming conditions. The Shadab study is part of the GOP
"Integrated Rural Development Program'" which is planned to disseminate
‘technologies which improve rural economies,

The Mona Center has an extension arm which is ready, willing
and trainable in dissemination of the water management technologies
which are adequately tested, Experience with farmers in Pakistan (and
with those in the U, S.) indicates thai an "irrigation adviser' will be
 necessary to make the calculations of consumptive use, watercourse flow
and other requisite factors to calculate optimal water scheduling and crop
planning. Proper training of such irrigation advisers will require an
advisers training course and handbook. The research results of the CSU
and USU projects should be combined with other relevant water manage-
ment information, and knowledge of the farmers' resources, into a guide
for such advisers. A training course for a group of such advisers, fol-
lowed by an evaluation of their subsequent impact on the areas which
they serve should be part of the long range program for dissemination
of this research.

In all of our research, host country personnel play the major role
in carrying out the research., We are often asked to take the lead in the
initial planning, but we involve them in this activity as much as possible,
We find it necessary to monitor the field studies at regular intervals with
our cooperators to evaluate intermediate effects and make sure that
planned treatments are occurring on schedule, The responsibility for
analysis on reporting depends on the extent of our involvement. In most
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“of the projects we are there primarily as backup to help with this stage
!of the research if our cooperators do not get the job done., However, on
_some of our studies, such as those at Mona and Shadab, the extensive
',,nature of the analyses will require that we play a major role in analysis
‘,'as ‘well as design.

, When acditional training of a cooperating host country scientist
is the most efficient way to solve a particular water management problem,
.the scientist is brought to CSU for the minimum time to obtain adequate
f,,;tralmng and do the necessary library research., He will then return to
‘his country to work on that specific problem under the direction of a field
party member and his agency supervisor. A promising young staff mem-
ber from the economics department of the University of Agriculture,
Lyallpur, is presently at CSU studying and assembling the literature on
factors affecting the economics of land leveling, as the first step of this
program, Studies on use of saline tubewell waters for crop production,
irrigation scheduling for conditions of limited water, irrigation and drain-
age of heavy clay soils and cropping patterns for efficient use of available
water are anticipated for the coming year, with appropriate host country
. scientists, The CSU Graduate School has granted permission for these
host country scientists to use the results of research in their home
~ country as the material for their theses and for CSU field party members
"to conduct final examinations which may quality these scientists for
advanced degrees from CSU,
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. F. Statement of Expenditures and Obligations and Contractor Resources

. During the year the need became apparent for work on water convey-
ance, control and measurement (Objective #2). The AID project manager
concurred in this need and consequentiy consultant funds were shifted to
this Ohjective, Two man months were shifted from Objective #1 and four
man months from Objective #5 to Objective #2, as may be seen by com-
paring the work plan budget with the budget on page 27 of this report,

Cooperation with the USAID Mission in Pakistan has resulted in funding

of cooperators in agencies and locations where good research can be done
. and where the opportunities exist to evaluate technologies in terms of

. farmer acceptance, and to adapt these technologies to the farmers' re-
sources. Support by the Pakistan USAID Mission of a program o encourage
local manufacture of equipment used in water management provides an
essential component for utilization of some technologies. Support by the
respective USAID Missions is an essential and productive component of
this project.

Dr, Sidney A. Bowers joined the project in May and is stationed at
Can Tho where he is the Adviser to the Heavy Clay Soils Project. USAID/
Saigon requested, shortly after Bowers' arrival on June 10, that he assume
fiscal responsibility for the project in addition to his technical advisory
responsibilities, Realizing that these fiscal responsibilities would detract
from the time he has available for research advising, we still concurred
‘on the basis that accepting this responsibility would get this project going.
Sorting out responsibilities, writing the necessary PIO/P and the unex-
pected but necessary Contract amendments has taken six months, Despite
the consequent delay of funds to implement the project, Bowers has de-
veloped enthusiasm for the project among his cooperators, has held
several organizational sessions to delineate and initiate research respon-
sibilities and has been able to initiate a modest research program among
the graduate students at Can Tho. His effort and persistence in working
out the implementation of this project are worthy of special commendation.



BUDGET BREAKDOWN BY OBJECTIVES
PROGRAM BUDGET FOR THE CURRENT BUDGET YEAR

Man

Other -

- Equip. -

jec~ | Description : ‘Salary . Consult Fringe | Overhead | Travel | Allowance ‘ - Totals
ve Months Benefits and Differentiall Direct | Material|
Including Transport and Costs - Supplies’
Secretarial Education S
1 Water conservation: .
Utilization and A - - . : ‘ I - ‘
supplemental irrigation 6 9,767 - 2,415 - 2,624 1,500 3,152} 23,023
2 Water conveyance, ¥ ) » E
control and e F TR BESER
measurement .. 3,350 -900 2 1, 800 - | :21,900
3 Drainage and wells ~; 1,996 y 876 '.19_"374
4 Land preparation ﬁ . - : :
and grading 2 4,956 1,9 . 3,652
5 Water application: o
methods, amounts ..; b SfE S
and scheduling % 8,636 9,963 1, 060‘ 3,009
6 Integration of water 3 o R e
use factors icto a 2 . S
productive cropping T = o o BRRID
system 25 42,236 13, 043 10, 777 10, 596 4,762 11;_552
7 Water quality and g{ )
salinity control 31 40,856 -0- 2, 8()%4' 23,986 5,630 2, 599 3,570 : 6,170
8 Institutional and policy o
factors which influence , ‘ TRy .
water distribution, m , : i ' - o R
agement & utilization 27 27,186 . -0- - 1,618 14, 380 1,000 2,884 . 2,300 - 2,289 51,657
9 Administration 40 56, 987 -0- 4,843 36,638 4,200 1,656 2,970 -0- | 107,294
Totais 161 228, 420 2, 000 17,509 | 109, 400 39, 500 32, 700 18, 972 32,500 | 481;000
N X)
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IMPROVING FARM WATER MANAGEMENT =~
TN PAKISTAN

g o
Gilbert L, Corey and Wayne Clyma*

; The. 4irrigation system of Pakistan represents one of the lardeaévﬁsaé;ﬁ

:conveyance systems in the world and is a marvel of engineérihg skill and‘tech-
“nology. The hydraulic features, dams, barrages, censls, distributhries,yitruc-
~ tures, and appurtenances have been fully described in otyer publications.ﬂ There

- 48 however a paucity of information and, indeed, a lack of understanding of ihut

portion of the irrigation system with which the farmer deals. This refers 56‘

"the system from the canal outlet (mogha) through the irrigated field. The

. farmer operates and mansges this water with little or no govermmental assistance.
.. :The procedures, rules, resources and constraints at his disposal determine his
on-farm water management** practices which determine the crop production per
‘unit of irrigation water. A description of this farmer operated system, the
rationale for its present condition, an evaluation of the problems, and sug-
‘gestions for improvement sre presented herein with the hope that increased pro-
auction through improved water management will result, The potential for 15-

creasing production through water management is great,

sty

% Chief of Party and Agricultural Engineer, Colorado State University
Water Management Research Project, Pakistan,

#* On-farm water msnsgement was defined in a Water Management Research

=, - Workehop in Lahore (January 1973) as "the use of irrigation water
from the mogha to and through the irrigated field". This definition

is uged throughout this paper,
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_ The climate and soils of Pekisten are especlally sulteble for egri-
culture; however, precipitation is totelly inadequate in some az;ea.a and in-
sufficient in others for more than modest production, Without aupplemntal"
water this area would revert to deserts with only spa.rse vegetation, Irri-
gation is the key to a productive ggriculture in Pakistan, The suitability
of the soils and climate is evidenced by the fact that the first known practice
of irrigetion by men was undoubtedly along the Indus, Fifty centuries agc the
Mohanjodaro civilization ven:]oyed the benefits of well designed water supply and
drainage systems.* The broad, flat vallé'y laced with five rivers was ideal for
~‘1'.h¢a inundation (sailaba) system or irrigation along the rivers. Though ancient,
this system was very practical since the summer flood waters were utilized over
the fertile landse edjacent to the meandering Indus river system, This type of
irrigation, practiced for several thousand years, 18 still in use today to some
kextent along the Indus and its tributaries , the Jhelum, Chenab, Ravi and Sutle].
A modern irrigation conveyance system was constructed by the British
:ln the la.te 1800's and it is one of the largest in the world, There are about
1&0 000 miles of cansls which command a gross area of over 33 million acres of
” fertile soils. About 25 million acres actually receive surface water, Today
there are more than 80,000 tubewells supplementing the Indus system and pro-
Alviding ;tater to an sdditional 8 million ecres, Over 200,000 persian wheels
also provide supplemental water., Therefore, there are sbout 33 million acres

of deep alluvial soile under irrigation in the Indus Basin, This probably

* Water - Yearbook of Agriculture 1955, The United States Department of
Agriculture, U.S., Goverrnment Printing Office,
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constitutes the greatest single ‘sgricultural potential in the world.g'l‘hege

T bre !

solls were btrought into this grest Basin primarily by water action,from the
young and rich Himalaya end Sullamen mountains,

Feute .

The system is not only large with a vast potential but. it is unique

g ey
e

1n ‘;s;v'erai ot}ier‘aspects. One disappointing feature, however, is the pru,,enjbl
low production in light of the spperent highly suitable soil, water and climatic
;;a;ﬁt;i'cea. These factors suggest & production potential many times greater than
“pr;;ent.'w achieved. The "green" revolution increased production appreciably but
‘e.vfen this appears to be far below potential and in many respects this so-called
v_zv-ifevdi\ition today is stalled.
’Mamr experts sgree that the farming practices, including irrigation
‘wate_r mmgment, must be modernized in order to achieve higher production,
Thve“White House-Department of Interior Panel on waterlogging and salinity in
West Pekistan (Revelle Report) noted - "In West Pakistan we have the wasteful

pp.radox of a great and modern irrigation system pouring its water on lands

"¥ This observation is quite

| ‘éﬁltivated as they were in the middle ages...
oﬁws to anyone acquainted with irrigated agriculture in Pakistan, but the.
causative conditions and factors are neither obviocus nor simple, It is ironic
that the only Revelle recommendation meeting with any degree of success was _the
one vhich enhanced the "great and modern irrigation (conveyance) system".

Since the Revelle Report was made public in 196li, essentially nothing has been

% "Report on Land and Water Development in the Indus Plain" ty the White
House-Department of Interior Panel on Waterlogging and Salinity in West
Pakistan, October 196k, ‘
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accmiplished ‘relative to improv:l.ng the irrigation farmingﬁ?rac":ticeg wh'.!.ch ::.:
faet today are still a.nc:lent ‘and., traditional and must be considered a part of
the total irrigation system, The modern system ends at the "mogha",

| ‘The Pakistan farmer operates under a set of very difficult con‘dition-;v
Given the same circumstances, services received, and resources undoubtedly few
farmers ‘could have performed more efficiently. Hard work, infinite putience, |

' and tenacity mark his mettle, and where others would have undoubtedly given up
:ln despair he has persisted even today using methods unrelated to modern agri-
culture. The Pakistan farmer must make many difficult decisions which are im-
posed on him by the irrigation system and the very nature of the resources lflle‘
must utilize without benefit of sufficient governmental services., His poﬁition _
18 not readily comparable to that of farmers in irrigated regions of the world
vhere water is more abundant, Often the comparison is .ade between Pakistan
a.nd the Imperial Valley in California. The soil conditions and the climate

are similar which makes several of the irrigation problems identical; however,
there are importunt differences which explain the tremendous gap in production,
Some of these ere: insufficient water supply, lack of proper land leveling,
lack of irrigation water control, lack of salinity control, lack of water
"ma.nagement extension services, use of ancient cropping systems with a.ncient

tools, or in other words a very different on-farm water management system,

DESCRIPTION OF THE IRRIGATION SYSTEM

Annually, approximately 80 million acre feet of water are diverted through
the canal system for about 25 million acres. It is estimated however that only
52 million acre feet reach the fields due to transit losses. This 2,1 acre
feet per acre is further diminished by losses within the field due to nomniform
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epplicaticn or water, " Afsuiiiig"50° percent ' #1e1d application efficiency, vhich

18 conservative, there would be “11ttie iore than oneacre oot of water per .

[TRFTRE S
WAL

acre anmially aveilable for plant' consumptive use, ~ Considering the climatic
poté;ifiai”for atﬁlbeast two crops & year, this 1s certainly an inadequate water -
aupfiy.' Evidently, no attempt was made initially to determine water require-
ments or to design e system to meet those requirements efficiently., The canal
syﬁtem was developed to utilize available water supplies to irrigate as much
land as was possible,
Govermment and private tubewells have been constructed in large numbers
du.ring the past decade. This has relieved the drought situation on approxi«-
‘. ﬂately one third of the irrigated area, However, there are presently over 20
| ﬁillion acres of land which receive only the canal supply described above,
| The irrigation system is so constructed that water flows from the
" minor cenals through turnouts (moghas) supplying water to a village area, The
“farmers themselves operate and maintain their distribution system. There are
no headgates at the moghas and if a particuler canal has water in it, there is
water in every watercourse (khal)® on that canal, It is like a giant river
aystem flowing in reverse with each tributary getting en equal share. The
1fa:!'umrzs ‘on the watercourse use the entire flow on a turn basis (warabundi).
In other words, one has an allotted time interval for the flow based on his
acreage and he has a fixed time each week, 10 days, or two weeks to use it.
- If ﬁiére is insufficient water during a particular farmer's turn then he must

N

" forfeit his share of public canal water and walt for the next turn, There

AV E i

wantr % Watercourse as used in this paper refers to all the channels through
- ~ which water flows from the "mogha" to the fields where crops are grown.
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/g’ some variations which ave unofficial but water on demend is essentially |
unknown except in those areas served by farmer operated tubewells. -

The watercourse system does not always flow full depending on auppliu
“in the canals; therefore water available on the "warabundi" is not always
constant, Canal closures for repairs do occur and farmers are not usually

“notified in sufficient time to make alternate plans, Water charges are made
on the basis of acreage of crop grown and water rates vary for different crops
based on assumed consumptive rates, Mixed crops are assessed at the highest

- .rates leviable on any one crop., If a portion of a field is irrigated the rate
spplies for the whole field unless such portion has been clearly demarcated
by a well defined ridge. The assessment for irrigation water therefore is not
based on the amount of irrigation water received; but on the acreage and species
of crops grown in a particuler season. The individual (potwari) who makes the
levy for each crop is greatly underpaid and as a result of the vast amounts of
water rates he levies he often finds it lucrative to reduce rates for gpecial

~ favors from farmers.

The topography of the Indus basin is flat, The general slope down-
stream averages from about nine inches to one foot per mile, Natural drainage-
ways are not readily apparent since most of the area has low rainfall and run-
off in the irrigated aree is minimal. Practically no artificisl drains have
been constructed, therefore surface drainage for irrigation water is virtually

 non~-existent either from artificial or natural drains. Irrigation water passing
through each "mogha" is therefore utilized on that particular watercourse area:
a8 there is no provision to let it pass to an area of lower elevation,

| The soils are cha.ra.cterized as having a special granulometric distribution.
' The ratio of silt to. clw is high with some resemblance to loess ao;lln. Thera
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18 a lack of ‘structire v’rhféh;"ﬁl’ii;"'péx‘lfapéfﬁi"el&téditoz:bhe quantity.of organic

pe AL N S T RS
matter in the goil. “Ti{s"Yatk of organic ‘matter, improper tillege methods, ..

“iﬁﬁ gﬁﬂfoﬂiamyof‘6&ﬁéh€ati6h7of*the’hamogenéoun soil particles result in low,
infiltration rates for most of the silty and. sandy loam soils,

Tho drrigation system and resources provide the farmer with special.
‘;ggbléms not fully understood by the casual cbserver to agriculture in Pakistan,

DAL

DEVELOPMENT OFf PRESENT PRACTICES

The inundation or level basin syatem of irrigation is used extensively
in Pakistan, The flat topography might suggeet this practice but actually the
_constraints are such that no other system is possible, The non-runoff ren"
striction requires either a system in whiéh water 1s applied precisely accord-
.dng to the infiltration rate or it must be ponded, The low infiltration ca-
pacities of most soils meke it impossible to get sufficient water into the
profile during one irrigation turn, The level basin system has been utilized
because it exactly fits these resources and constraintas. Furrow 1rrigaxion'
is practiced with some crops and it is interesting to observe that the furrows
are constructed to provide for a great deal of storage. The ponding method,
then, is also used with this system; the furrows are made very broad and will
store sufficient water to fill the soil reservoir even though infiltration
,fatea require that the opportunity time be much longer than the "warabundi"
turn, Apparently, the furrow a&stem is only used with these crops such as
tobacco and vegetables which will not tolerate inundation far extended periods,
Regardless of whether besins or furrows are used a ponding procedure requires
a level system, Water must be stored on the surface during irrigation and

allowed to stand and infiltrate into the plant root zone,
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~ ‘The farmer has attempted to farm his land on & dead level basis witg |
traditional implements drawn by bullocks., He appreciates the very small to;qr-
ance in elevation difference required with such field design. A one inch dif-
ference in elevation frequently means more than a two inch difference in wa.‘t}?r .
stored in the 'root zone and this cen be as much ag fifty percent of the wa.te;'
~ needed for proper plant growth, His traditional tools for accomplishing land
leveling have been less than ideal. Bullock drawn logs and boards (sohaga and
karah) are commonly used, Tractor blades and bulldozers are now available to
those with sufficlent capital, however, none of these tools are appropriate for
prcbaring fields precisely to a dead level tolerance, Precision land leveling
_.can only be accomplished efficiently by utilizing known engineering principles
and procedures for design together with proper machinery expertly handled,
Machines which load and carry an appreciable amount of soil while scraping over
.a surface thin layer have proved ideal for this job, These machines act as
p;anes and perform the very important Job of compacting loose soil as well as
) qgtting to a precise depth, Such machines which are usually called soil
scrapers and land levelers are now mamufactured in Pakistan and ar'e increasingly
~available to the farmers.

Without this equipment or the technical skills required to design and
construct a dead level field, the farmer has developed his own crude leveling
pfocedure. He utilizes the water itself to provide a measure of levelness and
by continually re-leveling with the "sohaga" and the "karah" he maintains a
reasonably workable field, Of necessity he has had to develop a system of very
small fields because he cennot maintain a small tolerance over a large land

area, Ordinarily he selects & parcel only a;oout one acre in size as a unit
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4ifor waten control.  He. further /divides this into.foun and frequently eight 9'1“‘1
+parts:with dikes (bunds), It is common to observe a series of one acre benches
each representing a separate irrigation unit,
A system utilizing small fields naturally results in an extensive water
‘vg;egtconveyance system, These open ditches supply water to practically every acre and
:1%-18 difficult to £1'd a point within an irrigated area which is more than three
‘hundred feet away from a water supply ditch., The length of the watercourse per
-acre is very large due to the constraints of the traditional irrigation system,
There is little alternative to such a system without external services and as-
-.sistance to the farmer,
The prevalence of trees over the irrigated area is a natural consequence
- of the scarcity of wood in Pakistan which has only roughly 20 percent of the
timber needed for a developing nation, Trees are allowed to grow along and in
the ditch systems and in the fields and the general feeling is that these tz_'ns

are a valuable by-product,

EVALUATION OF THE SYSTEM
| | Water management practices and procedures used today in the Indus Basin
have developed logically over time but they do not represent an efficient or
k'reliable system, An understanding of the problems associated with present
jra.ctices is necessary before intelligent, reliable and workable recommendations
can be made. On-farm water management problems can be divided into categories
according to sequence of use; water supply, delivery, application, and use by

crops.

Water Supply -~ The water supply is inadequate regardless of acreaage of holdings

except for areas receiving supplemental tubewell water, Available water is



*ﬁdivided on en acreage basis and since the canal system Celiveérs anmuallydittle
‘more than 2 acre feet per acre year around production is not posasible on‘alltthe
land even though the climate suggests otherwise. By comparison, over 10 sere

‘Peet per ascre is diverted into the Imperiel Valley of California each Year; more
* than four times that supplied the Pakistan farmer, With water so scarcé he oper-
“‘ates under a virtual drought situation all the time and his has beeh ‘thé cise
“for centuries,

' The water supply is not readily predictable, Spills, seepage, wastage,

"and location of "mogha" all contritute to variable flows. The irrigation schedule
. 18 rigid being fixed by the "warabundi" system. A particular farmer must take his
"HU4urn" even though the water might not be needed at a specific time and this leads

£6' over irrigation, There is limited incentive for efficient use of water under
“guch a system especially when water charges are based on acreage irrigated and
" Hiot on water used., Drainage systems are inadequate or non-existent in most areas
creating the necessity to utilize all the canal flowarom a "mogha" all the time
that water 1s in the system.

. On about two thirds of the arable land therefore, the farmer is supplied
with little more than one-half the amount of water needed, It is supplied on a
rigid schedule, unpredictable, and with no opportunity to vary the quantity or
ﬁhtimg received, The farmer is faced with ﬁ constunt dilemma, It is next to im-

poasible with such a system for him to improve production by utilizing this

precious resource efficiently especially since the Government hag not provided
him with technologies to suggest improvements. The Agriculture Department is
administered separately from the Irrigation Department and neither has the '
responsibility for teaching improved farm water manegement practices. The ' -

irrigation system is viewed essentially as a water disposal system and not a’
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ayetem to provide wa.{'.er to cropa when needed.: # Ite!n.cepebilitiea are meaagr% e

:ln terms io;t’~e.<:res aerved a.nd cost:of ﬁoperation not in crop production. The

to, opera.tefithe system as. best he can, Hie

)Aw-fg

preeent position is a. 1ogica.l conaequence of the: constraints ‘he faces. | ¢

Pakisteni farmer then ia forced~

y o

Ty

Water deliv _rx The Irriga.tion Department has Jurisdiction pa.at the "mogha" or

outlet for the watercourse but does not exercise physical control of the we.ter
peet that point. Thus, the watercourse ig the community property of the farmers
served by it. It was built and maintained largely by the skills , knowledge and
efforts of the comnunity of‘ farmers on the watercourse, A major problem is the
lack of knowlesdge to operate and maintain it properly. As & result many fa.rmers
\ ; are deprived of substantial quantities cf water,

Seepage is not completely understood and it deprives many farmers of a
,vlvelueble water supply. Water which seeps from a watercourse is not lost from
_the water delivery system of Pakistan since it goes to ground water and is evail-
) da.ble for reuse. However, to the farmer farther down the channel without a  tube-

well end without an a,dequate supply, the water ia lost just as if it were piped

. to the sea, That farmer suffera from an inadequate water supply whatever the

Mbenefits someone else gets from the seepage water.

Losses from watercourses range from essentielly nothing to most of the
veve‘,‘i.lable flow., Table 1 presents some recently meaeu.red values of" aeepage '
losges, It is recognized that the procedure of converting to a rate of loss
per mile tends to ‘overestima.te the true velue; however, many watercourses are
20-30 miles iong so large amounts of water can be iost. Water saved by reducing
seepage has equal or greater value than tubewell water and equivalent costs a.re

Justified.
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Table ;- V&lues“forVseepage¢IOSsbfromzWaterCOﬁrseS.in-géhiﬁﬁgﬁ

Discharge" — Percent'

ource‘ . " Distence. - . Total Loss . .. . Per Mile
(1) -+ =~ Aversge for several watercourses . - 50
(2) ., oo 2.48 46 25

= reEy , o o g
(2) Cenl .,,_3000 2, 25 0. 1o "~j‘5:

iiﬂli Arshad. Address to the Water Management Research Work-
i shop, Lehore (January 1973).

(l

(2) ﬁhﬁﬁ%iﬁﬁed data from Weyne Clyma.

Considerable 1eakage occurs becasse the fermer is concerned with delivery
oqusper ogly:Quring his turn, When a poorly maintained channel breaks, a farmer
repeirs;it‘only:sufficiently enough to insure that it will deliver water during
his irrigation turn.w Thus, breaks end corresponding spills of weter are common,
The water gradually seeps through the thin chennel benk or abruptly spilla from
8 broken dike and is 1ost to the fermer who has thet turn.

The water lost by a spill may go to a field that does not need water and
become deep seepage or & wet spot that will be over irrigeted the next time the
fieid receives a planned irrigation. Either way the weter is a waste that brings
little or no benefits to any farmer. It mey even result in a loss to the farmer
. who regularly receives spills from the watercourse. Spills may equal or exceed
deep seepage losses and should be Justification for rehabilitetion of a weter-

courge, Even watercourses that have little direct seepage loss will benefit

x

FRER AL b
.Aiil;,,.u"‘ Vs

from rehabilitation through reduction of spills.
PRATSY A O3 IS
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@duuﬂ? 4?@;Thefihtrica$e tortuouscsystem or .channels used to, deliver“gater E’ﬂﬁw;
ff“'fthe "'moghd."vbo arfiéldwmay;cause ‘geepage losses :to be :four times ag great as '
fromﬁa wellvaligned iwatercourse, .Most fields presently have amaxinnm length
of 220 feet "and requirr nearly three times as much watercourse length as would
©'bé needed:if the fields were constructed 800 feet in.length, Since alternate
+,wetting-and: drying increasses seepage and other water losses, a long channel
will‘havevarpropbrtionately higher average loss than will a‘short'chgnnel,/tv
wnss Trees, grass. and weeds growing along and within watercourses have several
prb1f1Cweffecta that fesult in loss of water, They use tremendous qngnt;ties
- of water since they can transpire wastefully if water is readily available. This
water is lost from the water delivery system and cannot be recovered. The process
balso leaves a residual of salts that increases the rate of salinization of the
'qdilg and water, The evapotranspiration lowers the water table under the channel
:ahd ihcreases seepage losses, Roots penetrate the soil to the side and below the
cﬁannel maeking the soil more permeable and increasing seepage losses. Weeds,
‘4”£¥ééh;“a£d‘aediment combine to increase channel roughness and reduce delivery to
the farm, The increased depth of‘water caused by this vegetation in the channel
increases the seepage because of increased flow area, The increased depth of
flow also decreases the head difference across the "mogha' which usually oper-
ates submerged. The flow of water through the "mogha" and into the watercourse
is therefpre reduced, Trees also shade crops, harbor birds, and are hosts to
“hﬁhﬁy insects. The trees are valuable but the loss in erop production by a;-
lowing them to grow haphazardly may be an uneconomic use of water and land
resources,
Watercourses in Pakistan are generally constructed in the manner illus-

trated in Figure 1(a). Soil is excavated‘from below the ground surface and
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>11ed on each side to increase the height of the sides, When water flows through
she channel, the water level is at or near the ground surface, To irrigate, the
Parmer builds & dike across the channel high enough to raise the water level
ibove the ground so water can flow onto the field. As a result, for several
mundred feet the watervlevel is near the top of the sides of the channel. This
Is one factor that results in many spills from the watercourse, The, other major
ragult of such construction is that water in the channel cannot be coupletely
irained onto the field at the end of the turn but remains in the watercourse

whé're it evaporates or seeps into the ground. In either instance that water:

18 lost to the farmer,

AR KK E NI Al i CX I N R
sorefa g i 1 i - :

“ Flgure 1, '(b.; Typical cross section of most watercourses;. and
. (b) Desirable cross section.
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ersﬁm‘a‘.te of the ‘amountof:: water 1ost .by.in-channel storage below the

! ground level has been made in Table 2. The average cross section below ground
”v,',level was estimated from field observations of flow cross sections. The value
preaented 13 very conservative as many channels have two squere feet ‘below
ground level. The number of acres per m:lle of water course 18 & Judgment
factor and was ‘a.rrived at by estimation. An alternate procedure of auuming
average dimensions for fields was used and 20 acres pér mile of watercourse 18
8 conse,rvvativev estimate. These calculations indicate that from 3.5 to 7 million
acre feet of water may be lost each year in channel storage below ground level.

Terbele Dem is estimated to store 8 million acre feet of water when
construction is complete, Undoubtedly no more then one-half of the water (4
million acre feet) released from Tarbela will reach the farm field, Tarbela
cost approximately ten billion rupees. This simple calculation indicates that
rehabilitation of watercourses to raise them above ground level could make more
water ;ava.:_lla.ble to farmers than a tén billion rupee Tarbela dem. A simple
construction such ag indicated in Figure 1(b) would also reduce many of the
losses previously described as being common for watercourses in Pekistan,

Bero ot ('.llfhe intricate system of ditches serving farmer fields results in an-
other type of water loss, Some of the time allotted to a farmer is lost be-
”&é;useofthe time required to f£ill the ditch system in changing from one field
fbéanother. The time loss to £i11 the ditch is a water loss to that particular
farmer. The amount of this loas varies depending on field position but in one

case was noted to be almost 40 percent of the particuler farmer's tur
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Tab]fe 2. Water loss ‘from in-channel storage. below ground lwel :I.n
o watercouraes in Pakistan.,

Average cross section below ground 1 gquare foot
Volume below ground per mile ' , 0.12acre feet
_Number of acres per mile of watercdzrse 20 B

Acres of irrigated land 30mi11:lon
‘Miles of watercourse , | l 5 million
Volume of storage below groun E"182,000 acré ‘Peot "

Average number of times a wa.tercourae :ls |
filled each year: :

High estimate
Low estimate

"%Annual water loss by in-channel:satorage:. .
below ground level:

High estinate " 7.2 mi11ion adre’ fedt’
. Low estinate 73,6 nili1on sire Teet'

»

* Estimated by measuring the length of chammel in & watercourse and
© 'dividing into the number of acres served,

t Watercourses rotate on a one week to three week basis. Some canals
are closed six monthe of the year, Maximum number would be 52 £illings
and a minimum would be 20, A small portion of the watercourse has
water flowing all the time and therefore not subject to this loss.
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‘Water ‘Application’ - When' t&'ifﬂéd.t‘e ;' hiow much water to-apply; and how to apply

‘tﬁ‘é’fﬁater are questions basic to irrigation water application., Farmera conscious-
1&"or unconsciously answer these questions and their answers determine whether
or hot they apply water properly to a field.

Irrigation application timing is frequently a question of waiting one,
7‘%05"&‘ three weeks between applications with the rotation system of Pakistan.
‘Médy ‘Parmers, during the winter semaon, adjust the frequency of their wheat
'ifﬂgﬁtibns to three or four week intervals understanding that less frequent
irrigations are needed during these cooler months. But some farmers irrigate
on' fixed schedules and pay no particular attention to rain or other climatic
‘Pactors. "Preliminary observations indicate that farmers irrigate all crops
too frequently during the winter months.

<% How much water must be applied during a given irrigation depends on a
number of factors., First in importance is how much water can the soil reservoir
‘gtore. - Other factors such as leaching of salts, depth to goundwater, providing
moistu.re ‘for gérmination, or minimum depth of application to cover all the field

e ‘also’ 'Ymportant.

Farmer criteria for how much water vo apply appears to be.that all the
figld must be covered with water including an adequate depth cver any existing
high spots.} In soune fields h:lgh spots are not a.dequa.tely covered cona:lstently
but farmers are awere that the result is salinization of these upotu resulting
in little or no yield of crop on that area, ' ' '

The answers to the two questions of when to irrigate and how much to
:apply are interrelated, but farmers in Pakistan generally do not have adequate
information to arrive at correct answers. A number of field application ef-

ficiencies have been measured in Pakistan by the authors. In fourteen trials
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'the efficiencies varied from 10 to 50 percent with the majority of them being
“less than 25 percent., Efficiency was calculated as the ratio of the water
needed to fill the root zone to the amount applied on the field. The moat
important factor causing low application efficiencies relates to the pro-.
cedure followed in applying the water,

Most irrigation systems in Pakistan consist of one-eighth.tpvonemgqre,
basins usually assumed to be level (zero grade), The.maximum length or width
of any basin is usually 220 feet while the actual dimensions vary dependent
upon many factors. Smell basins have been considered by many to be the most
efficient system of irrigation for Pakiatan.* Under conditions of poorly .
leveled land and limited water control, small basins are convenient, but not
efficient, |

The farmer wants to cover all his field including the high spots.
“This results in over application on most fields during each irrigation and a
"yWaste of water, It is paradoxical that over irrigation occurs where water is
' @ scarce resource. The obvious explanation is that some land lies idle during
peak consumptive seasons and/or the irrigation interval is extended rgpulﬁ}ng

in droughty conditions between irrigations.

Water Use by Crops - Water delivered and applied to a field is available for
‘Plant use, salinity control or other purposes. The water for plant use is

stored in the soil and must be replenished throughout the growing season,

‘70 % Husein, Mohd, Studies on Scientific Irrigation and Agricultural
Practices in West Pakistan, Research Publication, Vol. II, No, 10;
Directorate of Land Reclamation; Lahore 196k,
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"Gt itative ‘data on'liow soil'olstive 18 milnbalned forsproper;plant growth ave
inadequate in Pakistan, ' o | o
SEEY Yater 48 spplied to a fleld initially 6 ‘supply moisture for tillage.to -
pféﬁare‘the' seedbed, - After tillage the surface is'very loose-and infiltration
"rates are high. The "rauni" irrigation, applied just before planting, is ex-
cessive because of the high infiltration rate of the soil and the =mall amount

' of moisture needed; usuelly not more than an inch. The first irrigation after
;“th’e‘ crop 18 planted is often excessive because of the relatively high infil-
tration and the limited soil water depletion. These irrigations also leach ex-
cessive smounts of nutrients from the soll furhter reducing the potential yield
of ‘the crop.

Soils that have severe infiltration problems, and there are many in
Pekistan, restrict water penetration during irrigation and farmers are unable
tgﬁ}jﬁgf{e_lctive].y apply enough water for proper plant growth, Shallow rooting
»-g‘i’?f‘fhs also limit the available supply of water and crop yields are low because
gf excessive moisture stress, This explains the common recommendation of light
;ijequent irrigations, up to ten during the growing season for wheat. Even though
Z,ggyunderstanding all the implications of low infiltration and shallow rooting
13§ep1§hs farmers have learned that frequent irrigations will improve yields.
et Over irrigation also occurs in fields »where soils exhibit moderate
ipf;ltration rates since as cropvgrowth increases the surface retardance of
the pla.nts causes the necessity for larger and larger applications of water
‘;‘go_i"orce the water across the field., Over irrigation reduces fertility a.ndk
-erop yields. Infrequent applications of the large amounts of water result in
}plant water stress during ‘he peak consumptive uge periods. Water 'atr‘es‘sA a.nd

i b e e
IS Y Y

low fertility both limit crop yield.
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M?WL % The Pertilizer requirements of high yielding verieties are usually more
than commonly applied by farmers, This is further complicated by the eurly
. ‘over epplications of water which leaches nitrates from the soil. Water manage-
‘mént to eliminate over irrigations and optimum applicetions of fertilitvail;
do much to’ improve the low crop yields in Pakistan. The crop producing pgtgntilﬂ
of'wnter is wasted when it is applied to inadequately fertilized crops.
??f _Salinity control is recognized by farmers as being important for good
crop ylelds, The efforts invested in land leveling attempts and 1;rigat10959f
- ‘high spots are evidence of farmer concern and knowledge. Management to.cqp@?ol
- galinity is difficult beceuse of improperly leveled land but also there isa
lack of understanding that the leaching requirement is related to the amoun§

applied, soil salinity, water quality and other management practices.

SUGGESTIONS AND RECOMMENDATIONS

An irrigstion system should be managed with the object of increaaed

| agricultural production, Too often the water resource i considered to be of
auch importance that its mere presence will 1nsure increased production, It is
important but it is only one input necessary for modern agriculture and its
proper management on the farm cennot be neglected without disappointing results.
Plgnnera the world over have commonly divided irrigation system management into
the engineering and the sgricultural phases. This is a costly misteke since,
uﬁder such an arrangement, no one is responsible for the entire system from
thélwater gource to the harvested crop. The result is the creation of several
(agenciea, each responsible for certain phases and ordinarily not coordinating

i efforts in the interest of efficient use of water for maximum production. All

governmental agencies in Pakistan dealing with the water and/or soil resources
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should dedicate’tlemselves #t6 ‘realizing the greatest possible pnoductionﬁﬁor;- '
it of water,

“"‘g “' ' In Pakistan there 1s need to increase the supply of water available at
bhefa.rm, ‘discovering new sources is only one possible solution. Supplies can be
Ivicreaged by proper mensgement and utilization of the water as it proceeds through
the irrigation system to the harvested crop. To do this it is necessary to analyze
the ‘present practices which have developed from the rigid, inadequately supplied
iiféf%m. To utilize increased flows it may be necessary to alter some procedures.
3everal recommendations seem apparent and several less apparent ones will require
’deﬁ.iled research to discover proper procedures and practices., The following are
‘offered as possibilities for enhancing the irrigation system as well as modern-
izing farming practices to match the system. They are based on increasing avail-
sble water and utilizing it more effectively and in most respects these are in-
"separable since efficient use means more water available,

1. Research programs dealing with on-farm water management should be
"~ ‘given high priority.

A viable extensive sgricultural research program is essential to modern-
‘4ze methods and techniques., It is a proven fact that money spent on agri- .
& cultura.l research is returned to the economy many times over,
Irrigation water is only one input to successful agricultural pro- .
dﬁé%ion. However, its interactions and relationships with practically all of
the other necessary inputs are important enough to warrant a full-scale re-
"“se'a.r'ch program in its own right. Irrigation water management and the associ-
“ated goil-water-plant relationships are so vitally important that full benefits

from other research can never be achieved until these are optimized. For

example, potential yields from breeding programs will always be limited by
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the goil, water, and fertility management factors and if these are not given
full attention results will be disappointing,

Researchers must use imagination and be willing to explore the unknown,
Farmers are very flexible and research indicates that they will adopt practices
- which are proven to be profitable if the constraints facing them can be reduced,
" The planner or researcher cannot without research determine whether or not a
given practice will be adopted by farmers, Too often the statement is made that
the farmer cannot afford a given modern practice, Farmers are accomplishing
many practices in Pekistan which are considered uneconomic in most of the so-
called developed countries., Bench terracing, utilizing valuable irrigation -
water on fields containing less than fifty percent stands, irrigation pumping‘
plents operating at efficiencles below fifty percent, and growing crops with
practically no weed or pest control are all practices which are expensive,
They would appear to be practices farmers cannot afford, yet in Pakistan they
are prectices today.

Optimum use of water will require further refinement of all factors

““"influencing crop yields and conversely the full benefits to be derived from

other factors such as fertilization will not be realized unless the crop has
adequate water, When properly combined the right amount of water and fertility
can double, triple, or even quadruple present yields, Other factorn such as
plant stands, weed, insect and disease control are equally important. When all
inputs are put in proper combination maximum yields will be approachad,

Much research is necessary before quantitative datea are available on
‘how best to manage 801l moisture for meximum crop production., Moisture mansge-
ment in the soil ia complicated and many crop cultural practices affect its

distribution, retention and movement., Seed bed preparation, tillage practices,
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’ﬁ’équéhcy’ and:amount of irrigation, ~weed control,. plant population, method of
irrigation,: disease control, rooting depth, fertility level, salinity, al#ag
linity, and climatic factors all have important effects on soil-water relations.
With such a complicated process it is obvious that maximum yields are
not achieved, they can only be approached. The necessary research to find the
proper combinations of’inputs including amounts, methods gnd timings is a cén-
tinuing process. The work is never complete. New approaches uncover new problems
- ‘requiring research. The important benefit a viable research program creates is
an ever increasing agricultural production., Yields approaching maximum today

will be woefully small tomorrow,

2, Conjunctive use of ground and surface waters should be encouraged.,

Tubewells represent a rather modern innovation which enhance the public
irrigation system by supplying more water while maintaining ground water levels
sufficiently low to permit land reclamation and increased agricultural production,
Bince most of the present irrigation system operates under a drought condition,
- gupplemental tubewell supplies are exceedingly valuable.

A planned program of conjunctive use of ground water and surface water
can make water available when needed as well as increase the total supply.
Therefore benefits could be derived from better management of the total supply.
Privately owned and operated wells should be encouraged since the farmer could
control scheduling. Examination of ground water aquifer reservoirs in all
locations will be needed so that excessive mining of water will not result in

"the exhaustion of the ground water regource,

Shallow, low discharge tubewells should be encouraged as new programs

are adopted. Smsll diascharges are easier to control and facilitate precise



A-24

lﬁhter‘cohtrol. This type of well is cheep to construct, does not require large
power units, and more importantly does not drasticélly disturb the saline water
underlying the sweet water agquifer.

Better methods of well construction and operation to skim sweet water
Vﬁeed to be designed and tested. There are great quantities of good irrigation
fwater lying in a rather thin layer on top of the very gsaline water beneath,

The entire river flow and irrigation system needs to be analyzed with
the idee of utilizing to advantsge all available water., Perhaps storage under-‘
ground by water spreading is worthwhile, There is, in fect, sufficient water

in the Indus system if properly apportioned, stored and utiligzed,

3. A national program of precision land leveling should be launched,

SN

Precision land leveling and water control through systems designed

~"/"1:.0 deliver the right amount of water in relation to the length and width of
the field, the infiltration rate of the soil and the water needs of the crop
would improve water application efficlencies in Pakistan. Greater lengths of
fields would decrease the length of watercourses and facilitate other farming
operations., A good job of leveling and water control would allow irrigation
application efficiencies to increase to over 50 percent, more than doubling
tﬁe water supply which is available for plant growth.

Farmers, especially those with smaller holdings, will require govern-
mental assistance in order to do a completed job of precision land leveling.
‘The program must include the engineering technical assistance to survey and
design the fields as well as to insure the completed job meets design speci-
fications. Research on the methods of applying water to the fields is needed

to provide better design criteria for land leveling under Pakistan conditions.



A 25

‘Watercourses should be rehabilitated for more effective fisld delivery.

Rehabilitaetion of the watercourses should be done to provide increased
capdcity, improved cross sections, removal of unnecessary vegetation, protection
;j'éZﬁinat unnecessary spills and seepage. In areas v}here geepage losses are largé,
“14ned channels should be constructed to further reduce losses,

e Séepage losses from watercourses can range from essentially zero to
fréx:lf'x'étypercent of the flow at the "mogha"., Water recovered by rehabilitation
of watercourses has the same or greater value as water obtained from tubewells
and equivalent costs are justified, Apparently, most farmers do not appreciate
this economic fact since they generally adopt the tubewell alternative,

While renovation of all watercourses in Pakistan will require a long
term effort, the benefits make the effort imperative. A country that can build
the worlds largest earth filled dam can renovate 1.5 million miles of water-
course, The procedures can be labor intensive and the benefits are immediate

improvement in food production through increased water availability. Buch a
program logically can be accomplished in conjunction with a land leveling pro-

gram.

85, Rules and procedures for water delivery to the farmer should be reviewed,

The procedure of irrigating on a fixed schedule is not conducive to
the development of a knowledge of plant needs for water as related to climatic
factors and stege of growth, If water is only available at fixed times, plant
needs cannot be effectively met. This practice causes wastage of water at
times while a drought situation occurs at others, The result, of course, ia

reduced production per unit of water.
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_The feasibility. of modifying the ruleg by which water is dclivg;:gd
should be ;l.nveatigated. Previsions .of trading turns, for using only parﬁ of
she flow of a watercourse, and the ability to store water in holding ponds on
she watercourse for use at a later time need consideration and research, Methods
)f charging for and assessing water rates should be. investigeted, Making some
segment of the Goverrment of Pekistan responsible to farmers for efficient .
'system operation could prove beneficlal. One avenue to accomplish this would

" ‘be through farmer Water Users Associations,
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VATERCOURSE LOSSES - CASE STUDY #1

This represents the first in a series of reports of case studies of
‘what happens to water on watercourses in Pakistan, These preliminary
data are the result of specific studies for short intervals of time, They
are presented in this manner so that the data can be made available now
because of an increased interest in water management in Pakistan., When
sufficient data become available, a formal report will be prepared.

Water for irrigation is a valuable and scarce resource in Pakistan,
Annual canal water supplies average two acre-feet per acrel/, but that
available for actual direct use by crops is probably less than one acre-
foot per acre. With an annual water requirement of at least five acre-
' feet per acre for year round cropping, water must be utilized as
effectively as possible,

The watercourses* in Pakistan supply water from a distributary
through an outlet or "mogha' to all fields in the area served by the
mogha, A more detailed description of the problems of water delivery
with recommendations for a solution have been given recently by Corey
and Clyma—z-. Some of the more important problems are reviewed here
and data are presented on water losses for a watercourse,

Watercourse losses through seepage, spills, unnecessary evapo-
transpiration and other factors probably result in more than a fifty per-
cent reduction in discharge between the mogha and the farmer's fields,
Primary among these losses are seepage and spills, Seepage losses are
not always lost from the water system of Pakistan as the water enters
the ground water and is available for pumping., Water lost by seepage
usually deteriorates in quality by salt accumulation while flowing to the
ground water and/or by mixing with poorer quality ground water., Stor-
age of water through seepage losses is often uneconomical because of
this quality deterioration, When the farmer has an inadequate supply of
water, seepage losses are a direct cost to the farmer because of re-
duced crop yields, Provision of additional capacity for watercourses
and installation of a tubewell to supplement the water supply may be

*Watercourse as used in this paper refers to all the channel through
hich water flows from the ''mogha'' to the fields where crops are grown,
1 Ahmed, Nazir, 1972, A few suggestions to conserve flood runoff and to
recover fresh water from the saline water zones of the Indus plains,
Proceedings of the West Pakistan Engineering Conference, Vol. 53.
_2../Corey, G. L. and W, Clyma, 1973. Improving Farm Water Management
in Pakistan, Colorado State University, Water Management Research,
Field Report #1, Pakistan,
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ymore. expensgive than reduction of the watercourse losses, When all the
~advantages of a properly designed watercourse are evaluated, renuvation
~and possible lining may prove to be the best alternative for providing
synore water to farmers,

> Spills involve the loss of water from the watercourse to the ground
surface either by overtopping, slow seepage through the side, breakage
of the bund and direct flow. Borrowed use of the water is not an overall
.loss, but represents an adaptation of the rotation system of water distri-
;bution toward a water on demand system and probably results in more
effective use of the water. Borrowed use of water in Pakistan may be a
frequent practice. Stolen use of water is a loss to the farmer who has
that particular warabandi turn, To the farmer who has the irrigation
turn spills have the same effect as seepage because he loses the water,
However over irrigation to fields adjacent to the watercourse which
receive these spills may cause reductions in yields.

To examine in detail the nature and magnitude of seepage losses and
spills on watercourses, flow measurements of the watercourse at tube-
well 122, Mona Project, were made on the eighth and ninth of May, 1973.
This was the beginning of the Kharif season and represents a period of
relatively low demand for water. Water is used primarily for fodder
crops in preparation for planting and for irrigation of cotton or sugarcane
in the early stages of growth, Potential evapotranspiration is high, but
actual water use is low. Assistance was provided by Zahid Saeed Khan,
Amir Shah, and Mohammed Irshad, students in Agricultural Engineering,
Agricultural University, Lyallpur,

Figure 1 is a map showing the location of the two Parshall flumes.
Flume #1 was located 930 feet from the tubewell-mogha area and the two
flumes were 1350 feet apart. A cross-section of the watercourse about
50 feet from flume #1 is shown in Figure 2.

The width of the watercourse is quite large in comparison to its
depth, The water level shown is the dominant water line indicated in a
dry channel. When 5 cusecs flow through the channel the freeboard is a
few tenths of a foot. The wetted perimeter shown in Figure 2 is 7 feet
with an additional foot of wetted perimeter when the channel flows full.
This means the wetted area ranges from 7 to 8 square feet per foot of
channel length,

Flume #1 was installed on June 7 for use in connection with irriga-
tion evaluations for sugarcane., Figure 3 shows the discharge measure-
ments from 0800 to 1200 on June 8, Flume #2 was installed the afternoon
of June 8 after an investigation of the time and sequence of the warabandi.
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v o Measurements of discharge were obtained for the two flumes from
"2100 on June 8 until approximately 1300 on June 9. Measurements were

5B"3‘v

obtained at least every hour and on flume #2 more frequently when pos-
gsible. Flow through flume #1 during this time was free flow, but some
of the measurements on the morning of June 8 were with as much as

70 percent submergence. Flow in flume #2 was always submerged with
a maximum submergence of 89 percent,

Figure 3 shows a maximum discharge of 3. 95 cusecs for the water-
course, The tubewell was operating during all of the time interval be-
tween 0300 and 1200, ‘The maximum discharge measured at flume #1
was 5,14 cusecs. The difference between 5. 14 cusecs and the discharges
shown in Figure 3 was caused by seepage losses, and borrowed or
stolen water,

The "warabandi'' system of turns in Pakistan specifies the time
interval on a particular day of the week that each farmer has water, The
"kucha warabandi' operates as a warabandi, but the system of turns has
not been registered and made official by the Irrigation Department. The
"pucca warabandi" is official and has been registered by the Irrigation
Department. Most watercourses in Pakistan operate on the ''pucca
warabandi' system.

"Sanctioned borrowing of water'' between farmers is when two farm-
ers agree that one farmer may use all or part of the water in the water-
course during the other farmer's turn., The sanctioning is between the
two farmers and is a violation of the warabandi rules. Unsanctioned
borrowing or stealing of water generally consists of a farmer construct-
ing a small ''nakka'’ such that a portion of the flow of the watercourse is
taken and is a form of water theft. Sanctioned and unsanctioned borrow-
ing, or planned spills account for an appreciable portion of the water
used on a number of watercourses where observations of farmer irriga-
tion practices have been made. Tubewell 122 has a ''kucha warabandi, "

On TW 122 between 0800 and 1300, water was used to irrigate a

. fodder field that had been irrigated previously (between 0700 and 0800)

as well as a berseem field, The tenant who had the irrigation turn be-

 tween 0800 and 1300 did not worry about this loss of water and so these

gpills were presumably planned spills. Small "'nakkas' were constructed
to take about 1. 25 to 2,5 cusecs from the flow of 5,14 cusecs and this
flow was used to irrigate the fields. This borrowed use of the water,
largely planned, and seepage in about 900 feet of watercourse as shown
in Figure 3 was 33 percent of the flow of 5. 14 cusecs.

Figure 4, which shows the variation in discharge with time for
flumes #1 and #2, can be used to illustrate a number of logses that occur
in a watercourse. The difference in flow from flume #1 to flume #2
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bé‘t‘ween*ZSOO and 0400 represents largely seepage losses of approximately
0.8 cusecs,’ although there was a small amount of spillage from the

i

channel into thé ditch at the side of the road. The seepage loss would be

T :

Eépx“e’S'ented as follows:

" Channel Wetted | Seépage

discharge, cusecs Distance Perimeter =  Loss . Rate.
Flume #1 Flume #2 ft. ft, cusecs -  cusecs
TR R . 1000 ft ft¢ perimeter
3,90 3.10 1350 - 7 0.6 9x10°0

The decrease in flow at flume #1 just after measurements began
‘probably represents borrowed use of the water. The fluctuating flow at
flume #2 from 2100 to 2300 hours represents the period of beginning flow
through flume #2, The reading at 2215 may represent an error in
measurement,

Sometime between the reading at 0350 and the reading at 0455, when
there was enough light to see, the farmer came up the watercourse stop-
. ping all the spills he could find. The increase in flow from 4 to near 5
. cusecs at flume #1 is an increase in flow that occurred because of the
inability to control spills properly during the night time hours. Even
when the farmer attempts night maintenance spills are substantially
. greater at night since only the large spills can be easily located.

The delay in improvement of discharge at flume #2 is related to the
time of travel for an increase in flow. The flow at flume #1 improved
nearly one cusec to near 4.9 cusecs, but the flow at flume #2 improved
to about 3.4 cusecs or only one-third the improvement that occurred at
flume #1. Between 0700 and 0900 it was observed that the flow in the
channel above flume #2 was continually exceeding the capacity of the
channel. First the nakkas used the previous evening to irrigate several
fields overtopped as well as the sides of the channel adjacent to a ber-
seem field, Then the sides of the channel in several places overtopped
- and water flowed into the ditch at the side of the road. The farmer spent
considerable time repairing the major spills but some of the minor spills
were ignored, The lack of increase in flow at flume #2 was definitely
related to inadequate hydraulic capacity of the channel and spillage of the
water from the channel. This spillage nearly equals the seepage loss
for the earlier period.

About 0800 a farmer was observed to construct a nakka at point "A"
in Figure 1 and divert about one cusec of water for irrigation of several
fields. The water diverted must have had the sanction of the farmer who
legally had the turn since during this time he patrolled the channel
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. several times and at no time was the water stopped. Instead, the farmer
who borrowed the water went up the watercourse to the tubewell and
stopped all the lesks he could find, Several leaks were stopped that we
had noted on the previous day, The improvement in flow after 0800 at
flume #1 is related to these reductions in spills that the farmer made,
Nearly half of the water borrowed through the nakka at point "A" was
added back to the watercourse by the elimination of small spills from

the watercourse upstream from point "A",

Around 1100 as indicated by the flow at flume #2, two other farmers
borrowed water above flume #2 to water fields, This is reflected by a
further reduction in flow at flume #2, While the authors asked several
persons why so much water was being borrowed, one farmer stated that
the farmer who owned the irrigation turn (at about 1300) had gone on
" leave because of a death in the family., Consequently it is concluded
that the decrease in flow after 1100 caused by additional borrowed use
is not normal, but is the result of an unusual circumstance,

, The apparent approval of borrowing of water at point '"A'" all of the
morning was a normal kind of borrowed use, If the wide scale borrow-
_ing that occurred most of the 7Tth, 8th and 9th and evidenced by the re-
‘duced discharge of flume #1 in Figures 3 and 4 is common, then borrowed
use is an important part of water use in the operation of a watercourse,
With 5 cusecs available at TW 122 and a relatively low demand for water
because of the end of the wheat season and just the beginning of sugar-
cane, cotton, and fodder, water demands are not great and farmers seem
to know, even if the Irrigation Department does not, that a ''pucca
warabandi'' does not result in effective use of water. By their unofficial
agreements these farmers are approaching a ''water on demand" type of
“distribution.

The total discharge through flume #1 was 72 acre feet and through
flume #2 was 48 acre feet. For 16 hours, of the water that reached
flume #1 one third was lost in the 1680 feet before reaching flume #2,
Approximately half of this loss was estimated as seepage and the re-
mainder was spills and borrowed or stolen use of the water. At a point
930 feet from the tubewell and mogha 10 acre feet of 82 acre feet was
lost, substantially as borrowed use, which represents 12 percent of the
flow,

Total flow in 2600 feet of a watercourse due to seepage, spills, and
borrowed or stolen use was approximately 40 percent of the flow at the
tubewell and mogha. Losses are important, Seepage and spills repre-
sent losses to farmers in Pakistan. Borrowed and stolen use are an
important means of water distribution on TW 122,
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Irrigation Method as a Determinant of Pore Space .
-+and Crust Strength of Cultivated Soilg*. ..
W.' D, Kemper, John S. Olsen and Alan Hodgdon** '

58 PR 'Introduction

_. Adequate supply of oxygen to the root system of most crops 18 dependent
ion maintaining gas phase continuity irom the atmosphere ‘or the air in the
"soil below the root zone, to the vicinity of the roots. Most plants can sur-
" vive short periods of oxygen deficiency but will be damaged if this period
éis prolonged. The presence of water in the soil pores is the primary cause
‘of blocked gas phase continuity, However the time for which water fills
enough of these pores to block this continuity is decreased if there is an
abundance of large pores which are drained at low tension. Adequate
amounts of this large size pore space are particularly important in poorly
_drained soils where the capillary suction is normally low.
Following plowing, and other cultivation, a major portion of the cultivated
Ml'a'yer is composed of large pores between the disoriented clods and aggre-
~gates, This loose matrix is consolidated by the first wetting and drying

cycle in which the wetting tends to weaken the clods and aggregates, and

_ allows gravitational and surface tension forces to squash them into more

intimate contact. Drying stabilizes this new configuration. The degree to
which the aggregates and clods break down completely, leaving the soil as

, e.monograin structureless mass, is determined by bonding with the aggre-
gates and by the manner in which the soil is wet (Kemper and Koch, 1968).
Rate of wetting has been observed (Keller, 1967, and Ghavami, 1966) to have

a marked effect on the persistence of large size pores,

#*This study was supported by the United States Agency for International
Development through Contract No. AID/csd-2162 on Water Management
Research for the Developing Countries,

wkProfessor of Agricultural Engineering and of Agronomy, and Research
Technicians, respectively, at Colorado State University.
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Breakdown of the aggregates and pores into a strictibeless mass
with few large size pores, when followed by drying, gvnm':nlly ‘l‘('Hllv'llHil"\'"‘l |
strong hard soil whu h can vestricel seedling cmergeny e m root extension,
The restrictive roles of crusts arce dls(‘uss,ed in detail by Carcy ct ul.(1974)
and of dense soils by Taylor et al,(1971), and appear to be a major factor
limiting crop production on weakly structured fine grained SOils.

. The purpose of this study is to determine the degree to wh1ch diffe'rent
wetting procedures, characteristic of common irrigation methods can
affpct the amount of large pores and the dry strength of smls. I‘h1s study
is de51gned as a first step to identifying or developing u‘mgatlon methods
which will optimize the pore size distribution and dry c;tr'ength of smlc; for

crop production,

IL;-. Materials and Methods

i

“A. Soils

The soils chosen for this study were Nunn clay loam with an organic
matter content of about 2%, montmorillonitic clay and a stable structure and
Billings silt loam with an organic matter content of about 1%, dominantly
illitic clay and an exchangeable sodium content of about 5%. The Nunn is
recogmzed as a soil with essentially no physical problems, while seedling
emergence and generally dense structure are commonly a problem on the
Billings soil. The problems associated with the Billings soil are similar
:0 those of river laid soils in many of the river basins of the world, The
'. soils used in this study were air drled and fragmented by forcing them
~ through screen with 3 meshes per inch. Some of this soil was further

sépérated into the portions retained, or passing through a 5 mesh sieve.

B. Measuring Amounts of Large Size Pores

These fragmented soil materials were placed in lucite cylinders

~ similar to that shown in I'ig, 1 _and'wet_t_eil_og_:_l

Capillarity (uringing the water level in the beaker up to the. levél of the
blotting paper and maintaining it there for several hours while the

soil became wet, )
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wunciesunl  (Bringing the water level in the beaker above the soil
' level and wetting the soil as rapidly as possible--generally wet
in less than 10 seconds.) | |
' Slow Immersion (Bringing the water level up to the level of the soil =
purface slowly--generally wet in less than 30 minutes, )
Flooding (Water was flooded over the soil surface until the soil was
wet and water remained on the surface, ) |
When all of the soil wet by capillarity was visibly moist, the
water level was raised to the surface. After an hour the water was
t;émoved from the beaker and the tube was placed so its open end
touched the bottom of the beaker whose bottom was gituated at the level
" of the bottom of the cylinder. This gave an average tension (h) on the
'_ﬁoil of about 2.5 c¢m of water, The water drained at this tension was
measured. The Erlenmeyer flask was lowered till its bottom was 10em
below the midpoint of the soil (h = 10 cm), and when drainage had
ceased the amount of water was measured again. This procedure was

repegted with h = 20 cm.,

'C. Modulus of Rupture Determination

Cylinders 5 cm long and 3 cm in diameter were placed on top
of absorbent tissue paper on a brass plate and about 2 mm of gléss beads
were placed in the bottom of the cylinder. The cylinder was then filled
with fragmented soil and the assembly placed in a pan, Capillary
wetting was achieved by pouring about 2 mm of water in the bottom of
the pan, and wetting to the top of the cylinder generally occurred within
three hours. '"Immersion' wetting was accomplished by placing a set of
samples on a hrass plate in the pan and raising the water level to the
‘tops of the c—linders as rapidly as possible, Wetting was usually com-
plete within 5 seconds. The third treatment involved wetting the samples

by capillarity and then raising the water level so they were immersed,



After wetting, all the samples were drained by removing them
from the tray of water and were dried to equ'il-ibr'i‘ux(n at 6'5?0. The dried
soil cores were then removed from the lixcite cylinders, using a thin flat
piece of spring steel to loosen the soil from the lucite where ne_ceasé,ry.
}The'se scil cylinders were then placed in the apparatus outlined in Fig. 2,
Water was poured slowly into the bucket shown in Fig., 2 until the soil
core ruptured. The weight of the water was then added to the weight of
the bucket and half the weight of the top board and this total weight was
multiplied by the appropriate lever ratio to obtain the force, F, required
to rupture the cylinder. This procedure is essentially that used by
Kirkham, et al, (1958). The force is related to the modulus of rupture

(strength), S, of the sample ‘by the equation
~ F = (/2) SDL (1)
where D-1is the diameter of the"samplewa‘nd L is 1ts length,. tpat_ie;:
S = 2F/qrDL | | (2

If ‘F:is in kilograms and D and L in cm, then S is in kilograms/cmz.
Modulus'of rupture is also expressed in bars. One bar = 1,023 kgm/ cmz.
Some of the soil cylinders, particularly those wet by capillarity,
were extremely fragile and portions of them fell apart when the soil was
removed from the lucite cylinder. .In these cases the length L of the
cylinder used in equation (2) was taken as the depth of the soil in the
lucite cylinder, which gives the same "average modulus of rupture" as
adding the force necessary to crush the intact portion of the cylinder to
the zero force needed to destroy the uncohesive portion and dividing by

the total length L.,



III. Results and Discussion

A. Persistence of Large Size Pore Space

Slow, capillary wetting of the fragmented samples generally leaves -
most of the aggregates intact and a major portion of the volume is large
size pore space,

| The persistence of more large size pore space following capillary
wetting than following rapid immersion is illustrated in Fig. 1, While the"
amount of pore space remaining in the strongly structured clay loam follow~
ing capillary wetting was more than doubled compared to that following
rapid immersion, the greatest differences dne to wetting procedure were

found in the weakly structured sxlt loam where the large size pore space

was almost quadrupled. The vert1cal lines in the center of each bar
represent the 95% confidence interval for the observed mean,

Flooding the soil from the top resulted in less large size pore
space than wetting the soil rapidly from the bottom (immersion). Greater
disintegration during flooding may be partially due to shearing force as
- the water runs over the surface. However the surface flooding also gets
water into the main body of the soil faster than the rapid immersion pro-
 cedure, Generally, as the rate of wetting increased, disintegration of the
‘aggregates was more complete, and smaller amounts of large size pore

space persisted,

There are several mechanisms by which rapid wetfi-rl”éwniéy weaken
and destroy aggregates, Air entrapped within aggregates during rapid
Immersion is compressed by capillary forces pulling water into the aggre-
gate until its pressure becomes high enough to rupture the water weakened
aggregate. The dramatic effects of such action are readily observed by
dropping a dry aggregate of weakly structured soil into a beaker of water
and watching the destruction of a major part of the aggregate as the air
bubble escapes, However, even when no air bubbles are entrapped (e, g.
slow immersion such as SI in Fig. 3) considerable loss of large size pore
8pace occurs, compared to the slower capillary wetting, The surface
tension of water and slight tension in the water probably helps hold weakly
structured aggregates together when the sample is wet under a slight

capillary suction. On the other hand our measurements of pore size
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distribution involved bringing the water table to the surface of all the
samples for a few hours to saturate the whole sample prior to measuring
the drainage at given suctions. During this period of saturation little ob-
servable breakdown occur in the samples wet initially by capillarity. Con-
sequently it appears that rapid rate of wetting is the primary cause of
aggregate disintegration and destruction of the large size pore space.‘ ?This
conclusion is also in accord with the observations of Keller (1967) who wet
‘columns with controllea sprinkling rates.

| During rapid wetting the gradient of water content 'af'cross aggregates
at the wetting front is very steep, often dry on one side of an aggregate and
‘near saturation on the other. Since the aggregates of most soils swell as they
become wet, such steep water content gradients generally cause marked
expansion of the wet portion of the aggregates with respect to the dry portion.
This drastic dislocation of aggregate components from their neighboring
components apparently breaks bonds and weakens the aggregates, When
wetting occurs more slowly the water content gradients and swelling gradients
are smaller, shear stresses at right angles to the direction of wetting are
reduced and the aggregates remain considerably more stable,

Amount of large size pores persisting after wetting should bear
some relation to the amount of large size pores in the soil prior to wetting,
To gain an estimatn of such effects, some of the soil passing through a
3 mesh sieve (£ 6.7 mm diameter aggregates) was used directly, while all
the aggregates smaller than 3.9 mm were removed from another portion,
The loose bulk densities and pore space of these soils pridr to wetting are
shown in Table 1. There were obviously many more large pores in the
"soils" from which che small aggregates had been removed (Fig. 4).. The
percent of the soil volume consisting of large size (3 0.29 mm diameter)
pores after wetting by flooding and by capillarity is shown in Fig. 4. In
every case the goils with the most large pores prior to wetting
(3.9 Cagyregates ¢ 6.7 mm) also had the most large pores following wetting,

These data indicate that cultivation practices designed to leave a

loose, coarse soil will generally provide more persistent large size pore
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Table 1. Bulk Densities and Porosities of Loose Soil Prior to Wetting
As Affected by Range of Aggregate Size,

e R e——
Bulk
density

(gm/cc) | % Solid | % Pores
" 8ilt Loam Aggregates £6.7 mm 1.04 39.2 60.8
| 3.9 mm <Agg. < 6.7 mm .91 34,3 85,7
Y 57.4

Clay Loam Aggregates<€6,7 mm 1.13 42.6 .

3.9 mm<Agg, € 6.7 mm .90 33.9 66. 1

space than cultivation practices which gr‘ind the soil to smaller fragments,
when followed by flooding (fast), furrow (slower) or trickle (slowest) types

of irrigation,

B. Breaking Strength of Soil Dried at 600C Following Wetting

This characteristic is inversely related to seedling emergence,

The procedure also provides a measure of the effect of immersion following
capillary wetting, since it is possible to make the breaking strength measure-
ment with or without saturating the sample, It is apparent from Figs. 5
and 6 that immersion, following wetting, increases the subsequent dry state
modulas of rupture of these cylinders. These measurements indicate that
while most of the large size pore space does appear to persist during immer-
sion following capillary wetting, absence of the air water interface and sur-
face tension of water, which tends to hold the aggregates together, does

allow considerable disintegration or melding together of the aggregates.
These data illustrate that capillary wetting, avoiding subsequent immersion,
is the preferred wetting method if maintaining low moduli of rupture and
large amounts of pore space are desired objectives,

Careful capillary wetting was able to reduce the modulus of rupture
of the low organic matter silt loam to values lower than those found following
immersion in the high organic matter clay loam when the initial soil
materials consisted of 3.9 <aggregates < 6.7 mm (Fig, 6), However,
when the soil material consisted of all the aggregates £6.7 mm, the

modulus of rupture of the silt loam soil wet by capillarity was greater while
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‘that ‘of the clay loam wet by immersion had decreased. The increased

moéiﬁué of rupture of the silt loam wet by capillarity is apparently due to

BV

"the soil being denser (see Table 1) and greater opportunities for pogregate

to aggregate contacts and bonding. The observed reduction in modulus of

rupture of both soils when immersed is probably an artifact of the wetting
procedure. Immersion consisted of letting water in at the bottom of the

,_,“ijsoil filled cylinders at a head approximately equal to the top of the soil, It

;. was observed that the 3.9 < aggregates &6.7 mm were wet within 5-seconds

and air was occasionally trapped within individual aggregates, while in the

- aggregates < 6.7 mm the water entered more slowly, taking 10 to 256 seconds

to wet all the soil and seldom if ever entrapping air within aggregates.

C. Corn Seedling Emergence

To gain an estimate of whether these different moduli of rupture
achievable by different methods of wetting in the silt loam soil (aggregates
< 6.7 mm) spanned a practically important range as far as seedling emer-
gence is concerned, 9 corn seeds were planted at depths from 2 to 4 inches
on ridges next to the furrow from which the ridge was wetted by capillarity.
Fifteen corn seeds were planted at a depth of about 2 inches on a flat surface
which was wetted by flooding with 2 or 3 inches of water. This study was
duplicated, and in each case all the seedlings planted in the ridges wet by

capillarity emerged while only about 50% of the seedlings wet by fiooding

emerged. Most of the flooded seedlings which emerged were planted near
the edges of th lysimeter where the soil cracked, allowing the seedling to
emerge thrcagh these cracks. In the field it is unlikely that the coincidence
of seed placement and cracking would be this high unless special methods
were developed to achieve cracking over the seed row. Such pnssibilities
should be investigated for problem soils where flood irrigation is the most
commonly used method of irrigation, since 70 to 80% of seedlings planted
within an inch {(horizontally) of where a crack developed emerged., Less than
10% of the secedlings emerged when they were positioned at greater distance

from these cracks,
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" “This preliminary study on seedling emergence dces point out that

capillary wetting of a weakly structured soil of this type can avoid the -

€

" férmation of crusts which are strong enough to prevent seedling emergghce.

£

. IV. Conclusions

The method by which a soil is wetted following cultivation is a major

++ determinant of the amount of large size pores which persist in a soil, This

- 18 particularly true of weakly structured soils, Slow wetting increases the

- proportion of the large aggregates and pores which persist as a soil is wet,

Apparently slow wetting reduces the gradient of the water content, which
reduces the gradient in swelling induced displacements which are a primary

factor in causing shear stresses in aggregates at right angles to the direction

~of wetting,

Strength of a poorly structured soil, dried following wetting, can be

" kept at levels which allow seedling emergence if the fragmented soil is wet

by capillarity. Saturation of the soil, even when this occurs after capillary
wetting, markedly increases the subsequeat dry soil modul of rupture.
Apparently this increase is due to ;jreater slump and disintegration of the
aggregates as air-water interfaces and surface tension holding the aggregates
together are eliminated as the pores are completely filled with water.

The texture of a soil, its mineral content and its organic matter content

K all i ﬂuence its aggregate stsbility, persistence of large size pores and

| crus*mg. However, these data indicate that adequate large sxze pores and

sufficiently low crusting strength for seedling emergence and crop growth
can be maintained in at least some soils with low inherent aggregate

stability if the soils are wet slowly by capillarity.
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Dissolution Rate of Gypsum in Flowing Water*
W. D. Kemper, John Olson and C. J. deMooy**.

, &
I,.. Introduction

c The infiltration rates of soils become much smaller if the normally
dominant Ca*? on the surfaces of the soil particles is replaced to an appre-~
ciable extent by Na*, Consequently when reasonably rapid rates of infiltra-
tion are essential and the incoming waters contain ‘Na+ as the dominant cation,
addition of extra Ca™™ to the soil is often necessary to maintain reasonable
infiltration rates and satisfactory soil structure. One of the least expensive
sources of Ca™¥ is gypsum (i. e. CaSO,*2H,0). This mineral is commonly
applied in a powdered form to soils to help restore their Ca’™ saturation
and improve their structure and infiltratica rates, In many areas of tha
world the cost of powdering and spreading the gypsum is a major portion
(e. g. 50%) of the total applied cost, whereas breaking the gypsum into frag-
" ments one or two inches in diameter by hand lab~r is relatively inexpensive,
This study was designed to determine the effects of fragment size, solu-
‘ tion velocity and salt content of the solution on the rate of gypsum dissolution
| as this solution percolates throwgh beds of gypsum fragments. These data will

T v Snp—

mdicate the fPasibility of hydraulic dlssolutmn and distribution of gypsum.

II, Materials, Methods and Equations

Gypsum was obtained from commercial deposits in Colorado and Pakistan,
When powdered and mixed with water, both samples gave equilibrium satura-
tion solutions whose electrical conductance at 23°C waa about 2,2 mmhos/ cm,
indicating that neither sample contained appreciable amounta of other soluble salts.

Mineral gypsum was fragmented and sieved through standard screens to
obtain fragments 25 to 40 mm in diameter, 12 to 25 mm in diameter and

2 to 6 mm in diameter. The 2 to 6 mm fragments were placed in a lucite

*This study was supported by the United States Agency for International
Development through Contract No. AID/csd-2162 on Water Management
Research for the Developing Countries.

**Professor of Agricultural Engineering and of Agronomy, Research
Technician, and Professor of Agronomy, Colorado State University.,
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tube 142 cm long and 3.2 em inside diameter. Ports made of 3mm ID lucite
tubing were constructed at the center and near the ends of the large lucite
tube ac indicated in Fig. 1 to facilitate taking solution samples and measuring

hydraulic head while solution was flowing through the large tube.
Fragments 12 to 25 mm in diameier were placed in a lucite tube

142 ¢m long and 6.4 cm in diameter. Fragments 25 to 40 mm in diameter
~ were placed in a tube 150 cm long and 10 cm in diameter. In each case
pbrts, as indicated in Fig. 1, were constructed for taking solution
s'amples and measuring hydraulic head,

Tap water with an electrical conductivity of about 0. 07 mmhos/cr_n, or
adlutions of known concentration, were percolated through these gypsum
frégments at’'various velocities. Concentration of solution coming out of
th.e outflow end was estimated from the electrical conductivity of the solution.
The study was conducted in a room maintained at 231°, Where feasible, the
top water was supplied from 4 liter jugs fitted as mariotte siphons which had
previously been filled with water and brought to room temperature. The
elevation of the air inlet into the jug with respect to the elevation of the out-
flow was adjusted to obtain the indicated flow rates., In the larger tubes at
the high rates of water flow, hot and cold water were mixed in an effort to
kee¢p the water temperaiure near 23°, While the average was kept near 23°,
the fluctuations were as much as 5°, All solution samples were brought to
- room temperature for the conductivity determinations, The tubes delivering
the water to the gypsum filled tubes were less than 1/5 the diameter of the
gypsum filled tube. Consequently the water often jets into the large tube at
a hign velocity--which might cause mechanical abrasion of the gypsum. To
ascertain whether \his was a major factor affecting the rote of dissolution,
about 30 cm on the inflow side of the large tube was filled with gravel to
dissipate the jet energy before the water came to the gypsum, Any changes
in rate of dissolution as a result of eliminating this localized jet force were

~ go small as to be negligible,
Some gypsum powder was adsorbed on the fragments. This powder was

dissolved by running water through the gypsum fragments at a constant rate

until there wasg no observable powder left and the resistance of the outflowing
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solution was constant with time, Since the gypsum was dissolving, it was

occasionally necessary to add gypsum to keep the cylinder full, This fresh

gypsum was added at the inflow end where any powder dissolved quickly.
“Nﬁu_;ing the runs to determine dissolution rate, at—lt.:;ét. thEc}}E ;:;lumes
' of water were passed through the gypsum at a constant rate prior to taking
samples. Maintaining the same flow rate, from 3 to 5 samples of outflowing
solution were taken as the next 3 or 4 pore volumes passed through, Heights
.. of water in manometers attached to the small tubes indicated in Fig. 1
| 'we’r'e used to measure the head loss.

To determine the fragment characteristics shown in Table 1 volumetric
éylinders with about the same diameters as the lucite cylinders were filled
to the 100 cc level with gypsum fragments of the indicated diameters. The
weight 61‘ these fragments was determined, their number was cbunted, and
their average weight calculated. Assuming that these fragments were cubicl
and that théir density is 2.32 gin/cc, the indicated surface areas were esti-
. mated, The fragments tended to have two dimensions larger than the third,
and measurement of the sum of the surface areas on all faces of 3 repre-
sentative fragments indicated that assuming cubicle shape causes about 15%
under estimate of surface area,

To evaluate the effect of salts in the water on the dissolution rates of
the gypsum and to evaluate equations designed to describe these dissolution
rétes, solutions containing various initial gypsum, CaCly* 2H50 or
NapSO4° 10H50 concentrations were passed through these gypsum beds,
Their electrical conductivity, before and after passing through the beds,

p— e -

Table 1. Characteristics of Gypsum Fragments Used in thig Study.

tid Estimated
: Average Estimated |} ragments/ surface area
Pore weight of |average surface| 100 cc of of gypsum/cc
- 'space|Diameter | fragments| area/fragment | bed volume of bed volume
(mm) (grams) (cm?) (cm?/cm3)
54% 2- 6 0,137 .9 785 7.1
58% 12-2% 3.7 7.9 26 2.1
60% | 25-40 13.0 14,0 T 1.0
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' was determined and compared to the conductivity of tap water before and.
after passing through the bed at the same velocity.
The net rate, dc/dt, at which gypsum comes into a volume of solution

pessing through the bed should be some function of the difference between

o~

the solution concentration cg at saturation and the s.oilifidn cbncentration, c,

at that particular time. Assuming this relation to be proportional,
de/dt = Klcg-c), (1)

where K (the dissolution coefficient) will be a function of fragment size and
solution flow velocity. The assumption that rate of dissolution i8 propor-
tional to (cy-c) may be tested by keeping fragment size and flow velocity
constant, varying cg~c and measuring dc/dt. Experimentally this is
simpler to check using integrated forms of equation (1), Separating the

variables of equation (1) in preparation for integration yields

/dc/(cs-c) = K/dt o (,2)

Integrating this equation between time t = 0 when the increment of solution
of concentration c, enters the bed of fragments to the time t = t,, when.it

leaves the bed of fragments at concentration cp, yields

log _2°b. = K, @
CgmCo

- oL LU -,h_vg'j{‘;‘;

- %% 7 (CB*OO),,B;E,{,tb (4

e i

Gypsum solutions of various initial concentrations, c,, were passed

o’
through a bed of gypsum 20 cm long with fragment diameters 2 to 6 mm,
concentrations of emerging and entering solutions (cp and ¢, respectively)
were estimated conductometrically and used in equation (3) to determine
values of K. The flow velocity was maintained at 0.3 cm3/cm2/sec during
this time, The porosity of the gypsum bed was 54% and the solution took

34 seconds (i, e. t,, = 34) to pass through the 20 cm bed, RRE



‘Ilf;’:“?“ Results and Discussion

A. Dissolution Rate Proportional to Saturation Deficit

Checking the assumption of a proportional relation between
;"di:psolution rate and the difference in concentration of the solution and a
tipafurated solution (i, e. equation (1)) equation (3) was used to calculate K

j‘ixéing the initial gypsum concentrations and measuring the emerging gypsum
‘concentrations indicated in Table 2.

L The constancy of K through this range of initial solution concen-
trations indicates that the rate of dissolution is proportional to the

'unsaturation' (c g-¢) of the solution when particle size and solution velocity
‘are constant, ‘

ifi'Ifﬁble 2, Values of K calculated at constant flow rate and fragment size

o . as initial concentration, c,, was varied.,
co¥ cy* K
0. 08 1,36 0. 028
0.75 1.67 0. 029
1.20 1.83 0.028

*All concentrations are expressed in terms of mmhos/cm (1.e.kelectrlca1
‘eonductivity).

B, Dissolution Coefficient as Affected by Fragment Size a}xd Surface
Area and Solution Velocity

. The amount of gypsum dissolved by the water as it passed through
vthe 120 to 140 cm beds at the indicated flow rates is shown in Fig. 2. These
data show that plenty of gypsum can be dissolved in the irrigation water to
distribute it hydraulically to the field. For instance, saturated gypsum
solution contains 2300 ppm CaSOy4* 2H5O or 230 kgm/hectare cm of water,
Assuming applications of 50 cm of irrigation water per crop, it ig apparent
that a couple of tons of gypsum per hectare per cropping season could be

applied, even at the lowest rates of gypsum dissolution observed.



o 250 CONDUCTANCE oF |
§  [{SYPSUM SATURATED WaTER 3 T0 6 mm DIAMETER GYPSUM FRAG—
= B— © .o " ©®—o©—o_ ¥ _MENTS (BED 140cm LONG)
—~ 2.0} ﬁ T e—— 8 —
E ® | -
[ =
2 i sf
g i. i |
- 2 TO 25 mm DIAMETER
S ol ( BEDI140cm LONG)
£ ' .
< —— :
o | —
2 | . CONDUCTANCE OF
z 0-51 25 7O 40 mm DIAMETER /TAP WATER
S | (BED 120cm LONG) (FT. COLLINS ERC)
Obl_l— -l— l~l ] 1 1 ] 1 1 1 § | H -l- 1 1 1 ]
0 02 04 06 0.8 10 1.2 I4 1.6 1.8 2.0

FLOW RATE (em®/cm®/sec )



D-8

If the amount of gypsum dissolved was directly related to the time
,v’vthe water spent in the bed, a directly inverse relation would exist between

. concentration (conductance in Fig, 2) and flow rate, The manner in which
the two bottom curves tend to flatten out at the right side of Fig, 2, indicates
fhat although increasing velocity decreases the time (t,) for which water is
in the bed, it must increase some other factor which accelerates dissolutions.
Using equation (3) to compute the dissolution coefficient K at
'various flow rates from the curves in Fig., 2 yields the curves drawn in

?‘lg. 3. The dissolution coefficient increases rapidly as the solution flow
i:iate increases. This is partially due to the fact that Ca** and 504~ ions

in the vicinity of the particle surface are swept away more rapidly when
solution is moving faster, which gives them less opportunity to adsorb to
charges on the solid surface. In addition to the more rapid laminar move-
ment of water along the mineral surfaces, currents flowing toward and away
from the mineral surfaces begin to occur in this range of flow rates,

Table 3 shows the flow rates at which (NR = 10) inertial forces become
significant compared to viscous forces and the range (100<NR < 509)
through which visually apparent turbulent flow generally develops. Since

the range of fiow rates shown in Fig. 3 includes this range in which turbulent
eddy currents at right angles to the mineral surfaces are becoming important,
it is likely that the increases noted in the dissolution coefficient as flow rate

increases are at least partially a result of the developing turbulence,

Table 3. Flow Rates in the Gypsum Beds at the Indicated Reynolds Numbers

Fragment - - _
diameter NR"IO NR' 190 NR-500
2- 6 mm 0.135 1. 35 6.175

12-25 mm 0. 032 0. 32 1,60

25-40 mm 0,018 0,18 0.90
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4
h -

| - The effect of fragment size on the dissolution coefficient is shown
'in Fig. 4 at several flow velocities,

Since dissolution is a surface phenomena linked to solution flow
rates, we su'sﬁected that at a given flow rate K might be proportional to
the surface area of gypsum in the bed. The procedure described in the
methods section was used to estimate the surface area of the fragments/cc
of bed as given in Table 1, These surface areas are plotted against the
dissolution coefficient at several flow rates in Fig. 5. In general, the dis-
- solution coefficient increases more rapidly than the surface area at a given
flow rate as the fragments become smaller. The shear forces of the fluid
on the solid surfaces become greater as the fragments and pores become
| smaller at a given flow rate, but the energy of these forces on any given
ion are still very small compared to the average force of thermal motion
. bombardment in terms of dislodging Catt or S04~ " ions from the solid
surface., Consequently the increase in K associated with larger shear
stress in the smaller pores at a given flow rate must be due to more rapid
movement of ions away from the surface after they have been dislodged.

Hydraulic head was measured in manometers attached to the ports
indicated in Fig. 1. The average head loss through 100 cm of the beds of
fragments are shown in Fig., 6 as a function of flow rate, Had all the flow
been laminar Darcy type, these curves would have been straight lines, Some
of the curvature is probably due to the initiation of turbulent flow as the flow
rates increased, However, when head losses were appreciable the head
loss across the half of the bed on the inflow side was smaller than on the
outflow side. This difference was as great as a factor of 2 at the largest
head losses and indicated compression of the gypsum into a denser bed on

the outflow side by the flowing water at the largest head differentials.

- (O [P



DISSOLUTION COEFFICIENT K, sec"'

0.06}

0.05}

0.04}

0.03f

002

00!l |

: .FLOW RATES (cm®/cm%/sec)

1.2

08

12 16
AVERAGE FRAGMENT DIA. (mm)

Figure 4. Dissolution coefficients as affected by fragment size.

1-q,



DISSOLUTION COEFFICIENT K, sec™'

0.06f

0.05¢}

004

0.03

0.02

0.01

FLOW RATES(cm®/cm%*/sec)

]

2 3 4 5 6 4 8 9 10
CYPSUM SURFACE AREA/BED VOLUME (cm®cm®)

Figure 5. Dissolution coefficients as affected by surface area.

Breai



D3

N
o

| § ¥ bl

FA

N
o

1 1 ¥ ¥ ! 1 1) 1 1 L] L N | ¥ LI 1 I L BB

/
;’j‘/ 'f’f “ ‘

{ i 3-6 mm DIAMETER
15 GYPSUM FRAGMENTS

O

HEAD LOSS(cm OF WATER/100 ¢m BED)

(o) 0.5 10 1.5 20
FLOW RATE (cm*/cm?/sec)

Figure 8, Head loss as a function of flow rate and fragment size,



D-13

BCHi-Effect of Common Ion Salts-in Water:on Dissolution Rate of
 CaS0Og4* HoO

Equation (1) does not account for the presence of common ions in
}ggﬁé""inﬂowing solution which would generally reduce the amount of gypsum
going into solution as solutions pass through a bed of gypsum fragments,

Modifying equation (1) to account for the effect of common jons

on the concentration of gypsum (cg) that has come into solution from the
‘solid phase, it may be written as
deg/dt === Klcgq-cg) (7)
{ where Cge 8 the concentration of gypsum in equilibrium with the solid
“phase (i, e, the maximum amount of gypsum with can go into solution),
At equilibrium with the solid phase, the relation betweei the
saturation concentration cg (0.015 M for gypsum) with no common ione
interfering and c ge is given (approximately since the precise equation

would be written in activities rather thar concentrations) by

cg? = (Cye ¥ o) (Cge + Ccy) - (8)

‘where cgj and c; ace the initial concentrations of these ions in the
“golution before the solution is brought into contact with the gypsum, Using

the general solution to quadratic equations on equation (8) to eolve for Cge’

Cge * “{Cci * gy £ Jlegy ; cgi)” = Hleey x egp) - o) ®)

where c e is a constant for specified values of Coi and cgq.

8
Separating the variables and integrating equation (7) between the

- time to when the solution enters the bed and cg = 0 to the time t, when it

leaves the bed and cg = Cgb‘

-1n (cge - cgb)/cge = Kty | (10)

‘multiplying both sides of equation 10 by -1, raising them to exponents

and rearranging terms,

-Kt R
cgb = Cgel- € P) ; (-



D-15

Note that the total concentration of Catt is cgb +c ci and of
80477 18 ¢y, + Cyy When c; = cg; = ¢ it can be shown that equation (11)

reduces to equation (5), where ¢y = c 4 + ¢,

b

Equation (11) was used to pre%lict the gypsum coming into sclution
as estimated from conductivity measurements on solutions flowing out of
our gypsum beds. An example of how these predicted values (cgb) com-
pared with measured values (cgb) is shown in Fig, 7. Imprecisions
involved in estimating concentrations from conductivity data prevent con-
clusion from our data that equations (7) and (11) are exact descriptions of
the relationship between gypsum dissolution rate and common ions present
in the solution that enters the bed, However predictions of equation (11)
are apparently good estimates of the amount of gypsum that will be picked
up as irrigation waters containing appreciable Ca*t and SO, ™ pass

through beds of gypsum fragments.

IV, Potential Application of Findings

A. Hydraulic Dissolution and Application of Gypsum to Agricultural Lande

As indicated in Fig. 2, the amount of gypsum going into solution can
be more than adequate to distribute nczded gypsum to the field. These data
“on hydraulic head loss through beds of gypsum fragments (Fig. 8), on dis-
“golution coefficients (K) at different flow rates and fragment sizes, coupled
with equation {11) to account for the effect of salts in the irrigation water on
the rate =t which gypsum dissolves in the flowing water; can be used to
design rections of watercourses, which when filled with gypsum fragments
will give practically any concentration of Ca*™ in the irrigation water
between the initial concentratioh, C..;

ci
For instance if a Ca't concentration of 0.005M is desired in irri-

and Cei + Cge'

gation water flowing from a well pumping 2 cubic ft/sec (. 054 cubic
meters/sec), and the mnitial concentration of Ca* is 0, 001M and of S04""
is 0.010M, the cross section may be designed as follows, Assuming that

25 to 40 mm diameter fragmnts will be used and that we wish to avoid
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: .apprec:lable head loss the flow velocity through the bed should be about

| 1 ~cm3/cm2/sec.' ;‘.Conseq__uently the cross sectional area in square meters.
~ghould be about (0. 054 cu meters/sec) x (100 cm/meter)/(1 em3/em?/sec) =
5.4m? (i.e. 2.7m wide x 2m deep). Since c, = 0.015m, c = 0.001m and
clsi = .0.«010m, equation (9) tells us that Cge = 0.010m. Since we wish to
achieve an increase in Catt of cgb = ,004m, Ktb can be calculated from
equation (10) and is 0. 51, From Fig. 3, we est1mate that K = 0,0035 and '
therefore the 1rr1gatlon water should stay in th(, ﬁypsum bed for the -

time t;, = 0, 51/0. 0035 = 141 seconds.

'he bed length (Lb) needed to achieve this contact time is given by

Lb = (t x dq/dt)/e (12)

&

,fwhere dy/dt"is the flow rate in cm3/ cm2/ sec and 8.is the porosity of the
~_bed Assuming 6 0. 5 for the case under consideranon (ty, = 141 and
;’;dq/dt =1, 0) equat1on (12) indicates that Ly, would be 242 cm.,

. Head loss through this bed would be less than 1 cm of water under ,
the flow conditions described. If a few cm of head loss could be afforded
in_,jthe system, the cross section of the channel could be reduced and the
le?igth increased. If the cost of breaking the gypsum to 25-40mm.fragments.
is a large portion of the total gypsum cost, longer beds of coarser fragments
could achieve the desired gypsum saturation. The possibility exists of
getting adequate gypsum into the irrigation water for many purposes by
lining the watercourse with large gypsum (10 to 30 cm diameter rocks)

This needs further study. i{,.

As the gypsum in beds dissolves, its average fragment size de-
creases, porosity of the bed changes and consequently quantitative predic-
tions of Ca*™* content of gypsum concentration in irrigation water after
passing through a bed of gypsum fragments is practically impossible over
an extended period of time. On the other hand, estimates good enough to
design watercourse cross sections for gypsum application can be derived
from this data and these equations. Data on larger size fragments would

be helpful, but can best be collected from field installations of the type



B 'We would like to express our appreciation to them for pomting out the E
practical potential of hydrauhc distribution of gypsum for decreasing

crushing and application costs in developmg countries.

-B., Maintaining Infiltration Rates of Septic Tank Tile Fields

Continued successful operation of septic tank systems depends on
maintaining infiltration rates at reasonable levels, The normal effluent
‘from a lome containg’ large amounts of Nat from soaps and detergents.
Water so'fteners‘designed to replace the ca*t in water by Na+.-alsp, con-
‘tribute to make the Na*/Ca** ratio high. These high Na*/Ca** ratio,
';‘v?‘a?tfers' when applied for prolonged periods of time, disperse the soil in
the ‘tile fields and thereby often reduce its infiltration rate to low values,
As a result the effluent breaks out at the soil surface, and does not receive
the filtration oxidation and other cleansing actions normally afforded when
it passes through soils. "Addition of a tank or pit of gypsum fragments to
maintain reasonably high infiltration rates., The size of such tanks or pits
‘ahd'the‘fr'agment size of gypsum to be used could be estimated from ex-
i')'e:cted‘ﬂew rates, ion concentration of the waters coming from the home
and recommended Na*/Ca** ratios. e
S * Assuming 100, 000 gallons (approximately 400, 000 liters) of water
per year through a septic system, saturation with gypsum would be approached
by addmg about 90 kgm of gypsum to the water, ' In general this would be
'more than enough Ca** to maintain reasonable Ca™t levels in the soil
around the tile lines in the field.



* Appendix E
E-1
‘Fertilizer or ‘Salt Leaching as Affected by Surface Shaping.

and Placement ;qf Fértilizer and Irrigation Waters

W. D. Kemper, John Olson and Alan Hodgdon**

Lji,«Introduction

fee ‘Appreciable amounts:of irrigation water pass by, or through, the plant
root zones to the ground water. In this procéss.. these waters can ‘réx;r_ig;)ve
‘a large portion of the nitratés,‘ chlorides and other soluble salts, The V.;;ollu-,
tion potential of nitrate removal has been of considerable copcern in iﬁe
‘U,S. A, and other developed countries. In the lesser developed countxgjjies
‘nitrate fertilizer is often the largest economic input in crop produqtiop and
'leaching of a major portion of this nitrate from the root zone of the p}énts
is a'major economic loss. There is also a growing realization tﬁat rii_tra.te
'lds"s_is a major energy loss in agricultural operations, _

""" The dominant method of fertilization 1h developing countries is broad-
casting. The dominant method of irrigation is flooding areas which h.ave
been diked to allow ponding of the water. In the developed countries the
‘dominant irrigation systems tend to be furrow irrigation, sprinkler irriga-
tion and trickle irrigation, Comparatively low levels of fertilizer nitrogen
‘recovery from basin irrigation research plots in the developing countries
have been observed, Such observations raise the question as to whether
br'oadcasting nitrogen fertilizer followed by basin irrigation tends té dis-
place nitrogen fertilizer from the root zone more effectively j;l;a.nypt}jgr

combinations of fertilization and irrigation methods.

Recent observations in trickle irrigation systems indicate that ﬁvl‘é.nts:,.&

will take a major portion of their water supply from a small portion of

*This study was supported by the United States Agency for International -
Development through Contract No. AID/csd-2162 on Water Management
 Research for Developing Countries. ‘
**Professor of Agronomy and Agricultural Engineering, and Research
Technicians, respectively, at Colorado State University



th“‘éiff"f?%&f“szhe"“'iﬁ"’\'vhi“éh the tension of water is low'(wet). A wet zone of
fﬁié‘:%ypé’fa'éllbv'v'é plarits to satisfy their water requirements without deplet-
ihg water from ‘the cther reasonably moist, but drier, portions of the root
zoné, ‘In the drier root zones, nitrate is reasonably mobile and can djf-
fuse to the roots where it can be taken up in amounts adequate to:supply
plant requirerents, ‘ Thus it appears that separation of the routes by...
which nitrogen and water enter the plants may be a management 'provce'dur_é‘
which can avoid some nf our leaching losses. T N
‘it “Common row "cropvp'ra"ctice ‘in the U.S.A, is to furrow and ridge the
land, seeding and fertilizing at and near the center of the ridges and dis-
tributing water through the furrows. Looking at flow nets from electrical
analogs designed to simulate water movement from furrows (e. g. Corey
1965) “this practiée appears, to a large extent, to have separated the routes
by which water and fertilizer are introduced into the plant root zone,

This study was designed to deteiinine whether irrigating in furrows
and fertilizing in the ridges does leave more of the soluble unadsorbed
fertilizer in the root zone under conditions of overirrigation than does

broadcasting fertilizer, followed by flood irrigation,

[I' ‘Materials and Methods ' T e

.- The soils used were: Crook loamy sand with an organic.: X:éatter content
of: 1%, Nunn clay loam with an organic matter content of 2% and Billings
silt Jloam with an organic matter content of 1%, L

. -These 8snils were placed in lysimeters which were 45 7 cm wide
lO. 2:cm thick and 110 cm deep. A layer of glass beads 3 cm deep was
nlaced in the bottom of each lysimeter and 6 perforated plastic tubes were
inserted in this layer of beads from the front of these lysimeters to pro-
ride drainage into six two liter glass jugs. The front of each lysimeter
vas constructed of 1.3 cm thick lucite which allowed observation of pack-
ing patterns, wetting patterns and changes in soil structure as wetting

yroceeded.



Z ¥ sve:The surfaces of the soils were left flat, .or shaped to represent a, ‘
*section from the midpoint of a furrow to the midpoint of a ridge, In most
‘cases the top of the ridge was 15 cm higher than the bottom of th__e.,;furr;owu
prior to wetting. Soil having passed through a 5 mesh sieve was “5?»§1;.f° ‘
i1l the lower 85 cm of the lysimeter while the upper 20 cm was filled with
soil that had passed through a 3 mesh sieve, This gave the uppe,rpqr..tidn
-of :80il more pore space than the lower soil, in an arrangement s'imilar.to
the subsoil and surface layer of cultivated soils. : .
-"Fertilizer bands" of CaCly® 2H,50 were placed in the ridges of the
-80il at the depths indicated in Table 1,. or the fertilizer was scattered on
’th‘e surface to represent broadcasting. ,
- Water was added to the soil from calibrated Mariotte siphon jugs which
‘held 3700 liters each, and maintained the water levels at the height indi-
cated in the respective figures. Gener'ally, between 7 and 10 cm of water
‘were applied per "irrigation," Such irrigations were generally followed
by a period of several hours during which up to 100 cm of tension developed
in the surface soil, and then by another irrigation,
| During the course of this study, the question arose as to whether the
soil solution, which dissolves the salt, would have sufficiently greater den-
sity than adjacent soil solution to cause downward convective movement of
'the dissolved fertihzer. To gain a measure of this mechanism, pairs of
ilucite cylinders each 6 cm in height, 7 cm in inside diameter and capped
on one end were filled (actually overfilled about 2 mm) with Nunn soil to
bulk densities of about 1,2 and gravimetric water contents of 30 or 35%,
Five or 0.5 gms of CaCly*H,O were placed in a circle less than 1, 2 ¢m in
diameter on the soil surface in the middle of half of these cylinders. . The
soﬂ surfaces on the open sides of two cylinders, containing soils of equal
water contents, were then placed in contact and pushed together till the
lucite was in contact, which resulted in a compaction of about 3% and firm
Initial contact between the soils and the salt. The cylinder pairs were
taped together and left in contact, one above the other for 48 hours., At

the end of this time the cylinders were separated and two cores (1,5 cm



“m uiameter anu © Uil IONR) WEIE LAKen Irom Iae CEnter ol eacn Cyunaer,
'l‘hese cores were weighed and dried at 65°C to determine their water
content and were then shaken with twice their weight of water allowed to
settle and electrical conductivity of the supernatant solution was deter—
mined Water and salt content of soil from the portion of the cylinders

outside the central core was determined in a similar ‘manner,

III Results and Discussmn

For the purpose of the followmg discussion water and salt which _'
came out of the ports at the bottom of the lysimeter is equated to water

and fertihzer that is leached xrom ‘the root zone. For simplicity this

% (
1 |

‘effluent water is all referred to as overirrigation. Q«-s s

:"f-Leaching from a LOamy Sand‘ :

: When the salt was broadcast on the surface ‘and the water was applied
as basin flooding, . as mdicated in the left hand curve“of Fig. 1, half of the
'salt had been leached from the root zone by the time 30 cm of "overirriga-
“Hon" had been applied, , ' | |

When water in the irrigation furrow was 10 cm deep. and its surface was
5 cm above the band of salt, the leachmg curve was surprisingly similar to
that for the basin type irrigation. Apparently the average solution velocity

of water in the streamline which intercepts the fertilizer band in this con-;

-figuration is only slightly leas than the velocities along stream lines that

1\
oy
“1.?“1‘

go straight down below the furrow. _ ;.
Placing the salt band at the same elevation as the bottom of the i'uri
row and maintaining 5 cm of water in the furrow exposed more ‘of the soil .
‘surface to evaporation which was accentuated by a sun lamp which was.
1evaporat1ng water from the soil surface at a rate of. 0 05 cm/hour, This .
combination of factors prolonged the time during which the salt was in the
‘root zone. Almost 60 cm of 1rrigat1on passed through the root zone before
half the salt had been removed.
Removing the sun lamp, with the configuration of the soil surface, v
_water and fertilizer the same as in the previous paragraph, did not change

the leaching curve appreciably.
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,mRaising the level of the fertilizer band to the level of. the water surface
in gﬁe furrow delayed elution of the salt till more than’ 120 cm “of overirri-
gation had been applied. The critical relation between level of water in
the furrow and level of the fertilizer band in these sandy soils is apparent
.from .considering the elution curves when the band was at the water level
in the furrow as compared to 5 cm below that level.

I Subsequent runs 1ndicate that this relation can change with successive

irrigations. The top of the ridge was disturbed each time a new band of
}fertilizer was placed in position, but the furrow was not generally dis-

‘~ turbed Several runs after the last run shown in Fig. 1, the configuration
shown as the last run in Fig. 1 was repeated, and the elution curve shifted
;to'vt\h’e vicinity of the curves representing the 3rd and 4th runs in Fig. 1.
:Lool:;ing at close-up pictures of this soil taken during these runs it appears
“that jsuccessive irrigations tended to compact the soil under the furrow
into ‘a denser mass which would decrease the permeability below the furrow
(which was indicated by reduced infiltration rate from the furrow), and
shunt a larger portion of the infiltrating water toward the fertilizer band.
Manometers inserted through the right hand side of the lysimeter indicated
that the water table never developed in this portion of this sandy soil.

. However capillary water travelling through this unsaturated soil wag able

. to leach essentially all of the salt from the band and out of the root zone

" rather quickly when the band was at the same level as the water surface in

the furrow and permeability below the furrow was reduced. -

Movmg the fertilizer band 5 cm higher than the level of the water in the
furrow allowed over 120 cm of overirrigation to pass through this soil

bﬂefbre the salt began to come out of the root zone in this sandy loam,

Leaching from a Clay Loam

‘When the salt was applied by broadcasting and followed by. basin irri-
gation (Fig. 2), most of the salt was eluted from the soil after 40 cm of
. irrigation, which was about the amount required to leach the salt from the '

. loamy sand, Assuming displacement of the inhabitant solution by the



CLAY LOAM

100} ~' CL:2H.0.
W ZOg Ca Clz‘?HzQ;f
| e | BROADCAST ON

~ 'SURFACE ,
” W@og CaCl;2H,0

"] :

80t

60}

20

% OF " FERTILIZER" LEACHED, FROM ROOT ZONE

M ———

- ob— ] L —_— e~ G e )
00 ' 40 - 60 - 80 I00 120 7 : 180

CENTIMETERS OF "OVERIRRIGATION"

- Figure 2, Salt leaching as a function of surface shaping and elevations of the salt band and “rlgahon water
surface in a clay loam. N




intruding water as the mechanism of salt displacement’ fromfthe profile,
“the clay loam, with a volumetric water holding capadity of about 43% (at
'50 cm of suction) would have required more overirrigation to displace the
‘salt than would the loamy sand with a water holding capacity of only about
30%. The fact that the salt came through at about the same level of over-
irrigation for soils of the two textures is probably explained, at least in
‘part, by anion exclusion from water held in small pores and from water
immediately adjacent to mineral surfaces. This water from which anions
‘are excluded moves much slower than water in the bigger pores and in the
‘middle of pores and consequently the anion bearing water bypasses the
“water without anions., Thomas and Swoboda (1970) measured an average
of 37% bypass of anions pass resident water as they leached chloride
';thx‘éugh clay soils, Such a percentage of bypass in the clay loam soils
would account for the salt going through the clay loam soil as rapidly as
“it went through the loamy sand.

S Placing the band of fertilizer in a ridge at the elevation of the water
“in’ the furrow did not delay its average departure from the soil compared
to broadcasting and surface flooding.

: Elevating the fertilizer band 5 cm above the water level in the:furrow
‘caused some delay in the departure of the salt from the soil. However
the delay was much less than occurred in the loamy sand,

Drying the surface with a sun lamp at the rate of 0. 05 cm of water/
hour was expected to bring more of the water and salt to the surface or at
‘least bring the salt higher in the ridge and delay its departure from the
6’611. As indicated in Fig. 2, the departure of the salt appeared to be
accelerated rather than delayed.

“'" Intuition is badly deflated when salt tucked away under a ridge is
leached out of the root zone by irrigation from a furrow more rapidly than
galt broadcast on the soil surface and flooded. Mechanisms which might
explain this apparent anomaly were evaluated as follows.

Two days after the salt was placed at the centers of cylinders (de-

scribed in methods section) it was found to be distributed as shown in



;Fig, 3, Downward displacement of the; centroid of the salt by about 1, 5 cm'
"’.yglu,me) wh_en ,0. 5.gm of,salt was »applied.,,. About 2. ,5, cm of ,downwar.d dis-
:placement of the centroid occurred when 5 gm of sait were added, Burns
,:ahd‘,D.ean(1964) found that. when NO4 fertilizér was placed in bands in soils
near: saturation with water, the fertilizer was quickly 'dissolv_ed by the soil
.golution and the nitrate migrated downward. This downward migration of
.-nitrate is believed to be due to the greater density of the nitrate solution,
,;‘ compared to adjacent soil solution, and possibly due to higher water con-
-tents around the nitrate band. Higher water contents in the immediate
: ;Vicitﬁty of salts applied to soils were measured by Qayyum and Kemper
(1962). - Raats (1969) developed a theory from this type of downward
~movement of fertilizer from a band, from which downward velocity of the
; salt.can be predicted when the hydraulic conductivity, the densities of the
solutions are known. Since these parameters were not easily measured
.:in our lysimeters, and since the magnitude of the downward movement in
.-our trials and those of Burns and Dean were appreciable, it was decided
that in the rest of the studies the weight of salt in the bands should be
-comparable to the weight of fertilizer applied to a similar length of band
~ in the field. An application rate of 4 gm/10 cm of band with 90 cm row
spacing is the equivalent to 445 kgm/hectare (400 lbs/acre) and was used
- in the subsequent studies, _
Apparently when fertilizer is spread widely over the gurf}ace,’ as in
. broadcasting, the concentration of the soil solution is increased by such
a-small amount that {he density differences and consequent downward
convective movement of the nitrate is negligible., . B
Another factor which apparently assists the downward movement of
banded nitrate in the ridges, irrigated by furrows, is the higher hydraulic
_.conductivity of the cultivated layer of soil compared to the underlying soil.
As water was applied in the furrows of the clay loam it moved down
rapidly until it hit the denser noncultivated layer which had fewer large

pores and lower conductivity. A perched water table developed in the
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bottom portion of the cultivated layer. Water moved relatively rapidly
across to the center of the ridge in this saturated lower portion of the
cultivat;d layer and moved upward more slowly in the unsaturated state
to complete the wetting of tne ridge. As the irrigation continued, the
water table in the cultivated layer of the clay loam often approached the
level of the water surface in the furrow. Consequently the soil water
suctions at the fertilizer bands were generally no more than a few cm and
were often near zero. Under these conditions the data of Burns and Dean
(1964) mdicate relatively rapid downward movement of fertili.zer from a
band . : -

S the sandy loam, the difference in hydraulic conductivxty between
I:he cultlvated and noncultivated layers wag small, and a perched water
table was never observed. 1t is probable -that the unsaturated “hydraulic
~onductivity of the area near the salt band was conSJ.derably lower than
that around the salt bands in the clay loam soils at the same elevations
relative to the water surface in the furrows. L

The degree to which a unit of overirrigation causes salt to leave the
oand and be leached out of the soil appears to be further accelerated by
the development of an easily distinguished structureless low permeability
l'ayer below the furrow., In later runs infiltration rates from furrows in
the clay loam decreased to 30% of their values during the initial run, and
the water appears to be shunted over toward the ridge and salt band even
more in the clay loam than in the loamy sand,

i': Additional leaching rates as a function of overirrigation are shown at
he left side of Fig. 4 for cases with the band at or near the level of the
vater surface in the furrows in a clay loam soil. Placing the salt band
i'cm higher than the water surface in the furrow allowed more overirri-
4 ;ation to take place before the salt began to come out of the furrow, but

" the salt came out rapidly once it began,

Elevating the band to a level 10 cm higher than the water surface ln¢’
the furrow (ridge 20 cm high) did delay salt movement out of the profile
till over 120 cm of overirrigation had been applied. The fact that 4g of
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B s’ajlt was applied in the band rather than 20 gm may have decr'eased the

" dgwnward portion of the convective movement of the sait that was due to
the higher density of solution around the salt band and contributed to the
delay.

IV’. Conclusions

Banding of fertilizer in ridges, when ‘water application. is by furrow
;,,1rrigation, can retain fertilizér (salt) in the root zone when overirrigation
ioccurs. However downward convective movement of the heavier salt
solution near the bands is appreciable when the soil water suction is low
and the hydraulic conductivity is high Consequently it is generally
.,necessary to place the bands 5 to 10 cm higher than the water surface in
'the furrow to keep A the fertihz‘erout of the main stream of the downward
water movement,

In finer textured soils, the cultivated layer generally has a higher
.n‘conductiwty than the lower layers. lrrigation of these soils generally
develops a perched water table in the cultivated layer which approaches
the level of the water in the i'urrow. ThlB ‘condition causes a lower soil
.water 'suction at the middle of the furrow which increases the hydraulic
c';c{o'ndu'ctivity and downward convective movement of the salt applied in the
t;and In these soils elevation of the band to 10 cm above the water sur-
\face markedly retarded the salt removal In coarser textured sandy soils,
Q;the difference in hydrauhc conductivity of the cultivated and lower layers

is not as great, A saturated zone does not develop in the cultivated layer
and elevating the band 5 cm above the level of water in the furrow was

: sufficient to retain the fertilizer in the root zone during over 100 cm of

| overirrigation.

The rapidly climbing cost of nitrogen fertilizers and the difficulties
of achieving adequate irrigation in all parts of a field without overirrigat-
ing an appreciable amount of the area indicate the need for separation of
the routes by which nitrogen enters the plant, Fertilizing in bands in

ridges between irrigation furrows can achieve this separation and reduce



g4

nitrate leaching, ‘I'he e1rects.or this type of water and fertilizer
management on ci"oﬁyields and nitrogen recovery should be determined
;ii:ﬁ‘fffﬁéfifiéldi:‘:l}qc;én' ep"facti’cal conditions of growing plants, and occasional
rainfall,
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ABSTRACT

‘Methods of improving the quality of high-salt ‘and’ high-SAR waters’ b]
bl:;&ina with better quality water and by adding ‘gypsum are’ discussed. Blending
formulaa”nﬁicﬁ can be”uEEd'to'calculate’reaultant:or desired qualities from -
mixing two or more different quality waters are given. Methods of calculating

the amount of gypsum to apply in water to lower the SAR to a desired level are

}1“‘,} M R PR

presented. The reaulta of' gypsum solubility studies with gypsum particle sizes
rangingﬁfromJZHO’lﬁiﬁUOS‘nm”KlU ‘= <300 mesh) 'in a mechanical shaking experiment
simulating turbulent flow and in ‘two different-textured soils are reported. -
o Preciae control of calcium concentrations neceaeary to lower SAR levels'to
epecific valuea ahould be ‘obtained with <0.25mm (<60 ‘mesh) gypsum metered in':
flowing water.' Coaraer aizea which 'could be placed in cross’ "gections of =
ditchea exhibit sufficient solubility to be useful for’ reducing the water SAR.
Solubility rates and cal cium concentration levels in soil solutions can be
conttolled to a considerable degree}by‘mixing'gynaum narticle*sizea‘>0;5 mm
ﬁ?§§§:ﬁ¢ah) in che soil and,'tbus;xia'an altérnative method for reducing water
Sﬁ%i “Dissolution ofnio.lbmn;(élaorneaﬁ)vgybaum in soil was comparable to *i'‘
p;eyioualy published values. For' the purpose of removing exchangeable sodium in
aoil teclamation, the application of gypsum particle sizes greater than about

100 meah would aignificantly reduce gypaum dissolution efficiency.



NTRODUCTTON

Monitoring studies of salt compositions of tubewells in evera"arees

f Pakistan show a significant increase in the sodium-adsorption ratio (SAR)

ith time and indicate a trend for incresse in total dissolved solids. Contins
ued deterioration of groundwater quality Poses a threat to irrigated egri- u
,culture Ain Pakistan, and other areas of the world, since pumping is necessary
to maintain desirably low groundwater tables and to supplement deficient
asutface supplies
@ga -.The quality of high-salt and highrSAR water can be improved if the
proper ‘resources are available. In Pakistan, it is a common practice tokmix
high-sslt and high-SAR tubewell waters with low-salt, low-SAR canal water
which results in a blend safer for irrigation. With continned groundvsterp
deterioration and with increased demands for more water, it is expected tnat the
practiceiof blending_will.incresse.,Careful.planning 18 necessary to maximize
the total useable amount of suitable quality blended waters. Blending formulss
Which can be used to calculate resultant or desired qualities from mixing two
or more different quality waters are given in the following section. ‘

sy Waters with high SAR values can be improved by the addition of gypsum 1
(q;goaggs Q)Jto”increase the‘amount of dissolved Ca. Formulas for calculsting
ths amount of 8ypsum to add for desired SAR vslues of water are given in the
ﬁggllowinsksection. Gypsum can be applied by several different methods. The
most. gccurate -method is to add the _necessary gypsum from a hopper system
at a calibrated rate. A finely-ground grade of gypsum is generally necessary
in this case because of the low solubility rate of coarse gypsum particles.

The high cost of finely-ground gypsum places severe economic restraints upon



ess coatly coarser sradea

.Vv‘
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or lumps of gypsum can be placed in crosa-aection ‘ofhditchea. but the
801ubility rate is'note difficult to control. Dissolving more sypaum than
necessary not only would bg:¢°°“991°§1ly.“Qd§54F9b19!,b“t34}9°' would e
cauae an, undesirable .increase, 1n the total aalt content of the wuter and soil.
Also, gypsum can be applied and worked into the soil at ratea equivalent to
the jamount of water used.. The solubility rate is difficultato conttol in
this case, also. 1In addition, the costs of spreading the 3ypanm and incor-
porating it into the soils must be considered.

There is little information in the litera‘ure concerning the dissolution
rates gf different'pafticle‘sizes of gypsum in water and soil. Therefore,
thevcolubility rates of different gypsum particle sizes were determined in a
mechanical shaking experinent simulating turbulent flow of water and in two
different-textured soils. The objective of these experiments was to obtain

solubility data which would serve as useful guidelines for wate? quality

improvement and efficient soil reclamation.
BLENDING FORMULAS AND CALCULATION OF GYPSUM;ADDITIOES

Bleudinggrormulaa

The aalinity content and SAR resulting from blending two ‘or more measured

[uantities of water with known water analyses can be calculated as a simple

s d b

wveraging effect from the following formulas:

lel+Q282+Qnsn
b~ QF QF

wn
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where: . Q ‘d"quantity of water measured 4n any common units - cubic}fesﬁ ‘PEE
‘ hdam MEES Y
second (cfs , gallons per minute (gpm), etc.

S - salinity content of water measured in micromhos/cM'or‘psrts per
Favis e

' million (PPm)

SAR = —N8 . _'Na (soddiim); ‘CatMg’(cdlotum i+ magnesium) Lo:milldis:
Lo o

equivalents per liter (me/l1)
b = blend |

n = quantity and analysis of the nth number of water sources.lv“

salinity.level. or SAR, then the_folloying}formulas apply:

AR i PRI
-

Vg . Sp-8% (3
vVﬁfiu Sb’-,s8 ,

Vg . SAR, - SAR,

(4
Npiy. SARy - SARg

there: V = volume of each water to be blended in cfs, gpm, etc.

8™ good quality, p = poor quslity, and b= blend
s - salinity level, SAR = sodium adsorption ratio

For example, if two water sources of 400 and 4000 ppn TDS are available

i FRC RS ]

and it is desired to obtain a blend of 1000 ppm, the necessary proportions of
esach are calculated by formula (3) in the following way*

Vg 4000 - 1000 _ 5

v, ® 1000 - 400 1




: ,therefore, 5 volumes of 400 ppm water must be addedbtcfldvqlume cf>?
4000 ppm water to produce a 1000 ppm blend.

Calculation of Gypsum Additions

The SAR formula is transposed to calculate the me/l of Ca + Mg necessary

to achieve a desired SAR by the following formula.

Ca*ﬂs - 207 (5)

2
SARy

. where: CatMg - in me/1

-w!

Na - in me/l

. ?

SAR.d - desired aodium-adsorption-ratio

The amount of Ca (ge/l) to be added in che water aawgygsamﬁis che diifer-
. »ence between the CatMg necessary to achieve the‘desired SARd:and tﬁe aﬁodat of
CatMg initially in the water. The Ca (in me/l) to be added mglciplied byi234
i glves the pounds of gypsum (chemically pure) to be added to an acre-foct‘cf
water to achieve the desired SAR. | i
As an example, if a water initially contains 8 me/l of Na and 1 15 ae/l
of CatMg, it has an SAR of 10. 5._ If an SAR of 6 is deeired, the gypsum };-
QU1ted to obtain SARd - 6 19 calculated as follows with equation (5) and the

atepa outlined above.

(Step.a) Cat¥g = _uT 2.35 me/l w 7otal Cat¥g required for SAR; = 6

(Step b)  Ca = 3.55 me/1 (total Catfg) - 1.15 me/1 (initial CatMg) =

2 40 me/l = Ca added as gypsum

(Step:c) Gypsum = 2.4 me/l Ca x 234 - 6§.gcunds per acre-foogbcf water
qoole i needed to attain SAR; = 6.,



Ih¢ same results can be approximated by using the nomogram in Fisure 1.

v f,x{-;;},‘,.

The Ca to obtain a deaired SAR can be found by ueing a ruler to connect Na
(scale A) and SAR (ecale C) and reed from scale B. The gypeum to be added
is found from scale D and aubtracting the Ca+Mg initielly preaent
~ 'This method of calculatins gypsum to lower the SAR is economicaiiy

'feaeible for waters in which the sodium or bicarbonate (HCO ) ion content is
not very high or where blending of high sodium water with low aalt content
water can be ugsed to lower the Na or HCO3 contenta.v The gypsum addition cal—
“culation is not accurate for waters with large quantities of carbonate (003)
and bicarbonate anions because watera of thia type precipitate Ca as lime

(Caca3 .' Additional gypsum above that’ calculated with ‘equation (5) must be

2
&3

added to watere of this type to ‘attain the desired SAR. For waters contain-
ing more than 6 me/l of Na and HCOa. an approximation of the total gypsum-
f;h;ch must be ‘added to correct for precipitation of cacos,’aeauming incomplete
Ca and no Mg precipitation by HCO3, and to obtain a particular SAR can be cal-

culated (in me/l) by.

Total gypsum (me/1) = (CO3 + HCO; ~ Mg - 1) + (Ca calculated
. for ‘SARy from equation (5))

Use of equation (6) is 1llustrated in Table 1 with tubewell watere v
the indicated analyses (Land Reclamation Directorate, Lahore. Pakiotan) and
blendt of one-half tubewell water and one-half river water. The gypsum
g}qnired;to:reduce‘the SAR of_the,watere to 10 was calculated by equations
(5) and (6). Then, the predicted SAR was calcuiated after correcting for the

,precipitation of lime (CaCO3) The precipitation of lime was predicted with
I

a eomputer program developed to predict equilibrium Ca concentrations in

calcareous and gypsifercus ayatema’(Rai and Franklin, 1973). The predictions
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’ of lime precipitation were computed at a temperature of 25° C and partia.
002 pressures of 3 and 16 matm for tubewell and blended waters, respectively.
Table 1. Calcium, calculated by equations (5) and (6), needed to reduce

the SAR to 10 in tubewell and blended waters and SAR obtained
after correcting for predicted (Pred) precipitation (Ppt) of

o %0
- Sample R ‘ - me/l - : ‘ ‘Preu.
. No, Ca’ Mg - Na K HCO3 Cl S0, SAR  CaCO, Ppt
‘ - TN PR - o R
™1 1.6 2.0 . 21.5° 0.1 6.0 10.5 8.7 16-?w§? -
[When 5.6 me/1 Ca* added ag calculated from Eq. 5] © 11,3 (Pred) 2.26
{When 8.6 me/1 Ca*. added aéagg;dqlﬁted from Eq. €] 15912 (Pred) 2.73
Bleid 1.7 (. 1.4  11.0 0.17. &2 5.3 4.6 - 8} -
3;1** » R L W '»:'_4; v . ..%: :
T - SRR T !
EWhen 14}0 me/1 Cé* added as calculﬁggd_ffgm Eq. 5] 15;?:Yfrea) 9,27
1Hhen'24.6 me/1 Ca* added as calculated' from Bq. 6] 9.9 (Pred) 10.20
Blend 1.2 1.0 14.5 0.1 7.7 5.8 3.3 13.8 -
wh | | . é -
[When 2.0 me/1 Ca* added as calculated from Eq. 5] 14.2 (Pred) 1.82
8.9 (Pred) 424

[When 7.7 me/1 Ca* added as calculated from %q. 6] .

i
)

TW;; Tubewell water analysis (Land Reclamation Directorate, Lahore)
~ % Ca in the form of gypsum s
w& - Blend of 1/2 tubewell water and 1/2 river water (using average compositions

of Indus, Chenab, and Jhelum Rivers). .

Equation (6) gives a much closer estimate of the gypsum needed to attain
an SAR of 10 than equation (5) for these high SAR, high bicarbonate whteta{
Approximately 54% (No. 1) and 76% (No. 2) more gypsum than calculated with -
equation (5) would be necessary to reduce the SAR of the tubewell waters to 10.
Predicted Ca precipitation as CaCO3 amounted to 40 and 66%, respectively, of
‘the gypsum added to water No. 1 and 2 according to equation (5) and 32 and 412;

respectively, of the gypsum added according to equation (6). Thus, the addition
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,;of 3!2; um to. tubewell watera with qualitiea similar to No, .1 and 2 would

AL g wt b BAPG M

'be :l.neff.:lc:lent: and not economically favorable, especially for weter No." 2.

ETR
Ol &') J

:Mixiqg the tubewell waters with equal proportiona of canal water would

SYsbing alna

‘eliminate the need for gypsum to attain an SAR of 10 1n Blend 1 and would
e Vaw A ]

decrease the 8ypsum required in Blend 2 by about 7oz.t Therefore. watere
with Aimilarly hish Na and H003 should be blended a8 much as poeaible witl
A EARNEEENS 4

wbeptegwquality weter before attempting to alter the SAR bv adding evnamm.
GYPSUM SOLUBILITY STUDIES'

Materiale and Procedurea
A.mill-run agricultural gypsum from Salida, Colorado was obteined for :
;the. experiments, The particle size diatribution of the m.cerial afteryaieving
.is shown in Table 2. The calcium and aulfate contente of each particle eize
.of gypsum were determined. A powered reagent gradbCabO4 24 0 (gypeum) _was
-uged.in one part of the studies.

-Table 2. ‘Particleislze distribution of the Salida gypsum.

size"m R 1"'2 ) 05"'1 025_05 .1—.25 005--1 v, '< 005
mesh 10-18 = 18-35 = 35-60 60~140 140-300-'  ‘»:300
2 2001 7 16.6 10.2 34,2 1044 8.8

éiﬁeuﬁ bleaolurlon”hi'sﬁakigg

e l‘eﬁlgraha"of“each particle size of gypsum’were’ added ' to"1: 11ter of 'die~ .
'tilled'eaterlin shaking flasks in concurrent runs. ~After adding the gypsum
to tgelwater and shaking the flask by Hand for about 10 seconds to obtain a

euepenaion, a sample was withdrawn for cen:rifugingand analysis. Then the’

- flasks were shaken in a higk-speed Everbach horizontal shaker. Two different
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runs were made for each partiéle'ﬁiéé;b:in ih;'fifét iun;”théﬁihééaff§zi%_
etobbed affer five mihutés to withdraw a sampleband then ehﬁplé& ifaiﬁﬁ
minuteAintervals. In the second run, the shaker was stopped for sample
withdraval after 10 minutes and 10-minute intervals thereafter. Thu%?‘%?f“
combining the two runs a sample was withdrawn at shaking intervale of '5 %!
minutes. Each sample withdrawn was centrifuged and the clarified’ soluti'; v
decanted within a S5-minute period. The solutions were anaiyheﬁ"ibf“éﬁiﬁiﬁﬁybj
EDTA (Versene) method (Heal&, l965l

Gypsum Dissolution in Soils

Two soils differing in texture, Gunbarrel ioamy sand and Nunn clay 10L_,
were used. The soils were firet ‘leached with distilled ‘Water'to" ‘fesiove sul-
:féte fons from the soils and reduce effluent discoloration which was found to in-
fétfere with the chemical analysis of the effluent solution. ' The soils wére then
dried, crushed, and remixed. Gypsum of each particle size equal to 1 gram of
chemically pure CaSO4-2H 0 (equivalent to a 1.6 T/A rate) was thoroughly mixed in
(the top half (2-in depch) of each individual soil sample and placed on t:op ‘of an
Eequal depth (2-in) of gypsum-free soil in 2. 75-in I.D. 1ucite columns. ‘Each sample
was then mechanically compacted to a 4-in depth to achieve a predeterminéd bulk
density. In additional soil samples chemically pure reagent grade gypsum was used
in place of the agricultural gypsum. Distilled water was added with a mariotte
syphon arrangement and the effluent solution was collected in 50-ml aliqubtn
in volumetric flasks (equivalent to 0.51 in of water). Three different
runs were made using the same procedure. Sulfate ion concentration was
used as the measure of gypsum solubility because calcium exchange reactions
and lime solubility made calcium an unreliable index. Sulfate in the

effluent samplés was determined turbidimetrically as barium sulfate
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_ (Bardsley and Lancaster, 1965) with a Coleman spectrophotometer. nupliEAEe‘?ﬁ
A on . -
analyses of each effluent sample were run as a: minimum. The time to collsctuV

A’i

¥
! i}

each 50-ml volume of effluent was recorded to calculate infiltration ratesﬁgél

Results and Discussion f'

Shaking Experiment
© The effects of particle size on gypsum solubility in the shaking ex-

S §

periment are shown in Figure 2. The S-minute time to suspend, withdraw,
centrifuge, and decant the sample was considered as the initial "contact
, time“. The solubility differences of the particle size of gypsum are ?

clearly shown in the first 5 minutes contact time before mechanical shakinQQ
a ‘‘‘‘‘
was started.~ The Ca concentration of the <0. 05 um material was near’

(28 3 me/l) saturation for gypsum whereas little dissolution took place in
th§’1-2 mm material (0.9 me/l). All sizes <0.5 mm were nearly saturated

(30 6 me/l) after 10 minutes shaking time. This indicates that in turbulent

flow relatively rapid dissolution of <0.5 mm gypsum will take place 1if it

(remains in suspension. Quite precise control of calcium concentrations '

w -.v’ '7

necessary to lower SAR levels to specific values;should be obtained vith

FO 25 mm (<60 mesh) gypsum metered into flowing water. The 1-2 mm size dis-
1 u*

solved at a much slower rate and required about 75 minutes to reach a sgq{

urated solution. However, 1ess than ls.minutes were required to reach one-

[ ) e
£A3 .t,,

hslf saturation (about 15 me/l). Thus, the coarser sizea which could be
{“.

p1aced in cross sections of ditches exhibit sufficient solubility to be use-

ful in altering water quality.

Soil Dissolution Experiment

The effects of particle size on gypsum solubility in soil as measured

by suXate concentration of the effluent is shown in Figure 3. The smaller
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g'i'{éiﬂ

‘Bypsum solubil:l.ty
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jipaum‘aizea ahowed a higher average solubility in the wettins front but

steadily decreased in concentration due to the limited amount applied.: The g

aoaraer“aizea exhibited a more conatant diaaolution rate. Gypium diaaolution

waémconaiatentiy lower-in-the loamy sand soil and roughly paralleled the con-

e

RIS R /
centration in the clay loam soil. Differences in infiltration rates occurring

u

between the three different runs affected the rate of dieaolution but not in

a completely coneiatent way. High infiltration ratea tended to reduce gypsun
content’of aolu*iona in the loamy sand, whereae the lower infiltratlon rates
tended to reduce rates at which gypaum dieeolved in the clay loam aoil. In-
filtration rate and texture differencee affected the solubility. of tha finer
particle size gypsum to a greater degree than for the 1-2 mm gypaum. Thus,

it appears that aolubility rates and Ca concentration levels in aoile could be
controlled toﬁa cgnaiderable degree by using different sizes of the coarser
grade gypaum;ﬁﬁteriala. Therefore, irrigation water quality could be alterad

ef?;ciantly by mixing different-sized gypsum materials into the aoil.

“f’ The effect of gypsum size on solubility is pertinent to the raclamation

#
u“"

of ‘sodic soils because it can affect reclamation efficiency.} The maximum

«-:-’ - £y

aolubility for a aaturated gypeum eolution is equivalent to 3 58 tona per acre=
foot of water. If the theoretical maximum solubility were attained. only
applied in the columns. :The U. S. Salinity Laboratory Staff (1956. p. 50)
report that in the field about 1.3 tons/acre of gypsum, 853% ofbwhich will
paae a 100-mesh screen, are diaeolved per acre-foot of water for a 4-5 ton
application rate. The percent aolubility of the varibua gypsum particle

sizes related to the theoretically maximum solubility (saturated solution)

ia shown in Table 3.
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tkﬂable%B.«‘Averageuf gypsum concentration of solutions passing through soila
~ treated with gypsum of the indicated particle size as percentage -’
..of:.theoretical maximum soubility (per 3. 89 1n. of water) and

average infiltration rates. e
 v?ﬁ¥E:2?e Loa:y Sand ' Cl:y Loam
8ize ;. , . . Solubility” Infiltration Solubility"  Infiltration
gm0 e in/h ER in/hr
raledi 10.7 nv;ié ; i$té 1. 0
.5:13 f 24,3, ,;233 ;¢3§'?” 1 1
52554 Six 36.7: 2,0 44§,ét 1 2
10554 1 52.1, ..2.0 f 517 ?1 2
e PP.§: 2.0 60&?! 12
Average . - oo o340 ... 2,0, 46.6 " 1 2

y Av erege of.3 runs.
l"u : .

Standard error of means of particle size ‘solubility = 6.2% 3R
oL .

T

""" The gypsum concentrations of solutions coming through soils increased
“ﬁ%ﬁé@ééﬁi6e19‘ae the gypsum particle sizes decreased down to 0.1 mm material.
qﬁi&ré was no statiscelly significant difference between the gypsum con-
héeﬁgrations'ilhen gypsum particle sizes were £0.1 mm in either soil. There
vie a highly significant difference between the average gypsum concentrations
coming out of the two soils. The reason for this difference is interpreted
as being due primarily to difference in infiltration rates. The average
infiltration rate of the loamy sand and soil was almost double that of the
clay loam soil. Less contact time of water with gypsum particles under high

infiltration rates probably produced this difference. There is a possibility

that "boundary flow" along the edge of the lucite tube may have been greater
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Lo h

’.v,for‘the 1oemy eand eoil and could account for some of ‘the difference. - Howaver,

3

the small difference (about 2%) in solubility percentages for the~l-2 mm

-gize would indicate that possible boundary flow differences were not important

- or- absent.

oy -
i .

. The reeulte in Table 3, which pertain to the eolubility efficiency of

s
\‘/ ‘ O

the firet 3.89 acre-inchee of effluent solution, are not completely compereble
to eoil reclamation treatments where "total dissolution is the main criteria.
Complete recovery was attained for the <0.05 mm gypsum' in only two of the .
eeparate runs and in only one of the eeparete runs for the 0.05-0.1 mm gypsum.
The diseolution efficiency was highest for the powdered reagent grade gypsum.
Thiebwee calculated to %é 1.81 and 1.66 tons/acre-foot of water for the clay

loam and loamy sand eoile, respectively. Dissolution of the <0.05 mm gypsum

_was 1;58 and 1.31 tons/acre-foot and dissolution of the 0.1~0.05 mm gypsum

was 1.45 and 1.16 tons/acre-foot for the clay loam and loamy sand soil,

respectively. The dissolution of the latter two gypsum sizes is compereble

" to the average 1.3 tons/acre-foot for the 4-5 ton/acre application rate re-

ported by theU. S. Salinity Laboratory Staff (1954). However, dissolution

" of the 1-2 mm gypsum in soil is estimated by extrapolation of average sulfate

concentrations in the effluent sawples, to be about 0.3-0.4 tons per“acre;foot

of water. Thus, it 1s concluded that large particle sizes (2100 mesh) would

“significantly reduce gypsum dissolution efficiency in soil applications for

réclémation purposes.
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EVAPOTRANSPIRATIOW AND IRRIGATION 'y,
WATER ~REQUIREMENTS . FOR PAKISTAN =

veyae c1yea?/

| Estimation of evapotronspiration? is of nterest far several

sppiications in Pakistan, Primary among thess are to estimute thd irriga-
tion water requirements of growing cropa to know when to irrigate and to
p_ra”ﬂdo comparative data in’water mansgement research between messured soil
moisture use and estimated soil moisture uss, Proper On-farm water mmgcmenf
in Pakistan raoquires careful consideration of the rate at which crops use
water and the levels of soil moisture depletion that develop in the soil.

Many of the methods for estimating evapotranspiration are considered
unacceptable for short term eatimates and relatively inacourate for periods uwp
te one month, Experience with the Jensen-Haise (Jensen and Haiss, 1963)
method of estimating evapctranspiration suggesta an accuracy vhich approaches
the accuracy of soil moisture measurements for periods of seven to ten days
or more /Jensen (1966), ~msen et al (1971)/.

The primary data requirements for estimation of evapotranspiration
using the Jensen-laise method ave long term mean maximum and minimum
temperatures and for each daily eatimate the daily solar radintion, daily mean
tenpersture and the ocrop coefficient curves for each particular ocrop. These
data are avallable for Pakistan and equations spplicable for Lshcre, Lyallpur,
Sargodha, Peshawar, and Multan are presented with jllustrations of the use of

the equation at Sargodha.

-

!._/ Prepared for publication in Indus, a monthly publication of the Water and
Pover Development Authority, Lahore, Pakistan, This research is supported
by UBAID contract csd-2162,

g/ Agricultural Engineer, Agricultural Engineering Department, Colorado State

University, Water Management Research Contract, Islamabad, Pakistan.
3/ A glossary of words are defined at the end of the paper.
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‘Data on' iong—tem mean temperatures;are. difripult to obtun tor
nont locn.tionl 1n Plnl'bl.n A report by Asghar and Nur-ud-Din (1962)
gtvo J.ong-tc.m mean ma:dmm und ninimm tcnwernturn for Lahore, Lyalipur,
Bu'godhs located nesr the Mona Reclamation ProJect, Multan, and Peshawar
and these are presented in Table 1, The maximum and minimum tenperatures for
Juns and August are presented because Jensen ot al (1970) recommends that in
U‘l elimate where thers is a definite wet and dry season that coefficients for the
evapotranspiration equation should be derived for the two definite climatic
- periods, June has the highest maximum temperature for the arid climste and
August was selected to represent the monsoon climate, The maximum temperatures
for July are higher than August but it was assumed that August was more appropri-
ate for calibrating the evapotranspiration equation since the monsoon climate
has the greatest «ffect during August. The evapotranspiration equation for
the monsoon climate will be uged for both July end August,
The relationship given by Jensen et al (1970) for potential evapo

transpiration is

Etp = OpT-Tx)fg [17
.'h.”
o Et, 1s potentisl evapotranspiration

Cp is the agr tamperature coefficient, constant for e
given area, end derived from lorg-ternm mean maximum
and minimm temperatures,

.7 is mean deily temperature

Tx linear equation intercept for the temperature axis
and constant for & given area.,
daily solar radiation in inches of water :
"The necessary data fcn' calibration of Cp and T, are given in Ttblc 1 for the

stations listed,
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“Table’l, Sumary of data for’calibration of Jensen Haize evapctranspirstion

equation.
Long Term Average Temperature (°F)y
v ipocation Ele;:tién » June August Juns ém_gz_
" Lahore o2 : 106 96 & &
Lyalipur 600 206 . g2, &
Sargodha 600 107. 98 . 1%
 Multan hol 1209 101 . 85.  ..84
Peshawar n7s 104 9 9 . T8

1/ Temperature data from Asghar and Mur-ud-pin (1962) - = -
2/ See West Pakistan Water and Power Development Authority

Tabls 2 presents the coefficients for the Jensen-Halse wupotranﬁpiration
equation for geveral locations for the arid and monsoon climates. Or and Tx
. are the appropriate coet‘fic;.entn in camputing evapotranspiration. Ko significant
difference except in the third dacimal place for Op was obtained for any of the
locations ar for the arid or the monsoon climate. Thus, Cp for any location and
for the arid and the monsoon climate are essentially equal, The maxisum difference
11'1 Tx between locations is 1.1 for an arid cr a monsoon climate, This suggecta' |
that location in Pakistan has & relatively small effect on evapotranspiration
estimates. Ty, however, for an arid as campared to a monsoon climate has a dif-
ference approaching 5 degrees for some locations and could be significant in conputl
evepotranspiration. Details of the procedures for camputing the various coefficient:
are given by Jensen et al (1970) and are reviewed by Clyma and Chaudhry (1974).
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~48b1e. 2, : Coerricients for Jonsen-aise evapotranspiration equatich fer several
locations for arid climate and monsoon climat ‘

jl‘zcation oo Avdd cHbiomu:oan ) Arid - Monaoon Arid wa
I‘i“"‘- 1,185 2,161 10,0124  0,0107 16,27 21,02
mupm- 1,26 2,10 ‘0.0122  0.0107 16,68 20.98
Bargodha 1.093 1.79 ‘0,025  o0,0112 W47 19.92
Miltan 1329 1.816 ‘0.023  0.0i11 16,00 20,22
Pulmn.r "1.292 1,565 o012k 0,012 26,62  20.08

_/ A.rid climate upplies to Beptember thru June and mongoon is for July and August.

Potential evepotranspiration is of interest because it is a measure of
‘the expected peak water use rates and, therefore, the consumptive use far given
' .eropping patterns and intensities for irrigstion projects. A fact that is
frequently ignored when using potential evapotranspiration data is that con-
suptive use may be as littls as 50% of the potential evepotranspiration,
.Evapotranspiration is reduced because of ocrop limiting factors. That is, &
young crop growing in a field limits evapotranspiration because the young ocrop
cannot transpire at the potential rate, .

Table 3 presents the monthly potential evapotranspiration for Bargodha
using mean monthly temperatures and mean monthly solar radiation for Sargodha
and the Jensen-taise equation, The maximum rate of potential eveapotranspiration
18 0,32 inches per day, This is & msan maximm rate and individual days and
: htarva.ln of time of 7 to 10 days will exceed this rate by as much as 25 percent.
" Thus for a given climatic regime O.4 of an inch per day can be expected for
relatively short intervals of time <7 one to two weeks.
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Table 3, Monthly potential evapotranspiration for Mona ueing mean monthly
o temperstures and mean monthly solar radiation from Sngodha Aol

Jensen-Haise equation.

December 56.5‘ T 0,18

#Estinate based on using coofr:lciante for monsoon cnmto.

1/ Etp = Cp(T - Tx) Re |
Arid: Et, = 0,012 (T - 15.5) Ba .
Monsocn: Er, = 0.011 (T - 19.9) R,

Mean Monthly Mean Monthly.

Tenp . Solar Radiation Evapotranspiration - otransgpiration

Month (33 (in/day) (in/day) (in (Accum/in,
Jamary 53.0 0.17 0.08 | é.h'a 2,48
Februwry  58.5. 0,21 o 3.08 5.56
March 68,0 ,0.27 0 11 ‘45 58’ 11,14
April I8, 0,32 F‘;o.e' ‘7’(.50 18,64
oMy 85,5, 9,35 "‘o 3 ‘;.gei 28,25
June 93.5 0,33 0.3 9.60  37.05
a9’ 0,36 ‘0.2l 7.4 45.29
August# 88.5 " "0.29" 0.2 7.82 52,11
September  85.0° "0,28" 9,21 7.20 59.31
October 75" ‘Ol 011 5.89 65.20
November 66.0 10,19 0L 3,60 68,60
0508 2,48 71.28°

Table 3 also presents the mean monthly evapotranspiration and the ac-

cumlated annusl potential evapotranspiration based on & period of 10 yearas uf

record for temperature and 5 years for solsr radiation.

transpiration for the Mona area is 6 feet per year.

Net irrigation water

Mean potential evapo-
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??:i?‘mirmntl: for. this loéaﬁén‘flliouidﬂﬁe *c’onn'i&oubly:*‘huw.bao;.une of fho |

‘mean annual precipitation of approximately 15 inches and reduced evapotranspiration

-due to crop limiting factors, Clyma azd Chaudhry (1974) have prenontudﬁet.ihd

‘procedures described by Jensen et al (1970) and Jensen (1972) that may be used

‘for estimating avapotranspiration for many different crops by using a crop co=-
Livefticlent that is based on the stege of growth of the crop. - -Thtrol.ationhhi_pz

By = Ko Eg
 whepetidl o s AR e

; Et is evapotranspiration far a particular crop

’ X, 18 the mean crop coefficient based on experimental
; ~date vhere soll moisture is rt limiting

| Eep is potentisl evapotranspiration
Aggdiltic estimate of evapotranspiration can be obtainsd by camputing evapo-
,‘;tﬁx:t_‘pqphja,tion for & given cropping sequence for a particular year,
P With this concept in mind, a cropping pattern of wheat for the rabi
season and cotton for the kharif season was selected. Mean climatic data
wir estimate the minimum water requirements during wet yau's. and underestimate
the maximm water requirements for dry seasons, Thus, two wet seasons, one for
the rabi and one for kharif, and similarly two dry seasons were ae;eqted. A
planting date for vheat of November 1 and a harvest date of April 15 were sslected.
:_ﬁl:‘&g(fotton the planting date waa assumed to be May 1 and the harvest date Octoﬁer
Tls_._ Actual cropping practices deviate from these sequences to vome extent be~
cause it has been obeerved that vheat is commonly planted on land that was
fallow for the ~abi season. However, some overlappirg or contimuous cropping
does occur, A plantiﬁg and harvest date for wheat and cotton that would permit
contimous cropping and a 200 percent cropping intensity is of cmi@ercblo

interaat.
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The general criteria for selecting the wet and ,d.ryxln'nonn;t& rabi
‘and kbarif were to select out of ten yeara of record tho. seasons with the
highest and lowsst rainfall. Radiation will be reduced during rainfall periods,
but peridds of peak radiation may not occur during the dry year, Thua, the dry
year may be an indication of peak seascnal net evapotranspiration, but it may
- not i1dentify the design peak watar requirements for adequate water supply for
maximm orop yields, | |
| Kharif water requirements for cotton are ,.bnnadgsqb,gg'.: normal planting.
date, but the harvest date 1s probably early. The amount of vater used will
not be appreciably greater because of maturation of the crop and low potential
evepotranspiration, Other crops could be considerod as representative of the
" kharif eseeson such as sugar cane » rice or a fodder, Each of these cropl have
low actual evapotranspiration rates during April, May und Jurns because of early
stages of growth or because the soil is faellow., Suger cans rauni irrigations
do conriict with water required for wheat. This may be e serious problem be-
cause the author feels that demand for water 1g greatest at planting time far
moat crops because of the excessivs amounts of water applied. This puk period
| would occur February thru Aprii during the period of peak water demand for
wheat. There would thus be a conflict for water, h

Table 4 presents data on seasonzl (rabi and kharif) and sessonal tatal

potoxrbiai evapotranspiration, and evapotranspiration and net mmtian wvater
ioqui.romentn for cotton and whaat for wet and dry seasons for Sargodha. Table
| 5 glves tha ratios as percent of evapotranspiration end net irrigation water
requirements to potential evapotranspiration for the wet and dry sessons and
the seasonal totals. The ratio as percent of rabi, kharif and seasonal total
potential evapotranspiration, evepotrsnspiration and net irrigation water
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roquirmntl are mo given 1n To,ble 5. L\rapotranspiratim il epproximately
85 percont of potential evepotranspiration during rabi fer either the wet or
.dry year, Similarly, evapotranspiration during kharif is 70 percent or
‘potentul cvapotrannpirat:lon whether during a wet or a d.r.v season, Bomlo of
gruter potenti::. . evapotranspiration durins khu-if, the uuonnl totm tond

to rollow the pattern established for khlrif.

Table 4. Potentiul evapotranspiration (E, ), evapotranspiration (E;), and
net irrigation water rcqu:lrementg (nat ) for Sargodha far season
(heat during Rabi end cotton during Kharif) and sessonal totals for
o wet and dry seasons,

Type of
Season  _ Rebi Kharis Seasonal Totalsd
R W Gh WL R R MR

Wot,-l/ .1.8.!&,__,‘;5,5; 6.8 .. 39,8 28.1 168 - 58.1 43,6 23.6
vag/ 20,9 17.3 . 16,3 .. U5.8 311 25.8 66,7 M4 W35

L/ Wet season for Rabi was 1967-68 and for Kharif was 1969.
"2/ Dry season for Rabi was 1970-T1 and for Kharif wis 1966,
}_/ Mean anmual potential evapotranspiration was 71 inches (fram Table 3).

 Table 5. Comparison of seasonal totals, rabi and kharif evapatrm-pmuon (Bg)
s and net irrigation water requirements (net E;) to potential evepo-
transpiration (E,.) and the ratios of wet season to dry season
potential evapotr iration, evapotranspiration and net irrigation
water requirements,

' Type of

. Beason Rabi Kharif Seasonal Totals
EyfEgp Net Eg/Bgy  Eg/Ey, Net EyfBy,  Egfig, Net Ey/Byy
Wat 8l 37 72 ke 7 .
Dry 8 78 8 % 0B 6

PO B R |

Etp By Net Ey Eyp By Nev By Eyp By Nev Xy
Wet/Dry 88 90 ke 87 % 65 87 % 57
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The eropping pattern that reaults in low water use during the periods

‘or hign potantia.l evapotranspiration is an important method for reducinc wvater
r.quirmnts in Pakistan, Potential evapotranspiration for April through: June

approaches 30 inches and rainfall is zero during many years. The current
‘pattern of cropping suggests actual water requirements are as low as ten inches
or one-third of the potential, A careful study may show that these practices
are primarily to reduce water use as othar ocropping practices may produce hjshnr
yieldn. For example, studies at Mona have shown that plantings of cotton as
eu'hr as April produced the highest yields, and this was the earliest date of
planting in the experiment (West Pakistan Water and Power Development Authcrity,
-undated) .
' Net wapotrmpirntior; is the water that must be supplied by irrigation
axd 1s the remainder after subtracting effective rainfall. The amount that
run.f&ll exceeds the soll moisture depletion during an interval goes to deep
percalation. The remainder is effective rainfall, The net irrigation water
requirements during a wet season is near 3% percent of potential evapotranspiration,
but during a dry season this requirement more than doubles to neer 80 percent
(Table 5). This 1s nearly the same as the change in rainfall from a wet to a
dry season. Rainfall i1s generally low during the rabl season and any rainfall
that occurs may be effective unless occurring Just subsequent to an irrigation.
There is & amaller range in the ratio of Net Eg to Etp for the kharif in Table 5,
Bince in even dry years some rainfall events will exceed the soill moisture
storage caracity, a smaller amount of the monsoon rainfall is effective and
there is lesa of & difference betwsen wet and dry seasons, 8till, nst irrigation
vater requirements during kharif average only 50 percent of potential cvupotramplra;'
tion.



:Anothes, fector significently affecting yater decand in Pakisten is
tpq?:lmuled humidity, domuod tmat\:;pu and redistion and signifiocant
wbl of rainfall during the monsoon, The potartial evapotranspiration in
Augunt is 25 percent less than the potential evapotranspiration in June.

e The relative effects of a wet season es compared to a dry ution on
sach of the componenta of evapotranspiration are shovn in Table 5 where the
mtuuon to dry season ratios are given. The greatest effect is on nat
Arrigation water requirements and is greatest during rabi.

ST Seasonal total potential evapotranspiration for Pakistan is quite

large - approaching six fest (Tables 3 and 4), Evapotranspiration for a
contimious cropping sequence and a 200 percent cropping intensity ranges from
3.2 to 4,0 feet (Table 4), This is & significant reduction in water requirements
because of the particular ocropping patterns in Pakistan,

o ‘Table 6 1s a copilation of estimates of crop evapotranspiraticn as
-Jublished by Sir Alexander Gib and Partners et al (1966) and the average of the
wet and dry years as estimated using the Jensen-Haise procedurs. The results
_are quite comparable and while great precision is not assured acceptable agcuracy

should be expected,

_Ti_tll_g_é. Comparison of wheat and cotton evapotranspiration amounts as
o calculated using Jensen-Haise and those previously pub;l.iuhos!.

Source | Theat ., Lotton
. Jensen-laise (Aug.) 16, 29.6
World Bank | 15 32
Harza . 15 29’
Blaney~Criddle 16" Gy &
Asghar A3, . 28,
White House Panel 1h 38
Risalewalal/ 1 29

Bes also llarra Engineering Co. International (1965). Experimantally
"/ determined value ﬂG ing ( )
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' Volume of water supplied appears to range fram henr 2 acre-feat per
‘acre (AF/A) in non-SCARP (Salinity -Control and Reclamation Projects) to near,
"MAF/A in SCARP and private tubewell areas. As a volume required, the 2 AF/A
would support even in dry years the approximately 80 percent cropping intensity
:‘f‘raquently found in non SCARP areas in Pakistan assuming the water 1s available
‘during a single cropping season, This assumes minimal losses in delivery and
agplication of water to farmers' fields. The 2 AF/A is short 1f compared to
potential evapotranspiration, Four acre feet could supply the requirements for two
| erops in dry years if minimal losses in delivery and application coccur and
there would be a surplus during wet years. Thua » the fact that SCARP areas
- average only 125 percent cropping intensity implies a considerable loss of water,
That some watergourses exceed the 125 percent intensity implies that farmers on
some watercourses are more effective,

The diifrerenco between what water 1s used affectively as implied by
cropping intensity and how the water is actually used are two different conditions.
If water 1s used ineffectively the cropping intensity can still be relatively
higher by stressing the crop during the periods of rapid water use, Thus,
because a cropping intensity of 80 percent can theoretically be supplied by 2 AF/A
in a dry year does not mean that water is used effectively or that little water
18 lost through the delivery and application of the water, Instsad, crops can
be stressed during peak periods of water use and yields of the crops would be low.
Crop ylelds in Pakistan are low, A double effect can be achieved through
improved on-farm water management in Pakistan, Water can bs saved and yields
can be increased, The water saved can bs used to crop more area and higher

yields for all the crops can be achieved by properly managing water.,
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Pnk ‘_'i:vg‘ter_,_u‘aa rates are another cr!.teribn 0 judge the adequacy of

D

‘an irrigation system, Standard water supply rates in Pekisten appear to

average one cusec per 350 acres in non SCARP areas and ons cusec per 150 acres

e ’
iin SCARP areas. Using tha Jensen-Haise procedure for estimating daily rates

?f Et

and 0.26 in/day, respectively. Using this criterion one cusec fpr 75 acres

» wheat and cotton have average daily rates for ten day intervals of 0.22

vould be a mare realistic supply for meeting the peak water requirements for
maximm production. This also msy suggest why SCARP areas have not achieved
the oropping intensities planned, especially when much of the water available

in a BCARP watercourse is not stored in the farmers fields for crop use,



‘Potoutil.l E\rupotrampimtion = the amount of water transpired ﬁ'an a unit area
in a unit of time Ly a short green crop such as alfalfa, completely
shading the ground, of uniform height and where water is not limiting.

ﬁvapotrmspiration or consumptive use - the amount of water transpired or uged
in building plant tissue and evaporated from the soil, or from inter-
cepted precipitation from a unit area in a unit of time,

Deep Percolation - the amount of water which passes below the root zone ef s
crop and 1s not used by the crop by evapotranspiration. ‘

- Effective Precipitation - the amount of reinfall evaporated fram plant or
soil surfaces or atored in the root zons of the crop.

Net Irrigation Requirement - water that must be supplied by irrigation to
satisfy evapotranspiration, leaching roquirements and other miscele
lanecus water requirements mimus the effective precipitation,
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" BACKGROUND ' AND PURPOSE.: : ::

ﬁiﬁ'*'The'authof'of~thisuinfbrmal report nas,on;tempo:arygdugy&;ngpgxist‘nf,
ifrom February 1 to March 15, 1973. The major purpose of the visit to
‘Pakistan was to investigate the possibilities of conducting field research
into methods by which sweet water can be recovered from saiine groundwater
.aquifers. This objective led to the review of existing data at MONA plus
/the ‘collection of limited additional data in an attempt to ascertain the
ssuitability of the MONA Project Area as a site for the resesrch.

4./4 - Mpr, Muhammad Ashraf, MONA Project Director, expressed interest in
‘making an attempt to recover sweet water in a particular area where the
existing deep wells are presently discharging water of unsuitable quality.
The:purpose of this report, prepared at Mr. Ashraf's request, is to docu-
‘mﬁnt~the data collected and to provide recommendations on what additional

data is required and how the "skimming' facility should be constructed.

OBSERVATIONS

The MONA Project Area is bounded on three sides by canals; the
’Power Jhelum Canal on the east, the Northern Branch of the Lower Jhelum
Céhal on the south, and the Shan Pur Branch on the north. Evidently
seepage from these three main water channels keeps the water thble suffic-
Q;hfiy high 6n‘thé north, south and east sides of the projact.aroa so that
the direction of flow on these boundaries is inward, toward the center

ofltﬁé froject area. The regional pattern of flow is toward the west

WEER

i{gpd;bf.ihe project area which is not bounded by a major water channel (1).
A north-south cross-section through the project area at almost zny point
will show that the water table elevation decreases toward the center.

Contour maps, showing the areal distribution of total dissolved

solids in tubewell water, clearly indicate that the best quality ground
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water is located adjacent to the major water channels which form the
' boundaries of the project area. The groundwater quality deteriorates
‘toward the center and toward the west side. Comparison of the water
table and total dissolved solids maps, indicates that total dissolved
solids increase in the direction of flow.
The public tubewells from which the water quality data was obtained
- -are usually 200 feet or more deep. Typically, the top of the well screen
(strainer) is 50-80 feet below the water table and extends to the boftom
of the well. Thus the dissolved solids concentration in the discharge
- does not reflect the water quality in the first 100 feet below the water
table to any significant degree. |
One of the areas in which tubewell water is of particularf§4poor
‘quality is along the Rattokala Distributary including tubewells numbered
v 33, 34, 36, 37, 39, 40, 41, 44, 45, 46, 48, 49 and 50. It is in this
area, that tests were conducted to determine if any significnﬁt quantities
+,OF sweet water exist above the depth at which these wells pump. The
; pﬁmping equipment was removed from tubewell 39 so that the pump could be
~inspected and to provide access for a device designed to collect water
.samples at various depths. Tubewell 39 had not been in use for several
. mpnths prio: to the‘time the samples were collected. The.following data
. were taken.
lUDD"PQh MN OV = reoruary 4/, 197/9.

_Blectrical Conductivity ,' - Depth Below

“ " pmhosfem = Water Table - ft
0.75 - 1.7
074 10--
0,72 20

070 30,
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Blectrical Conductivity Depth Below
i mmhosjcm ; Hntér Table - £t

;EO;ZQW 40
0,70 50

0,70 60

0.70, 62.5

: Do lx
0 70 70

SEEELR WIE
0.70 80
0.72 90
"1.58" . 106

"Unfbrtungtgly, the-sampling device fﬁfiéd"to work properly at depths
greater’fh;ﬁ“106 feet below the water table and further sampling could
not,_be accomplished. Nevertheless, the above data indicate a total dis-
solved solids concentration of approximatqu 500 ppm down to about 100
feet below the water table. N

Water samples were also collected from six hand pumps iﬁ the immed-
jate vicinity of tubewell 39. The electrical conductivity of the three
samples collected on the north side of Rattokala Distributary ranged from
2.1 mmhos/cm for the pump nearest the canal to 2.9 mmhos/cm for the pump
furtherst from the canal. The hand pump nearest the canal on the north
side was estimated to be 750-1000 feet from the canal.

4# ;v A-band pump about 500 feet from the canal on the south side produeed
water with a conductivity of 0.45 mmhos/cm. The conductivities of the
remaining two samples were 1.3 and 2.4 mmhos/cm and were collected at a

distance of some 1000 feet from the canal.



AN BXPLANATION

Some simple concepts which describe the tehavior of idealized fresh-
saline groundwater flow systems can be used to explain the obscrvations
described above. The system is idealized somewhat by assuming that the
relatively gradual change between the saline water and the fresh water
is replaced by an abrupt change. Thus, it is assumed that an interface

exists between the fresh water and the saline water as shown below.

Fresh Water

Inteérface

In reference 2, it is shown that the elevation 'z “of the'liiterface

aboVe‘;ome datum is expressed by

e P
s 1 £ i
Z-KEHS-EHf (1)

where

p_ = density of the saline water

denéity of the fresh water

Ap .4 Ds - pf

“hydraulic head on the interface.

=
]

;tis also shown that the slope of the interface is'‘given b

‘ i i
slope = Lo . 228 (2)
P 2p K— p— g £)
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:épvélocitf%of‘freshjwaterzOn theéinterfacee |
L] velbcity%ofhsalinefwaterronetheﬁinterface.
= hydraulic conductivity (permeability).
“Precise values of q; and qi are difficult to measure, but qﬁalitative,'
estimates of the direction and magnitude of flow are often aufficient.
In the case of interest in this report, it 15 assumed . that‘”qi' ¢ and
‘that the! direction of qf can be estimated from the water table contour
map. R

*.Equation 2, with the second ternm on the right equal to zero, predict
“that the interface will slope upward in the direction of flow. Fuzther-
imore, - the magnitude of the slope of the interface is much, much greater
“than the slope of the watsr table. ' This is true because the numerical
value of pf/Ap is large (40 or more).

It has already been poiniad out that, in the Mona Project Area,
tngwflow on the north, east, and south boundaries is toward the center
;f”;he area. Equation 2 predicts that the interface should slope upward

toward the center of the project, therefore. In other words, poor quality

e :
groundwmter would be expected to be nearest the surface tovard the center

:ndvnest end of the project area. Maps of the dist:ibution of totel
(eiesolved solids (ref. 1) show that this is indeed the case.

- Equation 1 can be used to estimate the change in depth of the fresh
water zone in local areas in response to a change in water table slevation.
The equation predicts that a unit increase in Hé will produce a decrease
of pf/Ap in the elevation of the interface. From a practical standpoint,
tnis means that small increases in water table elevation producs large

depressions in the interface olevation.
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The above rationale can be used to estimate the consequences of
seepage from Rattokala Distributary. Even small quantities of percolation
.through the bottom and sides of the canal tend to create a groundwater
mound beneath, which in turn, tends to depress the saline water. A short
-distance away from the distributary, the mound is probably  insignificant
~and the saline water will not be deprussed. Therefore, a nirrow "trenchﬂ
of sweet groundwater can be expected beneath the distributary in those
areas where pumping has been terminated for several months. It is believed
that this is the reason why sweet water was found in tubewell 39 (immed-
- iately adjacent to the canal) to a depth of 110 feet below the water table
and why saline water was found to exist near the water table several
 hundred feet away from the channel. A schematic cross-section showing
© the conditions that are believed to exist in the vicinity of*}ubewell 39 .

is shown in Figure 1.

‘.RBCOMMENDATIONS

- - The quantity of data upoﬂ which the above inferprétﬁtiond are based

 }3 quite limited. It is recommended, therefore, that additional data be
wcollected. Samples at various depths in several more wells along Rattokala
vDistributary should be taken in a manner similar to-that used at tubewell
39, Samples should be taken in only those wells which have not been

pumped for several months. Samples of water from hand pumped wells

sﬁould be collected as well. The vertical and lateral distribution of

sweet water along the canal can be mapped from the analysis of the samples.

A simple device fof collecting samples at various depths can be
constructed from a flexible, plastic bottle. Obtain a rubber or cork
plug which will seal the top of the bottle. Attach a cotton rope (or

somethiug similar) securely to plug and another rope to the bottle.



Rattokala D1str1butary

/———T‘ubewell 39

Hand Pump—=, * o\ = /-Hand Pump .

Pigure 1.

~ Saline Water

Sa_I ine‘WNater

YInte“rface
ks

Schematic North-South Cross-section at Tubewell MN-£39.
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Weight the bottle by placing stones, scrap steel, orbiead on the inside
so that the bottle will sink readily with the plug iﬁ place.

The procedure is to allow the bottle to sink to the desired depth
and then pull the plug. The bottle is then 1ifted to the surface. Some
contamination of the Sample will occur while being raised to the surface,
but the data will be useable for this work. Sampling should be beguh
near the water table witﬁ subsequent samples taken at greater and greater
depths. As the depth ié increased, more difficulty pulling the plug will
be experienced because of the greater pressure difference between the
outside and the inside of the bottle. This difficulty can be minimized
by using a small diameter plug and a'flexible plastic botﬁle which will
'\ partiélly collapse under the external water pressure. ’

It is recommended that a new well be bored as near tubewell 39 as
practical. This well should be equiﬁped wiﬁh a centrifugal pump with a
maximum discharge capacity qf about 0.5 cusec. Well construction and -
pump specifications are presenfed in a later section of this report.
~ Note that the recommended well is much shallowo¥ than a noxmal tube well.
Tubewell 39 is not appropriate for a skimming well because the top of the
- screen is some 70 feet below the water table. If the well were simply
~ plugged back to a depth of 100 feetfbelow the water ﬁéble, the remaining
open area of the screen would be tod‘near the sélinejﬁater to operate
effectively. |

After the new well has buen constructed, equipped, and samples
collected every 10 feet throughout the depth of the well, the following
tests should be conducted. The well should be pumped at a very low dis-
charge (say 25 gpm) for about two weeks. The actual discharge should be
measured. A valve in the discharge line can be used to control the dis-

charge. Throughout the two week period, samples of the discharge should
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be collected daily and the water 1eve1 and dradeWn:inﬁthdtwell noted.;
Théﬁwaterflevel inﬁtubewell .39should also: beftecorded daily. Near the
'end ofithe:'two~week:period; tle vertical«distrihutioneofatotglﬁdi:solved~
'solids:in:tubewell 39 should be determined.

. The'next step is: to increase the discharge to about 50 gpm and reﬁelt
‘all‘of - the above procedures. Again the time period should be two weeks.
The”above processes are repeated in steps of 25 gpm discharge until a
discharge of 125 gpm is reached. The dischargo is then increased in
increments of 50 gpm until the pump capacity is reached.

- The data collected from these tests, coupled with maps showing the
verticalrand lateral distribution of sweet water along the distributary
fWiil form the basis for analyzing the feasibility of installing more
'"§Fiﬁming wells" along the canal, provide data on the maximum safe dise
charge of skimming wells and other data required for a rational design
of future skimming wells.

| The importance of determining the relationship between discharge
and dissolved solids concentr;tion in the discharge cannot be over
emphasized There is a great deal of laboratory data and theoretical
research which indicate that the quantity of dissolved solids pumped from
a skimming well depends strongly on the pumping rate. It is quite likely
that the optimum discharge of the skimming well will be found to be on
the order of 0.2 cusecs. In this case, since the wells are shallow and
relatively inexpensive, several skimming wells can be bored in an area;
connected through a manifold, and pumped in battery by a single pump.
In this way, discharges of 1 cusec or more might be attained without

serious contamination from salt. The feasibility of these ideas depends

upon the results of the test outlined above.
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-SKIMMING WELL DESIGN

The data collected at tubewell 39 show that the groundwatar begins
‘to get salty about 90 feet below the water table (Figure 2). Laboratory
and theoretical research indicate that the optimum penetration of skimming
wells is 30% or less of the thickness of the sweet water zone. From
Figure 2, it is observed that the thickness of the sweet water zone is
‘nearly 100 feet. Therefore, the skimming well should be constructed to
a depth of 30 feet below the water table. A diagram of the well construc-
tion is shown in Figure 3. |

The maximum water horsepower that will be required is 2.5 HP., With-
out knowledge of the efficiency of the particular pump selected, the
required brake horsepower of the motor cannot be calculated accurately.
Certainly a motor which will develop a brake horsepower of 5 HP should

be adequate to drive the pump.

'REFERENCES
1. Annual Report of MONA Reclamation Bxperiﬁéntdl Prbjb@t, July 1971
June 1972. WAPDA. |
2. ﬁéwhorter, D, B., Steady and Unsteady Flowﬂdfypraéﬁ'ﬁﬁféfﬂin Saline
Aquifers, WMRVTeéh. Repért #20, Cdib;;adlé;itézbﬁi§§riity,

Fort Coliihs, Colorado.
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Progresa Report Wa.ter Q.w.lity Experimonts ’ Iwa.l.lpur ../
! J . deMooy, H M. Bha.tti, and A.A. Oheema

Inﬁltration rates of :lrrigation water were meuu.rpd on all plo’t;d of the
‘experimental area at Iiyallpur on April 24 through 27. Three crops, whaa.t sorgimm ;

fodder, and'berseem, were grown in succession using various water qualities (175,
1000, 2000 and 2700 ppm soluble salts), After harvesting the third crop, @
special irrigation was applied using the four water qualities each with three h
leaching fractions and three replications (36 plots). The entire plots were
irrigated and the rate of recession of the water level measured, The relults‘ N
are sumarized in six graphs and five tables,

Considerable difference in infiltration rate was found between the water
qualities Q3, Q2, and Q3. Use of the poorest quality water, Q4, led to~an inter-
mediate infiltration rate (Figure 1), The graphs represent means of 3 leaching
fractions and 3 replications, The mean rates of infiltration for sbsorption of
1, 2, and 3 inches of water are summarized in Table 1, The aain distinction 1s
between canal water (qq) and the other qualities, The time required for absorption
: of 1.5 and 3 inches of water is shown in Table 2, It appears that 1.5 inches of
water enter the soil in less than 10 hours. Only the soil irrigated with canal
water had the capacity to absorb 3 inches of water in a relatively short time,

The period of inundation exceeded 24 hours using the other water qualitiea.

nternal report only, not for publication
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, The variation 1n infiltration rates associated with leaching fractions was
_ small for Q and Q3, but rather substantial for the que.lities Qp and Q, (Figure
2, 3, 4, 5). It is likely that the differences reflected random variation whic
will be tested later by statistical analysis of the date.

Twelve-inch diameter rings were used to evaluate the initial rates of in-
' filtration. Three rings were placed in a.plot irr:lga.ted with cansl water and
three in a plot receiving tubewell water (Qy). The location of the rings repre
sented a high spot, a shelf area, and a depression in each plot. The maximum
" difference in elevation was of the order of 3 inches. The water level in the
rings was maintained at approximately one inch. Observations were made gimxl-
taneously with the irrigation of the entire plots,

The initial rate of infiltration exceeded 2 inches per hour on all plots,
but was maintained 6n1y for a few minutes (Table 3), There was little differenc
among the three rings in the canal water plot, but large differences occurred
within the tubewell water plot, Water entered the soil three times as fast in
~ depressional areas compared with the high spots. After 22 mimites the average
rate of brackish water entry in the depressions still exceeded that of canal water,
but shelf areas and high spot fell behind. Brackish water entry in depreasions
kept pace with that on canal water plots for a period of one to two hours, then
fell behind, Table 4 shows mean infiltration rates for one, two ar nx;re inches
of water under the various conditions, The data in Teble 5 indicate that the time
required for absorption of 3 inches of tubewell water was rather long regardless
of the microtopography owing to very low final infiltration rates in both depreéaiona
and high spots. When the required time for entry of 1.5 inches of water is short
and the time required for 3 inches is very long, the possibility exists that two

irrigations of 1.5 inches each could prevent crop injury that might occur when the
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iand rmins iriundated froi e 1ong time after application of 3 inches of ws%e
Aaéumfﬁé'f'tﬁéﬂ*occurrence-fof"extensivev-areas of -land resembling the conditions
described under "depressions', the practice of frequent but light irrigations
could be beneficial to the farmer, especially during periods of hot wea,thetr.

On ‘the other hand, very few fields in Pakistan are sufficiently level to permit-
11 5 inch 1rriga.tions. Furthermore, such practices are not practicablo for fa.rmors
vOpera.t:lng under fixed irrigation schedules and could lea.d to sa.lt accumu.at:lon &
if continued too long., '

The observed differences in reate of wter entry between depressions and
‘high spots may partly explain the rewzued upward trend in-infiltration rates which
is noticeable after 24 hours using brackish water on entire plots (Figures 1, 3,
4, 5), One day after water application the high spots are exposed and the rate
of infiltration is entirely that of the depressional areas. Rising temperatures
after sunrise of the second dey presumably had an.effecb also, This ‘effect coﬁld.

explain slightly upwerd trends in Figure 6.

-

TABLE 1 Mean rates of infiltration (inches/hour) of various amounts of
~-water as affected by water quality, Lyallpur, Apriivlm.

.Amount Rate of infiltration ‘(inches/hmr)y |

of water ° e

(inches) 175 ppm 1000 ppm 2000 ppm - 2700 ppm
T - 0.75 0.27 10.19 023
2 0.57 0.7 ‘ol - . 033
3 : ) o C e
'3 0.47 0.2 10,10 110,10’

!‘v“m'vwn R DRy o S P SN A A e

1/ Means of 9 observations



TABLE 2

Time required for absorption of water by the soil as. affeaied.
by water quality, ILyallpur, April 1973.

Amount . Avgorption time (hours/mimutes) .
"Zro’f nter s Meny R s ' i —t g
(4nches) . T m 1000 ppm 2000 ppm &700 o
Lo and mamems Bioo o o i
3.0‘ v6'.03° b 125,35 31 Cr et 30
‘5ibh »-t. G : . " ‘ T .,: o [

DA I YT U A ke ot i i E 1 o

Rty
e
R Mean rates of infiltration (inches/hour) in 12-inch dismeter rings
as affected by water quelity and micro-relief of the field, de.lp.u' ’
April 1973,
, ‘Perviod' . ‘, Rate of infiltration (inches/hour)
of time 175 ppm L/ 2700 ppm
Depression Shelf area High spot
. mins, 2.25 6.56 A 2,34
22 mins, 238 1.68 0.89 ©0.TT
1 hour o 0.9 0.5 o3k
2 hours 0;63 0.58 0.38. 0.23
10 hours 0.29 | 0.19 0.15 110.11

_1_/ Means of observations for depression, high spot, and shelf area,



I)-s

o Mean ﬁtés? 6f‘1nf11tr'ation (1nches/hour) 'ofrvaridﬁn“ asounts of
wa,ter measured by means of the ring methqd as arfected Yy \ntar
quality and m:lcrorelief of the field, Iwnupur, April 1973.
Amount ~ Rate of infiltration (inches/hour)
of ‘wafer 175 ppm 1/ 2700 ppm
inches Depression Shelf Ares High Bpot
1 ,; | 0.83 0.83 0.24 0,12
2} 0.38 019 “ 0,08 0.07
it 0.29 /o0 0.08 1 007
51 0.19

1/ Means of observations for deﬁréssigfn, high spot, and shelf atea,
{3 i o

| e
T4me required for ebscrption of water by the soil aa affected by
water quality and microrelief of the field, Lyallpur, April 1973.
Amount o S Absorption time (hours/minutes)
. of water 175 ppm =/ 2700 ppm
~ (1nches) S Depression Shelf Area High Spot
1.5 3 h.45 10,25 19,10
3,0 10,20 30 3h.10 40,50

| y Means of observations for depression, high spot, and shelf area.
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Figure 1. Cumlative rates of infiltration as affected by water quality, N HOURS
PARI, Iyallpur,
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Figure 2. Cumlative rates of infiltration as affected by leaching fractions
‘ c? 0, 10, snd 20% on plots irrigated with canal water (175 ppm TDS),

PART, Iyallpur.
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Figure 3. Cumlative rates of infiltration as affected by leaching fractions of
10, 20 and 30% on plots irrigated with water tomtaining 1000 ppm TDS,

35

,PARI,_IyaJ.J.pur ' ‘ -'A‘_

40
HOURS
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Figure 4. Cumlative rates of infiltration as affected by leaching fractions of

15, 30, and 45% ¢n plots irrigated with water containing 2000 pm TDS,
PART, Lyallpur.
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Cumilative rates of inf‘iltration as affected by leaching fractions of 30,

45, and 60% on plots irrigatec with water containing 2700 ppm TDS, PART, Ian.npur.
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Publications, Reports, Papers and Manuscripts

A. Publications - Council of U, S. Universities for Soil and Water
Development in Arid and Sub-Humid Areas, Water Management
‘Technical Reports not included in Appendices A-I,

1. Mahmood, Khalid. Planning Sediment Distribution in Surface
Irrigation Systems. Council of U.S. Universities for Soil and Water
Developmer=t in Arid and Sub-Humid Aress. Technical Report No. 286.
Fort Collins: Colorado State University, 3 December 1973,

This report deals with planning sediment load distribution in surface
irrigation systems. The object is to route waver and sediment through an
irrigation canal network so that sediment discharge equilibrium is
achieved by diverting the sediment inflow with the farm supplies. A
computer-simulated canal network is used for the routing, and following
problems are identified:

(1) The sediment transport capacity in a branching canal network
reduces in the downstream direction, mainly because smaller channels
cannot transport their proportional share of the sediment load in the system.

(2) The sediment transport capacity of farm watercourse channels is
especially limited, and sediment discharge nonequilibrium in these channels
can cause frequent interruption to farm water deliveries.

(3) Sediment inflow on farm units necessitates recurrent land levelling,

General principles for planning the sediment routing are derived.
Results of laboratory and computer studies of sediment withdrawal in farm
turnouts are also presented. The design of system components, so as to
achieve sediment discharge equilibrium, is illustrated by a numerical
example. Subject areas, where existing knowledge is deficient or unavail-
able, are also identified; and specific topics for field research are
suggested,

2. Zuberi, F. A, and D. B. McWhorter. Practical Skimming Well
Design, CUSUSWASH Water Management Technical Paper No, 27.
Fort Collins: Colorado State University, 4 December 1973.

Well patterns and designs have been investigated in order to compare
the technical performance and costs of several possible skimming facili-
ties, It was established that, for aquifer properties typical in Pakistan,
individual skimming wells can be expected to discharge in the range of
0.1 to 0.2 cfs, 1t is shown that several closely spaced wells can be
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spumped at a higher total discharge than a single isolated well, even
.though the individual wells in the battery are discharging at less than
“capacity. This results from the fact that distributed pumping produces

a smaller maximum drawdown than does a single well pumping at the
same rate., The discharge obtained by pumping in battery from closely
spaced wells (i.e. 1C to 15 feet apart) is approximately 60 percent
greater than for a single isolated well, The increased investment for the
battery of wells is more than 60 percent higher than for a single well,
however,

Cost estimates are contained in the report that indicate a single
skimming well will cost approximately Rs,2200. A typical _rivate tube-
well costs approximately Rs, 7000 for comparison. On a per unit dis-
charge basis, the investment in a private tubewell is about Rs. 7000 per
cfs and for a skimming well about Rs. 18, 000 per cfs. Operating costs
for electrically powered skimming wells is estimated to be about 15 per-
cent of the operatirg cost for a typical private tubewell, On a per acre
foot of water pumped, a skimming well will provide water at about Rs, 20
per acre foot compared with a cost of about Rs, 13 per acre foot for a
private tubewell,

3. Franklin, W. T. and W, R. Schmehl, Physical, Salinity and
Fertility Analyses of Selected Pakistan Soils, CUSUSWASH Water
Management Technical Report No. 28. Fort Collins: Colorado
State University, November, 1973,

This report presents basic data of physical, salinity, and fertility

. analyses of soil samples from Pakistan. Textural analyses and moisture
retention properties are given for 58 samples from the Punjab. Soils in
the Indus Plain are generally high in silt and low in organic matter,
which results in little or no water stable aggregate formation. Empirical
relations between moisture retention and textural analyses were developed
from the data. Salinity problems are widespread in Pakistan but only a
few of the soil samples analyzed contained saline and sodic layers.
Sodium-adsorption ratios of saturated paste extracts were correlated
with exchangeable sodium percentage and exchangeable-sodium ratios.
Correlation coefficients of about 0.96 were found for these correlations,
The Pakistan soils generally show less exchangeable sodium percentages
in the higher SAR range than do western U, S, soils.

4, Rai, Dhanpat and W, T. Franklin., Program for Computing Equilib-
rium Solution Composition in CaCOq and CaSO,4 Systerns from Irriga-
tion Water Compositions, Water Management Technical Report
No. 29. Fort Colling: Colorado State University, October, 1973.

This study develops a computer program to calculat.- equilibrium
golution compositions in calcarcous and gypsiferous systems, The
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calculations in the program are based upon published solubility products

" of calcite and gypsum and take into account ion-pair formation and the
solubility #2nhancement of calcite resulting from the presence of Mg

and SO4 © in the solution. For a given pre-equilibrium solution, the
program predicts equilibrium ionic strength, ionic activity coefficients,
dissociated (free) ions, ion-pairs, and total concentration of solute
species, amount of CaCOg precipitated or dissolved at a specified partial
CO2 pressure, and the amount of gypsum precipitated., Lime and gypsum
golubility results predicted with the computer closely agree with published
experimental results., The program is suitable for asgessing the sodium
and salinity hazards of marginal quality waters using other independently
developed parameters, such as the concentrating effects taking place in
the soil solution duc to evapotranspiration during the cropping cycle and
partial COy pressures developed under particular soil and cropping
conditions,

-5, Chaudhry, Mohammad Talib. Conjunstive Use of Indus Basin Waters -
Pakistan. (Summary of Ph.D. Dissertation] Water Management Technical

Report No. 30, Colorado State University, Iort Collins, October 1973,

This study 1s a part of the "Grow More Food" Clinpasggan wa wUus
civilization for world peace and prosperity. It provides a working math-
ematical model for analyzing and optimizing the conjunctive use of surface
and ground water resources of West Pakistan. In specific terms, the objec-
tive of the study is to drtermine the cire of the canal system, the surface
reservoir, and the ground water pumping facilities, such that, when the
system is operated optimolly, the capital and operation and maintenance
costs of meeting the given irrigation water requirements are minimized.

The resulis of this research indicate that by optimal conjunctive
use management of the Indus Basin Irrigation System in Pakistan, the
available water resources can be used more efficiently and at a lesser
cost; the ground water aquifer can serve ag a functional reservoir and a
recycling facility, considerably increasing the usable water resources;
and the present "use- when-available! supply system could be developed
into a "supply-on-demand" system. This will make other technological,
social, and cconomic inputs ‘more effective and meaningful. As a result,
the agricultural produce in the country could potentially be increased by
5 to 6 times.  Continued research extension and development are necessuary
to explore this potential and determine its attainability .

The .scope of this study is limited to only a relatively small subset
of the overall conjunctive use problem in West Pakistan. Some other
problems, however, are identified and suggested for future research.



9.

10,
11,
12,
13.
14,

15,

18,
17.

18,

19.

20,
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Reports and Papers Included in Appendices A'.-AI .

\.:..,,.-rlmproving Farm Water Management - G, L, Corey and W, Clyma

Watercourse Losses - Case Study No, 1 - Wayne Clyma and Arshad Ali

Irrigation Method as a Determinant of Pore Space and Crust Strength
of Cultivated Soils - W. D. Kemper, John S. Olson and Alan Hodgdon

Dissolution Rate of Gypsum in Flowing Water - W, D, Kemper, John
S. Olson and C. J. deMocy

Fertilizer or Salt Leaching as Affected by Surface Shaping and Place-

ment of Fertilizer and Irrigation Water - W, D, Kemper, John S.
Olson and Alan Hodgdon

Water Quality Improvement and Gypsum Solubility - W, T. Franklin

Evapotranspiration and Irrigation Water Requirements for Pakistan -
Wayne Clyma

Groundwater Quality Distribution Near the Rattokala Distributary -
Mona Area - D. B, McWhorter

Progress Report, Water Quality Experiments, Lyallpur - C, J.
deMooy, H. M. Bhatti, and A. A, Cheema

Water Management Research in a Developing Nation - G, L. Corey

Manuscripts Not Published But Available Upon Request

Salt Water Coning in Anisotropic Media - R, L. Chandler

Economics of Saline Water Management in Indus River Basin of
Pakistan - Ahmad S. Khan

Crop Yield Models With Limited Soil Water - H. M. Neghassi, Dale’
F. Heermann, Darryl E, Smika

Water-Fertilizer Response Trials, Wheat: 1972-73 - J. B, Eckert

Institutional Alternatives for Local Water Management in Pakistan -

G. E. Radosevich
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D. Submitted for Journal Publication

21. Effect of Hygroscopic Moisture on Ethylene Glycol Retention by
Clay Minerals - Dhanpat Rai and William T, Franklin, Submitted

to Soil Sci. Soc. Amer. Proc.

22, Sediment Itouting In Irrigation Canal Systems - Khalid Mahmood,
Proceedings ASCE, Irrigation and Drainage Div, Vol. 100,
March, 1974,
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)Known Uses During the Report Period of Materials Produced by‘the
Project for Seminars, Speeches, etc.

The following seminars based on Water Management Project Studies
-were presented at the International Interdisciplinary Seminar on Water
Resources Management conducted at CSU and attended by nationals of
over a dozen foreign countries:

1.

'"Problems and opportunities in water management in Pakistan,"
Gilbert Corey and Jerry Eckert

2. '"Water management technology variants needed to accommodate

farmers with smsll as well as large holdings,"

.. The following seminars, papers and reports were given at various
locations:

1.

2,

3.

8.

"Water management research in a developing nation--concepts
and constraints." A paper presented by Gilbert Corey at the
International Seminar on '"On-Farm Water Management." This
will be published in the proceedings of that seminar,

'"Adequacies and deficiencies of water management knowledge in
South Asia." A presentation to the International Seminar on
"On-Farm Water Management," by Jerry Eckert.

"Role of CSU in water management in Pakistan.' A paper pre-
sented by Gilbert Corey at the first national ''Seminar on Water
Management.' Printed in the proceedings of that seminar,

"Principles and procedures for evaluation of irrigation procedures."
Seminar given by Wayne Clyma and Gilbert Corey to 26 agricul-
turel engineering students at the University of Agriculture, Lyallpur

"Evaluation of farmer irrigation practices and specific deficiencies
of traditional methods of irrigation in comparison to modern
irrigation methods," Training session by Gilbert Corey and Wayne
Clyma for technicians at the technical training and extension
center at Mian Channu,

'"Crop response tu fertilizer and water." Presentation and discus-
sion led on this subject at Pakistan Seminar on Wa.er Management,
by J. C. deMooy.

'"Ynil and Soil Maoiasture Management' - nresentation and discussion



10,

11,

K-2

"Alleviating rural underemployment through integrated rural
development," by Jerry Eckert, Written at the request of

Col, Malik Shoaib Sultan for presentation and distribution to

50 staff members of the Integrated Rural Developmeng Program.

"Nitrate and chloride movement in soils irrigated by furrows
compared tc basin flooding," Presented at the 1973 American
Society of Agronomy Meetings by W. D. Kemper.

"Effect of irrigation method on pore size distribution and
crusting of soils." Presented at CSU Agronomy Department
Seminar by W, D. Kemper.

"Proposal for research on the heavy clay soils of the Mekong
delta,' Presented at the annual meeting of the directors of the
Heavy Clay Soils Study by S. A, Bowers.
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BRIEF UTILIZATION REPORT - PAKISTAN (BURP)

un1;1zation of project production in an LDC is difficult to farily
§y§luate. There are generally many secondary benefits which tend to go un-
noticed aﬁd not enumerated as utilization., To consider only transfer of
technologies resulting from research per se would be to omit a great portion
of g successful program in a developing nation, This project is undoubtedly
“not‘unique in the slowness with which a full scale coordinated research program
was developed in the participating country. To be succegsful such programs must
be developed gradually with country support. A program transplanted with immediacy
‘but without local support will not succeed regardless of its completeness or
sophistication,

This brief narrative report is presented to bring together the project
history and development in a manner which emphasizes its utility to Pakistan's .

agriculture,

Historical
 The project initiated in mid-1968 was actually not started in ?akistan

until September 1970 with the arrival of the firet member of the field party.
Vfrior to that time a small program of research was planned with two agencies,
Discussions were held and plans were developed by correspondence and through
short visits to Pakisten by CSU scientists. As a result, no coordinated, country-
wide acceptable program for Pekistan was even in the planning stage before 1
Janusry 1971,

The resident CSU engineer began discussions with USAID personnel and

Pekistani officials to create such an endeavor. To develop & worthwhile progranm,



it was first necessary to inculcate a genuine respect for and belief in the fact
that water management research was goou for and needed by the country. Much time
and effort was devoted to thig agpect,

There are presently four field party memebers working with most research
agencies in Pakistan as advisors and cooperating directly on four documented
research programs which have been accepted and whoieheartedly endorsed by the
Government of Pakistan. Two of these are suitably financed by USAID grants while

the others receive Government of Pekistan financing,

Country Development Climate

The economic and political sicuation in Pskistan has not been favorable
for leunching new programs during the past two years. A nine-month ecivil ﬁar
terminating only after s major conflict with Iniia on two widely separated fronts
left the economy in shambles., Until the termination of this national and inter- ‘
national crisis it wag virtually impossible to discuss program development on any-
thing other than an informal basis., With the Government of Pakistan's integrity
being freely and openly questioned in many quarters around the world, responsible
officials were understandably non-committal regarding new foreign eid progrems,

The ceane fire brought a split in the country and an entirely new regime
to power. The usual period of instability and anxiety followed with transfers
of positions, policies and programs. To the credit of the new govermment, this
period of ingecurity was short lived. There was an openness regarding overall
policy and a definite desire to lannch rural uplift programs, This favorable

atmosphere has existed during the past one year,

Program Promotion

With research progressing on the campus, it was important to develop a



healthy and friendly atmosphere for testing and development in the field, It
was apparent that to meet the objectives of the contract it was desirable to
promote a change in emphasis in irrigation water mansgement research in Pakiaten,
Water management seemed to mean production of new water sources or improving the
canal system, The strict engineering phases were emphasized at the expense of
the agronomic ones, Tittle attention wes being paid to on-farm water management
except for the growing concern over salinization which affects large acreages,

Consultation with USAID Agricultural Specialists and knowledgeablé Pakistani
l”researchers led to the develcpment of a research promotion campaign centered around
vefficient use of water through proper land preparation and watercourse rehabilitation;
Even the casual observer notes that these two areas have been neglected even though
there may be gnod réasons for the negligence, Thi: is true in most areas of the
world where irrigation is practiced. The Pakistan irrigation system is unique
in that there is insufficient water supplied for full production, Therefore it
18 doubly important to use water efficiently since water saved can be used directl&
by the one who saves it to irrigate more acres or irrigate existing acres more
effectively, There is, then, increased production potentiel from incressed acreage
as well as increased yields per acre,

The promotional campaign was carried out by developing contacts with key
govermmental people and discussing in detail the on-farm water management program,
The neceasity for a viable research program was continually emphasized pointing
out the importance of efficient and effective use of water especially where it
is so scarce,

The water mansgement film developed under the contract was used extensively.

Government officials, students, engineers and farmers all were able to associate
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A seminar was held and attended by practically all senior researchers
dealing with water management in Pakistan, Several govermnment officials were
elso in attendance as it was sponsored in cooperation with the Agricultural
Research Council., This seminar could be considered the culmination of the on-farnm
water management research promotion campaign since the recommendaﬁions developed

there reflect the desired results,

Recent Developments and Utilizstion

There has been a revolution in Pakistan relative to emphasis in improving
on-farm water menagement., This has occured essentially during the past 15 months,
Pakistun is moving fast and almost recklessly in adopting some of the concepts
CSU has been prcmoting, This was unpredictable, A report prepared by the Chief
of Party in January 1972 indicated that ‘the project (CSU/WMR) needs to expand

slowly and deliberately since the merits of the program are not self-cvident to

local agencies", Yet one Year later the actiona listed below sre taking place,

1. The President appointed o high level engineering team to study
water management and make recommendations relative to importunt
programs, The Chief of Party was ccnsulted on an informal basis
by cormittee members. High on the priorities was iand leveling,
watercourse rehab iitation and water management on the farm,

2, A tubewell promoticn scheme has been insugureted by the Government.
. Farmers are given incentives to drill private wells to increase
their water supplies, 'The field party was consulted,

5. The Government has decided to promote small tubewells to lower water
tadles in saline affected areas.

4, A national effort 1s being promoted in precision land leveling, Two
provinces are developing progrems with USAID whereby Soil Conservation
Service teams from the USA will develop training centers to teach
precision land leveling techniques and promote the practice as a
water management technology.



~ Watercourse lining is now being promcted by the Govermment of
Pakistan, The Integrated Rural Development Program - Punjab has
received funding for an experimental program to test the feasibility
of such a program, It is proposed to line 150 miles of watercourses
with a brick masonry type of lining in fifteern districts., These
test sections will be used to demonstrate the benefits as well as
determine farmer acceptance, The farmers are cooperating by furnishing
ell labor and in fact are acting as the contractors fcr conastruction.
The Irrigation Department is providing engineering expertise for
design and construction.

The plans and discussions which led to this program were definitely
influenced by the CSU field team through development of the SHADAB
research scheme and other contacts,

6, Practically all research agencies are now conscious of the necesgsity
for better water and soil moisture measurements. The level of precision
for these measurements has risen in Pskistan during the past year.

There is a demand for weirs, measuring flumes, soil cans, ovens and
infiltrometers, Small menufacturers are beini assisted by the field
party to enable them to fill these needs, Frrmers themselves are re-
questing siphon tubes and manufacture of these is being promoted.

"7. The Agriculturel Research Council published the recommendations de-
veloped at the Water Management Seminar. These were printed in English
and Urdu and distributed widely since they contained not only recom-
mendations for priority research programs but also recammendations for
the farmer on how to more efficiently utilize his water,

.8, The Agricultural Research Council has recently, 15 June 1973, requested
the field party to develop "a sound research programme for Baluchistan
for optimizing available resources of water supply for use in crop
production there".

"9, In the interest of developing better methods of watercourse rehabilitation,

' the Director of the Mona Reclamation Project and the CSU Chief of Party
visited Turkey recently to study methods used there, As a result, a
brick tile type lining utilized successfully there will be tested in
Pakistan, Pipe manufacturers are being helped and encouraged to make
rubber gasket irrigation pipe in Fakistan, These will be field tested
on the Mona project. Some of the techniques utilized by manufacturers
in Pekistan have been adapted in Turkey as a result of this cooperative
effort among the two countries, The tenefits of such cross fertili-
zotion are not easily measured but could certainly prove to be very
great,

10, The Director of the Mona Project presented a paper at the Water Manage-
ment Research Seminar detailing the problems of on-farm management
as problems of (a) exceasive applicetions of water cue to poor land
leveling, and knowledge of crop needs; (b) loss of water from ditches
thru spills and seepage, This information was also published as a
Paper in INDUS, an engineering publi~ation in Pakistan,



11, Personnel at eight research locations have requested agslstance and
" made efforts at measuring water and soil moisture to make the research
more quantitative:
a. Agricultural Engineering Directorate, ILyallpur
b. Punjab Agricultural Research Institute, Lyallpur

(1) Cereals Section - three locations
(2) Soil Chemist Section

¢. Rice Research Institute, Kals Shah Kaku

'd, Cotton Research Institute, Multan

e, Maize Research Institute, Yousafwala

£, Agricultural Engineering, Agricultural University, Lyallpur

€. Mona Research Project, Bhalwal

h. Department of Agrcnomy, Sind Agricultural College, Tandojam
12, Personnel at five locations have received training and practical

experience on the evaluation of existing irrigation systems and

practices needed to increase water use effectiveness,

&. Agricultural Engineering Directorate, Lyallpur

b. Agricultural Engineering, Agricultural University, Lyallpur '

(1) University Professor has used principles and procedures in
teaching and in regearch programs.

(2) Twenty-six students were given training in classroom end field
on principles and procedures for evaluation of irrigation
systems. These students have used these procedures to evaluate
farmer irrigation systems at several locations in Pakistan,

(3) Senior students are now required to do a fleld study as pre-
requisite to graduation. Before CSU involvement the students
did & library thesls.

c¢. USAID sponsored class on land leveling design was given to 20
graduate engineers, CSU field party taught and gave field experi-
ence in the evaluation and design of irrigation syatems,

13, Personnel of the Farmers Technical T.aining and Extension Center, Mian
Channu were given training on the valuation of farmer irrigetion
practices as well as the specific deficlencies of traditional methods
of irrigation in comparison to modern irrigation methods.



‘14, There is a growing awareness of the need for increasad efficiency of
water utilization in terms of production, As a result of CSU imput,
res~arch agencies at some 7 locations are preparing to look into the
interaction of soil fertility and other agronomic factors with soil
moisture varisbles. At two of these locations field trials have been
initiated even before funds have been made available. It is realized
that besides the possible savings in water application and an improved
distribution of water on the land, it also is possible to greatly in-
crease the sgricultural production per unit of water applied by im-
provement of production manegement practices. Experiments with cotton
are in progress during this seascn whereby more careful attention is
being paid than ever before to moisture levels, soil fertility conditions,
crop stand and plant spacing in comparisons of ridge plenting with
plantings in basins, No progress cen be made unless all production
factors are coordinated in this research. Crop breeders also should
be involved in this work because new varieties are needed which can
tolerate and utilize high levels of moisture, fertility, and manage-
ment., So far, this kind of coordination has been lacking in Pakistan.
The concept of a multiple discipline approach combined with greater
precision in all research activitiea is rapidly being accepted.

15, Water quality research in Pakigtan is headed for conclusions which
: are to some extent conflicting with the standards arrived at in the

U.S. Permissible limits in TDS, SAR, and RSC of soils and water tend
to be viewed more liberally in Pekisten than in the U.S, Possaibly
this is caused by insufficient precaution against goil deterioration,
If this is true, production and soil resources could be affected in
the long term. Most of the important research in this area is being
conducted with CSU cooperation. Whether or not water quality standards
will coincide ultimately with those of the USA is undecided and remains
a most interesting problem.

Program for Increesed Utilization

Certainly not all the above listed developments can be credited solely
to the CSU project in Pakistan., The USAID Mission has cooperated closely with
the program and fortunately the time was exactiy correct to develop such endeavors,
Adaption of our findirgs and opinions is Boﬁzgat a definite risk exists of our ideas
and thoughts being accepted before the necessary resgearch has been done, AID/TAB

gshould be careful not to put excesslve pressure on reporting and adaption of in-

complete research findings for this reason,
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The current emphasis and enthusiasm within the Government of Pakistan
will wane unless research keeps pace and defines limits and quantifies costs/
benefits on the various technologies belng adopted, Two significant projects
have been developed to fleld test any on-farm water management technology which
results from research either on the CSU Campus or among cooperating stations in
Pakistan, Technologles which have proven successful elsewhere cen also readily
be tested, These are referred to as the Mona and Shadeb Projects and involve en-
tire watercourse areas as laboratories, In this manner, the socio-economic con-
ditions become a part of the field test as research is carried out with the farmer
under his constraints and utilizing his resources. Land leveling, watercourse
linings of several typee, improved methods of water delivery, tillage practices,
irrigation methods and other agronomic practices can all be field tested and
Just as important pramoted at these field sites, These projects have been financed
by the USAID Mission tc Pakistan and the Govermment of Pakistan anxiously awaits

funding beginning 1 July 1973.



