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ABSTRACT

Experiments carried out to study the relative

contribution from canal system, precipitation and irrigated

fields to water table have been described. The normal delta

of irrigation water does not seem to have any appreciable

effect on the water table through heavy textured soil. The

contribution from irrigated fields/rains through sandy soils

is significant. However, the groundwater rise (water logging)

is mainly due to the infiltration from the canal system.
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STUDY OF DOWNWABD MOVEMENT OF SOIL
WATER IN UNSATURATED ZONE

1. INTRODUCTION

The study of downward movement of soil water in unsaturated

zone was initiated in December, 1980 under IAEA/GS Project 273VGS.

The 1st year study was mainly focussed on the estimation of contri-

bution towards the water table from irrigated fields. The results

indicated that in loamy soil and sandy loams, the penetration of

irrigation water is limited to a maximum of one meter depth and most

of it remained stored in the upper layers of the soil whence it

starts evaporating upwards. Moreover, under the prevailing atmosph-

eric conditions of less humidity and higher temperature, the stand-

ing water in the field encounters much more isotopic enrichment with

the lapse of time. During an experiment, as much as 5 %o enrichment

was caused in kk hrs - indicating high evaporation rates (1).

During the present study period, two fields with quite

different soil texture are selected» Efforts have been made to find

flow velocities due to irrigation practices, monsoon rains and

prolonged irrigation of the fields.

It may be pointed out that the present work is a part of

the study which was meant to distinguish between the infiltration

from:

-canals and their distributaries,

-monsoon rains,

-irrigated fields.

2, AREA OF STUDY

In all, four fields were selected in the area of Faisalabad.

However results of only two fields (designated as field No. 3 and field

No. 4) would be discussed in detail. All these fields, each measuring

170 m , are located at Faisalabad which is situated in Hechna Doab

(land between the rivers Ravi and Chenab) and is badly hit by the

problem of water logging and salinity. The water table in the area

is 1-4 m below the ground surface. At some places it appears on the

ground surface too.
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2.1 Geology

The Faisalabad area forms part of the Punjab plains which is

an extension of the upper Indus plains. The area was originally a

sea bed. It had some extension of the Aravali mountain ranges of

Northern India. The area is filled by recent flood deposits compri-

sing of unconsolidated clay, silt and fine to medium grained sand.

These sediments are interconnected in an irregular way. Fine grained

sediments prevail in the upper 3-5 n depth while medium grained sands

are predominant below 5 m. The mountains are burried under alluvium,

with some hill tops still exposed as out-crops in the vast flat plains

of the Indus. The average height of the area is about 215 » above sea

level. The thickness of the alluvial deposits is about **50 m in the pro-

ject area ( 1^* ).

2.2 Climate

The project area falls in arid to semi-arid zone. For most of

the winter months (November to January) the weather is characterized

by dry air and bright sun during the day. Some of the climatological

features are discussed below:

2.2.1 Temperature

January is the coldest month in winter and June is the hottest

month in summer. The maximum temperature during January is 200C, while

minimum during this month is 5°C.

From February to June the temperature shows rising trend and

June becomes the hottest month. The maximum temperature is ^7°C, while

miniHum temperature is 32°C.

In July and August temperature falls to some extent due to the

onset of monsoons. The annual maximum temperature is 320C and minimum

is 17°C

2.2.2 Humidity

May and June are the driest months of the year, with 17 %

mean relative humidity. The relative humidity during the month of

July and August is about 70 %. The wet bulb temperature is about 23°C

in these months making the weather more uncomfortable.

2.2.3 Rainfall

Rainfall occurs mainly in summer due to monsoons. The area

also receives winter showers of lesser intensity. Monsoon operates
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during July - September whereas in winter, showers occur during De-

cember - February. The average annual rainfall is about kO cm.

3. MATEBIALS AND METHODS

Both isotopic techniques and conventional methods were emplo-

yed during the course of this study. Further the study was conducted:

a) using a normal mode of irrigation in the fields with different

soil texture, b) tracing of the rainy events only and c) using cons-

tant irrigation of the fields..

3.1 Isotopes Used in the Study

The environmental stable isotopes e.g. Deuterium (D), Oxygen-18

and radioactive isotope Tritium (H ) were studied. All these isotopes

are produced in nature, form a part of water molecule and are transpor-

ted through precipitation. Further, these isotopes do not react with the

aquifer and therefore, serve as conservative tracers in the study of

movement of groundwater.

The principal heavy stable isotopic components of water are

. They occur in natural waters in concentrations of

about 320 ppm and 2000 ppm respectively. Systematic investigations
18

ov«r the last many years revealed that the proportions of H_0 and
16

HDO fluctuate within the ranges 1880-2010 and 180-3^0 ppm respec-

tively (/* ). This is essentially due to the lower vapour pressures

of H2O and HDO , as a result of which isotopic fractionation takes

place during every phase transformation i.e. condensation and evapo-

ration. Isotopic exchange, diffusion and dispersion ensure that isoto-

pic fluctuation, which initially takes place at the phase boundaries,

becomes measureable volume effect in a water sample.

The varying proportions of these components in terrestrial

waters can be measured by a mass spectrometer with a precision of

0.1 SUo for oxygen-18.

16
HDO and H^O

8 + y

where
SMOW

x 1000; B O18/O16 or D/H



The excess of deuterium (Y) may Vary, but is normally + 10. However,

waters which have been subjected to evaporation are found to fall off

the general line of slope 8. In these cases lines having a slope betw-

een k and 6 have been observed ( ).

The tritium in precipitation originates from two causes: The

first, a natural one, is production by interaction of cosmic high-

energy radiation with atmospheric components. Estimates of the concen-

tration of tritium in precipitation resulting from this source vary, but

seem to be of the order of 10 TU. The second source is man-made and is

derived, since 1952, principally from the detonation of thermonuclear

devices. This production has swamped the former by injecting periodic

pulses into the atmosphere, with the result that precipitation has been

labelled with an amount of tritium which can be relatively easily

measured. The occurrance of tritium in precipitation results in an over-

all labelling of water in the hydrological cycle. Tritium is, therefore,

found to varying degrees not only in precipitation but also in surface
n

waters, groundwaters and the oceans ( ).

3.2 Other Tools Used

The neutron soil moisture gauge was used for the measurement

of soil water content in the field. This offered a means of determining

water content at various depths and intervals of time in case of the

continuous irrigation of the field. Chloride and Electrical Conductivity

measurements of soil water were also made to supplement the isotopic data.

^. Experimental

Core samples were taken using an auger. It was ensured that the

auger hole was at least one meter away from the position of the previous

core. The soil core sections each of 25 cm length were taken up to 'f

meter below the ground surface. These core samples were properly sealed

in FVC tubes and transported to laboratory.

Samples of irrigation water standing in the experimental fields

were taken at different times to see the effect of evaporation on the

isotopic composition of the infiltrating water.

The temperature of soil at various depths was measured just

by putting the tip of a thermometer in the soil section while still

in the auger.

Water samples from various hand-pumps penetrating up to a

depth of about 10 m and tubewells exceeding 75 m were collected
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to see the effect of irrigation waters.

The moisture extraction from the soil cores was done in

a vacuum distillation assembly (-). The extracted water samples

were analysed for 0 and D contents by a Mass Spectrometer

equipped with a double ion collector system and automatic H- compen-

sation unit. The tritium (T) content was determined by a Packard

Triearb Liquid Scintillation Spectrometer system.

In case of prolonged irrigation experiment a hole was

drilled in the centre of each field. The diameter of this hole was

kept smaller than the outer diameter of aluminum pipe used with

neutron moisture probe as access tube. Under the situation! the

access tube when lowered into hole cuts the soil edges keeping

the soil profile undisturbed. Before irrigation of the field a

background moisture measurement was made along the soil profile

at depth intervals of 25 cm. This was then repeated at different

time intervals after maintaining a constant water head of 100 mm.

5. Results and Discussion

The results obtained from the experiments performed in

various fields are as follows:-

5.1

5.1.1

Characteristics of the Irrigation Fields

Hydrogeological Properties

The representative grain size distributions for field 2,3

and 4 are given in Figure 1. In case of field 1, only clay and silt

contents were determined. Differences in the granulometric compo-

sition of these sediments are best expressed by their silt and clay

content as given in Table T. Parallel to the clay and silt content

the permeability varies qualitatively.

The common irrigation practice is done by flooding the fields

till water reaches a level of 75 mm (3 inches) above the field. Infil-

tration starts during flooding and stops when the water has disappeared

from the field. As shown in Figures 2,3»^ and 5» the increase in water

content in the unsaturated zone is stronger in fields with high per-

meability than in fields with low permeability. The computation of

increase of water content (M) in the unsaturated zone expressed in

litres was made through the relation:

M w.dh
ho

F = area, w = volumetric moisture content, h = depth
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This increase corresponds to the amount of 75 m°> of •'•,- • '-.

irrigation water per m2 and is the highest in the highly permeable

field No. k and lowest in the least permeable field No. 1 (Table I).

Furthermore it can be seen from figures 2,3,^ & 5 and Table I

that the penetration depth of irrigation water is lowest in

field No.1 and greater than 3.3 m in the highly permeable field

No.4.
O

Former studies in Pakistan ( ) show that evapotrans-

piration reaches a depth of about 1-1.? m below ground. From

this it can be assumed that the irrigation water in the field

No* 1»2, It 3 might partly or totally be evaporated to the

atmosphere» In field No»1», a large amount of irrigation water

stored up to lower depths will percolate to ground water.

The evaporation from near surface layers in these fields

is favoured by shrinkage cracks generated in all the four

fields with drying of the soil. These cracks reach a depth of

about 50 cm below surface.

The hydraulic conductivity in fields 1,2 & 3 with

post-irrigation water content of roughly 20 vol. # at 1 in

depth is lower than 10~ ffl/s; whereas in field k, it is one

order higher. The calculated distance velocity for field k with

a permeability of 10 m/s and a water content of 20 vol. % at

a depth of 1 m is of the order of 16 m/a. This result is in

fairly good agreement with the distance velocity determined by

means of stable isotopes in the same field under post-irrigation

conditions. During infiltration, the distance velocity must be

in the order of a few meters a day; otherwise water could not

percolate to the water table within 1-2 days. Calculating the

distance velocity for fields 1,2 & 3 with permeability of
Q

less than 10~ m/s at a water content of 20 vol. %, it is

expected to be in the order of 1.6 m/a or even less at 1 m depth.

Considering that fields 1,2 & 3 contain the predominant

sediments in the area, there is slow percolation and therefore

weak contributions to the ground water recharge. This is in
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good agreement with former statements ( )•

5.2 Qualitative Proof of Hydraulic Results

Tritium profiles in field Nos. 3 & 4 are depicted

in figures 6 & ?. Sampling made in field 3 on 5.*t.198i, has

tritium peak at 2,5 n depth with maximum concentration of

215 TU. fke "profile on 25.1.1983 has peak at 3 m of concen-

tration 170 IU. Dispersion due to molecular diffusion seems

to be active during downward movement. Total rainfall after

April, 1981 was about 1000 am. Znspite of this rain, the

downward movement at the depth of 2.5 m in field 3 is very

small i.e. even less than 0.5 m/a. However, in field k

(fig. 7) the downward displacement of the peak is quick i.e.

about 1 m in only k days after 75 m» irrigation of the field.

This weak percolation in field 3 and strong one in field k

would result in different phenomenon of leaching of salinity

in the two fields. Figure 8 showing the variations of chloride

(cl~) with depth indicates that strong percolation has leached

out all salts near to water table. Whereas in figure 9 (field 3)

shows a peak at a depth of 75-80 cm (its height increasing with

time). This indicates that the penetration of irrigation water

was limited to the upper soil layers only. As the top soil

dries up, the soil moisture starts moving upward carrying cl"

with it. Consequently the previously leached salt profiles

shift upward as indicated by the core sampling on 11.5.1981.

5*3 Results of Irrigation Experiments

Irrigation experiments performed in field 2 & 3 have

been described in our previous paper ( ). The results of these

experiments in loamy soil indicate that penetration of irriga-

tion water is limited to a maximum of one meter soil depth and

most of it remains stored in the upper layers of the soil

whence it starts evaporating upward.

When water is applied to the field, its downward

movement under tension adjustments aided by gravity flow, is

relatively rapid in the begining till the soil reaches its field

capacity state. The moisture movement still continues to take
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place but its rate is quite slow as at this stage only capillary

forces are effective. During this process, the mixing of iso-

topically enriched soil moisture with the irrigation water

occurs and shifts the isotopic composition towards that of

irrigation water as it moves downward.

Later on, as the top layers dry out through the loss

of water vapour to atmosphere under the process of diffusion

and convection, the soil moisture content is reduced below

that of the field capacity and the rate of downward movement

is drastically curtailed. Eventually this downward movement

of water also ceases.

Evaporation at the soil surface creates a region of

lot/ tension resulting in upward movement of soil moisture through

capillary action. During this process of evaporation, the

soil moisture gets enriched isotopically*

This back and forth moisture movement is always

operating in the soil after each irrigation. However, the

depth of water penetration depends upon the type of soil,

intensity of irrigation, atmospheric evaporation rates prevail-

ing and other factors. Table I and Figures 2,3,4 and 5 demons-

trate this fact clearly where the penetration depths for

fields 1,2 and 3 are within 1 m range and that for field k is

3 times more.

These irrigation experiments further demonstrate that

the irrigation water (75 mm) keeps standing in fields 1,2 & 3

for hours as the percolation is slow there. During this process
18

the field water encounters as.anch as 5 %o enrichment of O

in about kO hrs indicating high evaporation rates. Whereas in

field No.'f all the water (1J cm) infiltrated within two hours.
*i A

The mean values of SO and SD for four samples collected

during this period from the field are -8.23 £ 0.0^ %o and

-^6.6 HK 0.Jf £o respectively. This indicates that any isotopic

change due to evaporation is within analytical errors.
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5.3.1 Percolation Velocities due to Normal Delta of Irrigation

When normal delta of irrigation water (75 mm) was

applied to field Jf, tritium peak at 80 cm was pushed to the

depth of about 150 cm in 4 days (Figure 7) resulting in downward

movement rate of*-* 6k m/a. This irrigation water then hits a

deuterium peak (due to rain) at depth of 150 cm which moves to

225 cm depth in 20 days (Figure 11). The downward movement rate

in this region is 14 m/a. This drop in flow rate ia due to

reduction of tension forces in this region and the main driving

force here is gravity only. Whereas in upper region (1m),

downward movement was controlled by tension adjustments aided by

gravity.

In field 3» the downward movement rate due to irri-

gation water is very slow and cannot be estimated accurately.

Here most of irrigation water evaporates to the atmosphere and

only small portion percolates.

5»^ Results of Rain Infiltration in Fields 3 & k

5.^.1 Field Ho.3

6D versus depth plot (Figure 10a) of field 3

(April-June 1981) indicates large deuterium distributions in

the upper soil layers due to intense fluctuations in soil

moisture. In lower layers the isotopic transport processes in

the soil moisture smooth out the isotopic differences of water

in various layers during the passage of time. In still deeper

layers, these differences are not distinguishable.

However, deuterium profile (on 27.9.1981) after mon-

soons shows a peak (£0 = -2^.00) at 60 cm depth. This is

essentially due to monsoon rains (̂ 90 mm) which have weighted

averages as fiD » -23.01 ft> and SO = -3.57 %o (Table II).

As shown in figure 10b this peak moves further down to 100 cm

depth by 8.2.1984. Then, as the upper layers dry up, the soil

moisture starts moving upward as ia shown by profiles of later

dates. Downward movement rate due to rains is less than 5 m/a.
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This is slightly higher than the displacement rate due to

irrigation water. However, because of low percolation rates,

these rains can contribute a little to groundwater through such

loamy soils.

5*4.2 Field No.4

As compared to field 3* the monsoon rains.

(SO « -23*01 %o) penetrated upto a depth of 150 cm within the

same duration resulting in downward movement rate of about

8 ra/a (Figure 11). This percolation rate is almost half than

due to irrigation practices* This is essentially due to the fact

that the field had previously ao ridges around and most of the

rain water disappeared as surface run off»

In the upper part of profile, the peak at depth of

1 m moves down to 2.25 m >y »id July 1984 due to rains (75 mm)

on 16/17th June 1984 with downward movement rate of *"* 20 m/a.

On later dates all isotopic differences disappear i.e. the

isotopic peaks are washed out to water table due to monsoons

of 1982 and 1983.

5*5 Prolonged Irrigation of Field 3 & 4

Aa experiment was set up to see percolation rates in

the two fields when continuous irrigation maintaining a

constant head of 100 mm was applied. The change of moisture

content at various depths with time was monitored with a neutron

probe. The count rate of the detector is translated into

volumetric soil moisture content by means of appropriate

calibration curve of the form ( )t

Q * g. R' + C

where 3 • volumetric water content

g s slope of the calibration curve

R1 • the count rate ratio R/Ry

R s count rate in soil

n s count rate in water standard

Q * calibration constant, the negative

intercept on Q axis»
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The results of this experiment are given in figures

12 & 13. The calculated velocities at various depths in the

two fields are depicted in Figure Ik. Few important features

of these curves are:

a) Velocities decrease with depth upto certain

point and then become constant (Fig. 1*0.

b) Flow velocities in field *• are 2 to 6 times

higher than those in field 3.

c) Moisture profiles at various depths have

different field capacities depending upon

the soil type.

d) Upper layers due to higher silt %, have higher

field capacities.

5.6 Contribution of Canal System to Groundwater

Isotopic and hydrochemical studies made by the
Q

authors ( ) in the Faisalabad area resulted in the statement,

that groundwater rise (water logging) is mainly due to the

infiltration from the canal system. The residence time of the

groundwater above the pre-irrigation water table is in the

order of some tens of years. Near canals there is a large

amount of recent groundwater.

Figure 15 shows a histogram of the frequency distri-

bution of £0 values of shallow and deep groundwater of the

study area. In both cases, the distribution is highly skewed

with the maximum frequency close to isotopic index (-8.6 %o)

of canal system estimated from actual canal samples. The

range of isotopic variations of canal water is -5 %o to -11 %o.

The lower frequency occurs at delta values close to the isotopic

index (~*-*f #0) estimated for recharge by infiltration of

local precipitation - and that too only in shallow groundwater.

Contribution from rains in deeper zone seems to be negligible.

However, it is important that contribution from heavy rains

(isotopically depleted) which can infiltrate rapidly through
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sandy soils as demonstrated by "prolonged irrigation

experiment1' cannot be determined while taking isotopic index

as weighted average of all rains. Because of the possi-

bility of such quick seepage, the contribution of rains is

to be calculated for each single rainfall. Similarly, the

contribution of irrigation water through sandy soils cannot

l»a clearly distinguished from that of canal system as:

(a) it rapidly infiltrates down to the level at

which it cannot be taken up and removed by

evapotranspiration.

(b) the infiltrating irrigation water in sandy

soils does not undergo any evaporation and

its isotopic contents remain unchanged

before percolation (see section 3*3)*

However, during the upward movement of soil moisture

as a result of evaporation, the moisture of upper layers become

enriched in heavy isotopes. At such a staget the % of moisture

of «uch dry layers is smaller as compared to post-irrigation

conditions and mixing of this moisture with irrigation water

does not shift the isotopic index of infiltrating water.

6. Conclusions

The results of this study indicate that in loamy

soils the penetration of irrigation water is limited to a

maximum of one meter depth and most of it remains stored in

the upper layers of the soil whence it starts evaporating

upward. In sandy soils this penetration is many times more and

contribution of irrigation water to the underground reservoir

becomes significant. Similar is the case of rains. Flow

velocities (at 1 m depth and 20 vol. % moisture) are of the

order of 16 m/a and 1.6 m/a for sandy and loamy soils

respectively*

In the case of prolonged flooding of these fields -

due to long duration rains or irrigation channels, the flow

velocities are many times higher and decrease with depth.
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Consequently the groundwater risa (water logging) is mainly due

to the infiltration from canal system. The contribution from

irrigated fields and rains to groundwater recharge is conside-

red to be less than 30 %.

As remedial measures against water logging, the canal

system passing through sandy soils be lined and irrigation

practices in highly permeable soils be modified by reducing

the delta of irrigation water.
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Table it Hydrogeological Properties of the Sediments
in the Four Fields.

Field 1 Clay and Silt I Water stored i Penetration depth
No* i content in % $ (Litres) upto i (m) of irrigation

i of accumulated i depth as in I water
{ grain size i col. 4 Ji
Jdistri bution I i

4

3
Z
1

32.8

90.6

73.6
-

221

113
99
74

3.30

0.85

O.85

0.60

Table II: Bainfall Data of Monsoon 1981

Date I Precipitation I
I (am) J SO18 SD

1.7.

3.7.

6.7.
10.7

15.7

26.7

30.7

81
81

81
.81

.81

.81

.81»

31
56
30

69
196

56

52

Total Rain: 490

Weighted Average

-0.
-1.

-8.
-0.

-5.
-5.
-0.

mm

- SO18

SD

65
07
08

62

35

#1

11

S

+13.5

+4.6

-55.1

-4.4

-36.8

-36.8

-13.9

-3-57 %o
-23.01 %o

•All monsoons of 1981 were concentrated in the month of July.
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FIG. 12 VARIATION OF MOBTURE WITH DEPTH DURING THE PROLONGED
IRRIGATION OF FIELD 3.
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