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ABSTRACT. One of the empirical paramcters, most commonly used in as-
sessing the quality of irrigation water is the sodium adsorption ratio (SAR).
The other parameters are total dissolved solids (TDS), total ions (Ca~*,
Mg, Na*, K+, HCO;, CO;, SO, CL7, ...etc.) and trace metals. In
order to minimize soil and crop problems, especially in arid areas due to
high evaporation rates and subsequent salt build up, the SAR ratio must be
close to the acceptable limits. In order to determine SAR values extensive
water quality sampling analysis efforts, which are time and labor intensive,
arc needed. Groundwatcr quality data for 190 locations (wells) in the West-
ern Region, Saudi Arabia, was collected. Out of this data, 138 points were
used in developing regression models between TDS and: (1) SAR;
(2) Totalions: (3) Major cations and Strontium (Sr) metal (most commonly
found in the Western Region geological formations). The developed re-
gression models have goodness of fit (R™)* ranging from 0.7 t0 0,99 indicat-
ing a good relationship. The six data points were used to check the validity
of regression models. The developed models offer convenient and easy ap-
proach in estimating SAR, Totalions and Sr, provided TDS value is known.
Measurement of TDS is relatively easy. The calculated or estimated values
of SAR help in the assessment of groundwater suitability for irrigation pur-
pose.

Kty WoRDs. Assessment, Groundwater Quality, Irrigation, Arid Arcas,
Sodium Adsorption Ratio.

Introduction

The major water user in the Kingdom is the agriculture or irrigation sector which
makes up about 60 to 80% of the total water use (Fourth & Fifth Development Plan,
1980, 1985). The standards of water quality needed for agriculture or irrigation are
less stringent than for the industrial, residential and others. One of the parameters,
most commonly used in assessing the quality of irrigation water is the sodium adsorp-
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tion ratio (SAR), (Schainberg and Oster 1978). Other parameters are major total
ions (Ca®*, Mg"", Na*, K*, SO;~, CL", NO3, HCO3, CO5T, ...etc.), total dissolved
solids (TDS) and trace metals (National Academy of Sciences, 1973).

An excess of sodium adsorption in the soil will cause clay particle to disperse in-
stead of aggregate and in some cases also to swell (Schainberg et al. 1980, Stewart and
Meek 1977, U.S. Salinity Laboratory Staff 1954). This results in a soil with low poros-
ity, poor permeability and poor operation, when wet. Therefore, irrigation waters
with higher SAR values are not suitable for irrigation (Ayers and Tanji 1981). In
order to minimize soil and crop problems, the SAR ratio must be close to the accept-
able limits. In order to determine the SAR values of groundwater and its suitability
for irrigation, extensive water sampling, analysis and other associated efforts are
needed.

This paper aims to develop and present a simple approach for assessing the water
quality for irrigation purposes by: (1) collecting the groundwater quality data (total
ions, TDS, SAR and strontium metal) in the Western Region, (2) developing re-
lationships of TDS with total major ions, cations, SAR and strontium, and (3) check-
ing the validity of the developed regression models for determining the suitability of
a groundwater for irrigation.

Data Collection, Compilation and Analysis

The Western Region of Saudi Arabia (Fig. 1) consists of several subregions
(wadis) based upon the groundwater aquifers. The major wadis are Fatimah,
Khulays, Naaman, Wijj and Bathan (Al-Agiq) in which wells are located for supply-
ing water to cities of Jeddah, Makkah, Taif and Madinah. Literature review (Al-
Kabir 1985, Hussein 1985) revealed that some data regarding groundwater quality in
the Western Region is available. Extensive groundwater quality monitoring prog-
ram, over a period of one year, was carried out in various wadis of the region (Khan
1987). A total of about 190 wells are monitored. The collected groundwater samples
were analyzed for major cations (Na*, K*, Ca™*, Mg*"), anions (CI", SO;™ and
HCO3), TDS and Sr. The concentrations of Ca**, Mg**, CI” and HCO; were mea-
sured using standard methods (1989), while Na*, K™ and trace metals were mea-
sured by special “plasma technique” available in the Faculty of Earth Sciences, King
Abdulaziz University. Based upon the statistical analysis of data from different wells
in the major wadis of the Western Region an average chemical analysis of groundwa-
ter is presented in Table 1. The concentration of variousions (Ca* ", Mg**,Na*, K",
HCO;3, SO}, CI") were measured in mg/l, and later converted to meq/l. The concent-
ration of Sr was measured in ppb.

The sodium adsorption ratio (SAR) values were computed using three major ca-
tions (Na*,Ca*" and Mg* ™) :
Na*

Ca++ + ME++
2

SAR =

(1
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Fi6. 1. Surface water catchments and major wadis in the Western Region.

TasLE 1. Average chemical analysis of representative groundwater samples of some wadis in the western
region, Saudi Arabia. (Based upon the total 190 weils).

sl Name of Chemical Constituents (meq/1) Strontium
No. Subregion Ca't | Mg"* Na' K- HCO; | SOy Cr (p.p.b.)
1 Fatimah 3.50 2.60 *3.60 - 4.2 2.2 4.77 980
2 Naaman 8.0 6.2 *12.0 - 3.9 5.2 20.2 2300
3 Khulays 4.19 53 5.69 0.19 - 4.16 11.2 2100
4 Wijj 6.78 5.75 11.31 0.38 6.55 5.20 8.46 -
5 Guran 6.1 5.2 12.2 0.15 4.5 3.4 9.0 -
6 Bathan 1.99 4.11 13.05 0.25 6.5 3.12 9.87 206
7 Aradah** 2.49 1.64 2.61 0.07 5.24 1.35 2.82 -
8 | Liyyah** 499 | 493 | 652 | 023 | 491 - 4.23 -
9 Turabah** 4.99 3.29 9.96 0.15 5.73 4.16 7.05 -

Sodium + Potassium.
** Smaller number of wells sampled.



4 A.Y. Bokhari & M.Z. Ali Khan

The SAR vatues were then adjusted to calculate SAR,; by the following equation :
SAR,; = SAR[9.4 - p(K, - K ) - p(Ca + Mg) - p(Alk)] (2)

where pK, = negative togarithm of the second dissociation constant for carbonic
acid, pK_ = solubility constant for calcite, and p = negative logarithm of ion concent-
rations (meq/l). Values of p(k, - K_), p(Ca + Mg). and p(Alk) in relationto Ca** +
Mg'" +Na'.Ca"' +Mg"", and CO;™ + HCO;, respectively, have been tabulated
(Bouwer 1978),

The adjusted SAR values take into account the effects of precipitation and dissol-
ution of calcium carbonate in the soil as related to the concentration of CO;™ and
HCO;3 (Bouwer 1978).

The collected data (190 wells) was reviewed and after initial plotting, some data
points {outliers and odd values) were screened out and the readjusted data (138
wells) for various parameters in each sub-region is presented in Table 2.

TaBLE 2. Number of groundwater quality data points (in each parameters) collected and selected for
utilization in the analysis and modelling.

** No. of Data Points, Selected for Modeling in each wadi, after initial screening.,

Wadis

TDS Total lons Major Ar'nons Sr SAR ,

and Cations i

Fatimah 43 21 21 27 43
Naaman 61 66 66 39 61
Khulays 0 6 6 * 6
Guran 14 13 13 ” 14
Bathan 7 5 5 6 7
Wijj 7 7 7 10 7
Total Data .
Pointsin each 138 118 118 82 138
Parameters

Analysis not carried out.
** Bascd upon the literature available plus collected in the study.

In order to assess if any relationship exists between various parameters, especially
that of TDS with the others, a correlation analysis (by finding correlation coeffi-
cients, R7) was carried out for the major wadis, namely Fatimah, Khulays, Wijj and
Naaman, between TDS and the other sevenions (Na*, K", Ca* ", Mg**, CI", SOy,
HCO3). The results of such correlation are presented in Table 3. The correlation co-
efficient (R™) measures the response and strength of association of each ionic species
with the total dissolved solids. The chlorides and sulfates have very high positive cor-
relation with TDS in all wadis, while the bicarbonate has very low correlation.
Sodium has very high positive correlation for Khulays, Fatimah and Wijj wadis, but
relatively low for Naaman. Calcium has very high positive correlation for the wadis
of Fatimah, Wijj and Naaman. but relatively low for Khulays. Calcium directly in-
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creases with total dissolved solids. Magnesium has high positive correlation with
TDS for wadi Fatimah and relatively low correlation with TDS for Khulays.

TasLE 3. Correlation co-efficients (R7) of seven major ions (meq/1) with respect to total dissolved solids
{mg/1) in four major wadis of the western reigon.

Wadis
Major lons
Fatimah Khulays Wijj Naaman

Ca'’ 0.95 0.81 0.97 0.94
Mg"* 0.96 0.40 0.87 0.72
Na’ 0.99 0.97 (.97 0.73
K' 0.27 -0.21 0.43 - 0.67
HCO; -0.16 026 -.10 0.34
S0, 0.98 ' .93 0.98 0.87
CL~ 0.99 0.98 0.99 0.92

The above correlation analysis (R7) clearly indicates taht TDS has the maximum
positive correlation with Na* and Cl” ions, which means that with the higher TDS,
the concentrations of Na™ and CI” (individual ions) are expected to increase. The re-
lationship of TDS with CI” is quite well known. The correlation of Na* with TDS in-
dicates that higher TDS would indicate the probability of higher percentage of Na*.
Since Na' is the key element in the SAR, higher Na* (assuming Ca™" and Mg* "
being constant in a certain water sample) would mean higher SAR walues. There-
fore, it seems, there must be a relationship (direct or indirect) between TDS and
SAR values.

A statistical analysis and evaluation of the 138 data for whole (considering all
major wadis) Western Region was carried out and the same is presented in Table 4.

TaBLE 4. Statistical information about different major cations (meg/l), TDS (mg/1), SARdd] and Sr {(ppb)
based upon the groundwater sampling in the western region.

Numbcr of Rangeof | *Sta- | *Stand- ***Confidence |**Confidence
51, . Dat'a'Pcntlts Actual | tistical ard  Level for‘Rangc Levelin
No,| Description Uuhze('l in Variable | Mean |Deviation of Variable  [Mecan Value
Modelling values | Value () Value Covered Range
(From Table 2) (90%) (95%)
I | Total Ions (meq/t) 118 10to 150 | 38.6 25 7-70 341043
2 pCa* " (megi) 118 21020 6.4 4.3 1-12 Sto7
3 | Na' (meg/l) 118 2t035 9.5 6.6 [-18 8toll
4 {Mg' " {megn) 118 21015 4.7 3.4 0.4-10 4106
5 |saR,, 138 0.51025 94 | 58 2-17 Ttall
6 | TDS {mg/l) 138 200to 30007 1207 912 502400 1000 to 1400
7 | Sr(ppb) 82 150t0 5000 1143 1000 1002500 900 to 1400

*** 90% Confidence Level, that the Variable Range is Covered.
** 95% Confdence Level, that Mean Value will Fall Between these Ranges.
" Rounded to Nearest Decimal Numbers.,
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In addition to the mean value and standard deviations for the data, confidence levels
of 95% and 90% for the “mean value” and the “range of parameter values” were
used respectively in calculating such values. This analysis shows a fairly high level of
confidence for various parameters measured in this sutdy. Six (6) values for various
parameters (covering a wide range of values) were kept for the validation of any de-
veloped relationships and the remaining values were used in the development of such
relationships.

Regression Models

The regression models are developed, based upon the assumption, that the
groundwater quality parameters such as TDS, total ions, sodium, calcium and mag-
nesium may have values close to zero, but never equal to zero. The regression plots
may seem to initiate at zero values, but in the real sense, there is always a minimum
value for each parameter (as indicated in equations 3 to 6 and figure 2 to 5). This as-
sumption has been made because the data used in the regression models have some
minimum values but not zero. :

A linear regression analysis between TDS (mg/l) and total major ions (meq/1),
using 118 values showed a very strong relationship (Fig. 2). The strength of relation-
ship is evidenced by the coefficient of determination (R")? and standard error of esti-
mate (SEE).

200 T T T T

.
Total ions 20034 (TDS)-4.582
(R )2 =099, SEE - 4.88

100 ’,)' —

Minimum value of
TDS must be >135

ions

Total

o i 4 ] 1 I 1 1
Q 1 2 3 49 5 6 7
TDS x 103

FiG. 2. Relationship of TDS (mgft) with total ions (meg/t).
Totalions = .034 (TDS) — 4.582
(R')2 = 0.99, SEE = 4.88 (3)
TDS must be = 135 mg/l

The following relationships were developed at 95% confidence level between total
ions and three major cations, Na*, Ca**, and Mg** (Fig. 3,4,5).



Naet+Ca**+ Mg**(meq/1)

Systems Approach in Assessing. ..

100 T T
S =026 (T)-025
8of-|(R7)2 2083 ,SEE=4.43 ~

+*
=)
F3
Minimum value of i
T must be 2096
1
200 300
Total lons
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Fic. 4. Relationship of total ions (meg/l) with SCM (Na®, Ca’ " and Mg "),
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FiG. 5. Relationship of total ions (megfl) with CM (Ca™ " + Mg™ ).
S =0.26(T)-0.25 4
(R)* = 0.83, SEE = 4.43 (4)
The minimum value of *T” must be = 0.96 in equations 4, 5 and 6.
CM = 1.427 + 0.251 (D 5
(R)* = 0.87, SEE = 3.85 )
SCM = 1.599 + 0.501 (T) )

(R)* = 0.96, SEE = 4.05

where T = total major ions, meq/l
§ = Na' ion, meg/l
CM = (Ca'* + Mg" ") ions, meq/l
SCM = (Na' + Ca'" + Mg™") ions, meq/l
(R = Co-efficient of determination
SEE = Standard error of estimate
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The review of (R™)* indicates that therc is a very strong relationship between three
major cations (Na™, Ca’ ", Mg' ') and the total jons.

A linear relationship between the actual SAR and SAR,; values was also de-
veloped (Fig. 6), and is represented by equation 7. It was felt important to develop
this relationship to calculate SAR 4, (from SAR), which is now more commonly used
in assessing irrigation water suitability.

90lxITTllllllﬁlT]lsllrlw

(R1% =0985, SEE =114 )

60—

20]—

Minimum vaglue of
SAR must be =0.41

—

N RN A
12 16 20 249

SAR

®

Fi6. 6. Relationship of SAR with SAR

SAR,4 = 2.731 (SAR) - 1.142
(R)* = 0.985, SEE = 1.14 (7)
The minimum value of SAR must be = 0.41

The Western Region groundwaters have very high concentration of strontium
(ppb) (Khan and Adham 1987) as compared to the other trace metals such as lead,
zinc, copper cte. Review of data indicated that as the concentration of Srincreased in
the groundwaters, the concentration of TDS also increased. A regression analysis
between Sr and TDS, showed a good relationship as evidenced by the (R7)? of 0.62
and SEE 342 (Fig. 7).
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TDS = 503.93 + .388 (Sr) (8)

where TDS = Total dissolved solids, mg/
Sr = Strontium concentration, ppb

The review of the above analysis indicates that if the TDS value is known directly
or indirectly {from electrical conductivity or strentium) for a groundwater, then SAR
and SAR,; values can be computed using cquations 3 to 6, equation 1 and equation
2 or 7 respectively.

5 T T —r T T

TDS =503.93 +0.388 (Sr)
T (R™)% =0.62, SEE =342

Srx103

FiG. 7. Relationship of TDS (mg/1) with Strontium (Sr)

A systematic approach for calculating SAR  and the suitability of groundwater is
presented in Fig. 8. A simple illustration will explain the use of various equations.
Assume that the total dissolved solids value of a groundwater sample is 1000 mg/l.
Then the calculations of SAR and SAR, g are as follows :

Total ions = .034 (1000) — 4.582

= 29.41 Q)

CM = 1.427 + 0.251 (29.41) S

= 8.90 (5)

SCM = 1.599 + 0.501 (29.41) 6

= 16.33 (6)

S = 0.26(29.41) - 0.25 = 7.39 (4)
SAR = -5 - 139 _ 35

SAR,, = é.gl (3.53) — 1.142 @
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DIRECT MEASUREMENT

Strontivm Indirect DS Indirect Electrical
{ ppb ) o Conductivity

Total ions

Determine Suitability of
Groundwater for Irrigation

FiG. 8. A systematic approach for calculating SAR 4 and determining the suitability of groundwater for
irrigation.

The value of S, SC and SCM can be used to calculate the individual cations Na™,
Ca** and Mg" " in meq/l. The SAR ; values, as listed in Table 5 can be used to deter-
mine the suitability of a certain groundwater for the purpose of irrigation.

Validation of Developed Regression Models

Six (6) actual data points, covering a wide range of values, as presented in Table 6,
were used in checking the accuracy and validity of the developed models. The SAR,;
values computed by the model were compared with the actual values. The variation
in the computed and actual values for the total major ionsis 1 to 5%, for the Na* ions
is 410 10%, for (Ca**,Mg™* ") ionsis 5 to 10% and for SAR ,; valuesis 5to 12%. The
variation in the actual and computed values is not significant, thus validating the de-
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veloped regression model(s) for estimating the SAR,; values, to be used in deter-
mining the suitability of groundwater for irrigation purposes.

Tasir 5. Determining suitability of water for irrigation purposes based upon the SAR  values. (Bouwer
and Idiovitch, 1987).

SAR,g Value Suitability for [rrigation
0-3 Sodium problems, suitable for most crops on most soils.
3-6 Moderate sodium problems, suitable in most instances with moderate drainage soils.
6-9 Increasing sodium problems, suitable for salt tolerance plants on adequately drained
soils.
9-12 Severe sodium problems, suitable for special circumstances with very salt tolerant

plants and excess leaching.

=12 Very severe sodium problems, not suitable forirrigation.

TaBLE 6, Comparison of actual and computed SAR  values,

Total lons Major Cations  (meg/l) .
eq/h) ; i ‘ SAR,,
si. | TDS (meq Na (Ca’ )+ (Mg’ ")
No. (m.‘:’ﬂ) & -k e ek EEE T
Actual  |Computed| Actwal  |Computed| Actual  |Computed | Actual | Computed
1 752 21,14 20.99 4.1 5.20 6.3 6.69 379 6.56
2 1615 52.90 50,32 11.9 12.80 14.71 14.1 L4 12.02
3 2856 94,54 92.52 22.80 23.80 26.80 291 14.71 15.90
4 3495 120.1 114.24 278 29.70 320 30.10 17.37 18.760
5 6078 199.7 202.07 58.7 52.30 48.24 5071 28.15 27.12
6 8903 299.4 298.12 86.6 77.30 69.5 76.25 35.86 33.07
* Using equation 3. ** Using equation 4. *** Using equation 5, 6. """ Using equation 7.
Conclusion

The study results indicate a very high correlation of TDS with individual ions as
well as with the sum of the majorions. The co-efficient of determination (R™)? varies
from 0.8 to 0.99. The developed regression modcls for individual cations and SAR ;
arc based upon the accurate data with a very high level of confidence (90 to 95%).

A strong correlation between TDS and Sr also exists for the Western Region
groundwater.

The actual and the computed values for various cations such as Na*, Ca™ ", Mg* "
and SAR,y; varied in a very narrow range of | to 10%. The developed modcls require
a simple “input” of total dissolved solids (mg/l) in a groundwater sample. Even
though the models are based upon using the groundwater quality data for the West-
ern Region, Saudi Arabia, yet because of the diversity of the water quality paramet-
ers and a very large size of sample i.e. 120 to 140, the application is not limited 1o the
Western Region. These models should be applicuble to other wadis and groundwater
aquifers with similar characteristics and climatic conditions (arid, semi-arid).
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