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Spatial distribution of groundwater quality data and a reasonable monitoring
network, which are usually collected from monitoring wells, are required for the
management of groundwater resources. However, since the maintenance cost of
groundwater monitoring networks is extremely high, an optimal design of those is
necessary. This study aimed to find a qualitatively optimal monitoring network with
a minimum number of wells in the Rafsanjan aquifer so that it could provide
sufficient spatial distribution in terms of groundwater quality. For this purpose,
electrical conductivity (EC) was selected as a quality parameter in the design of the
monitoring network in this study. In the first step, to identify the risk and assess the
vulnerability of the aquifer, the DRASTIC method was used. Then, the average
Kriging standard deviation was used as a criterion for the determination of network
density, and the GIS-based approach was analyzed. In this step, semi-variograms
were tested to ascertain the best-fitted model accuracy measures, average standard
error, root mean square error, and root mean square standardized error. The results
showed that the spherical model is more reliable than other models due to the root
mean square standardized error (RMSSE) being close to one, the average standard
error (ASE) being close to the root mean square error (RMSE), and the less RMSE
than other models. Also, based on cross-validation of data and a quality monitoring
map resulting from the overlap of prediction and standard error maps with the
DRASTIC map, 60 wells were sufficient as groundwater quality monitoring stations
for the Rafsanjan aquifer. Removing 10 wells in different parts of the aquifer and
adding 6 wells in the northwest of the aquifer will help to complete the quality
monitoring network.

Introduction

water sources in qualitative studies of

Optimization based on the proper spatial
distribution of groundwater quality data
(qualitative monitoring wells) is one of the
important  pillars of water resource
management (Mogheir et al., 2009).
Considering that it is not possible to sample all

groundwater due to time, place, and economic
conditions, optimizing the well network is
suggested (Reed and Kollat, 2013). Among
the solutions to optimize the monitoring
network, the use of estimation methods
including  certain _interpolations  and
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geostatistics is suggested, and the second
method is a better method due to the use of
statistical functions instead of mathematical
functions. (Karami et al., 2018). Various
researchers have used geostatistical methods,
such as kriging, in the optimization of the
monitoring network, including Yeh et al.,
2006; Baalousha, 2010; Jabbari, 2012;
Sheikhy Narany et al., 2014; Gharbia et al.,
2016; Abdollahi Mansourkhani et al., 2019
and Gladish et al., 2023.

The current study includes investigating
the status of groundwater quality in the
Rafsanjan aquifer, investigating the existing
monitoring network, and its optimization.
According to this, the DRASTIC method is
proposed to determine the initial conditions of
the aquifer in terms of the groundwater quality
of the region. In the next step, the final map of
groundwater quality monitoring is obtained by
overlapping the DRASTIC map with the
prediction and the standard error maps, which
are prepared by using the methods of different
kriging models in the Arc Map environment.
The goals pursued in this research include
determining the minimum monitoring points
with removing additional monitoring points
and adding new monitoring points, and finally
suggesting monitoring frequency (monitoring
time intervals).

Materials and Methods
Study area and data resources

The research area, known as Rafsanjan, is
situated in southeastern Iran in the province of
Kerman and the Kavir-e-Deranjir watershed.
Qualitative data from 59 wells in the
Rafsanjan aquifer from 2018 to 2019, along
with information from 7 surrounding
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aqueducts, are used to refine the qualitative
zoning.
Methods

DRASTIC is a model that considers the
main hydrological and geological factors with
a potential impact on aquifer pollution. Its
acronym stands for D—depth to groundwater,
R—recharge rate, A—aquifer, S—soil, T—
topography, l—vadose zone’s impact, and
C—aquifer’s hydraulic conductivity (Aller et
al.,, 1987). On the other hand, using
geostatistics to prepare predictions and
standard error models is an appropriate
method. In the current study, the DRASTIC
method is proposed to determine the initial
conditions of the aquifer in terms of the
groundwater quality of the region. Then, by
testing different geostatistical kriging models
and choosing the best model, the prediction
and the standard error maps have been
obtained. Finally, by combining these three
maps, the minimum monitoring points have
been determined, along with removing
additional monitoring points and adding new
monitoring points, and finally suggesting
monitoring  frequency (monitoring time
intervals).
Results and Discussion

According to the DRASTIC map, the
vulnerability potential in the north of
Rafsanjan city and also in the west of the study
area (around Kashkoiyeh) is higher than the
rest of the plain (Fig. 1). Based on expert
judgment and the AHP method, the highest
weight of the effective parameters in the
DRASTIC method is given to the items of
depth to water and impact of the vadose zone
media, and the lowest to the topographic slope.
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Fig. 1. Aquifer vulnerability map based on DRASTIC model

The results of the test of normality for
deciding the measures of central tendency and
statistical methods for data analysis showed
that the data does not follow a normal
distribution.  Therefore, a logarithmic
transformation was used to normalize the data.
In the current study, we applied the method of
weighted jackknife kriging (WJK) to fit the
various variogram models to the data. These
models were circular, spherical, tetraspherical,
Gaussian, hole effect, exponential, rational
guadratic, K-Bessel, J-Bessel, and stable. The
results showed that the spherical model with a
reduced lag size in ordinary kriging is more
reliable due to the the root mean square
standardized error (RMSSE) being close to
one, the average standard error (ASE) being
close to the root mean square error (RMSE),
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and also the RMSE being less than the other
models.

In areas with a high value of the standard
error, it is necessary to add sampling points to
this area. Accordingly, six wells, areas in the
northwest of the aquifer, are proposed as the
locations of the added stations (exploitation
wells) for qualitative monitoring of
groundwater resources (Fig. 2). Also, in the
areas with a high DRASTIC index, it is
necessary to take more frequent samples
(northwest  region). Based on the
investigations, the frequency of the main ions
and electrical conductivity are suggested in the
form of six-month periods (wet and dry
seasons). On the other hand, areas with lower
values of standard error of prediction and
DRASTIC index are less important areas, and
the number of sampling points in these areas
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can be reduced. Accordingly, based on data
cross validation, 10 wells can be removed
from the monitoring network (Fig. 2).
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Fig.2. Optimization design of quality monitoring
network in the Rafsanjan aquifer

Conclusions

The current study emphasizes the use of
operator criteria such as RMSE, ASE, and
RMSSE in geostatistical methods instead of
complex mathematical decision-making.
Accordingly, to optimize the groundwater
monitoring network in the Rafsanjan aquifer,
electrical conductivity data from 59 wells and
7 aqueducts during the water year 2018-2019
have been used. By means of cross validation
and overlap of DRASTIC, standard error, and
prediction maps, 10 points were removed from
the current quality monitoring network and 6
points (in the northwest of the aquifer) were
added to it.
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Table 1. Chemical characteristics of groundwater resources in the study area

Physico-Chemical Parameters Major Ions (meq/l) Location Symbol Name
EC(uS/cm) TDS(mg/l) pH HCOy SOZ CF  Ca® Na® Mg U(::;y U(;qm)x
2240 1456 7 0.6 35 19 45 175 1.1 3374478 388232 1 oLl Jaally
7820 5083 6.5 22 62 16 58 14 3433915 361185 2 sblaes
5140 3341 6.4 14 34 10 32 14 3408708 386984 3 SN sl o]
2900 1885 71 1.2 68 21 5 22 2 3365008 396885 4 Lo, plal shloes
Jeslo!
7450 4843 6.9 1.2 108 68 14 58 8 3380434 369457 5 iS5l
3900 2535 6.9 16 87 28 7 253 6 3374819 407551 6 & 731,57
15000 9750 6.6 2.2 21.8 160 48 100 36 3405488 348370 7 soapl pl LT bl
2700 1755 71 2.2 7 176 44 20 2 3367085 399559 8 &5 pskasall 4l
2750 1788 71 7 75 134 2 243 16 3361449 422378 9 a0l ool
3900 2535 7 1.2 9.7 29 7 277 52 3379159 404113 10 tle 459,00
11500 7475 71 15 253 108 206 100 142 3385699 362488 11 bl et
2930 1905 7.2 16 141 14 10 18 16 3370425 402102 12 oS asall zb
1222 794 75 4 35 55 1 114 06 3370613 374019 13 Aol janx
19100 12415 6.5 2 40 212 88 90 76 3409090 338962 14 S 4l
4280 2782 7 1.2 133 30 145 285 1.5 3372289 414463 15 Sl i
4000 2600 6.9 74 113 26 7 307 7 3421221 377386 16 Obyho o
19400 12610 6.7 2.2 128 210 81 110 30 3401767 348190 17 el 3LT s
4980 3237 64 125 108 32 10 285 16.8 3406786 389969 18 o
sheeloslls]
5780 3757 6.7 6.2 171 44 12 433 12 3428136 365675 19 obelolT
13900 9035 7 14 231 140 36 825 46 3405184 384671 20 o
0gSBuayaly]
17800 11570 6.5 2 44 190 68 120 48 3406818 347271 21 &S gl
3380 2197 7.2 2 9.8 2 55 223 6 3354232 438888 22 OB s ol Al
4750 3088 7 45 155 34 10 30 14 3403235 393031 23 6l s
2600 1690 73 2 65 176 4 175 45 3361827 400469 24 [RESPSS
1490 969 71 26 37 82 35 95 15 3333500 437415 25 Cgday 03
11100 7215 7 15 205 108 27 90 13 3397432 352678 26 oole obT s
17000 11050 6.8 2 274 174 50 125 284 3400376 349824 27 ol ae,
4720 3068 65 142 118 48 35 48 225 3413655 384897 28 B9 ol pi,
4970 3231 72 2.2 145 38 9 31 15 3391288 399387 29 oLl oL 4,
4500 2925 7 75 128 30 8 343 8 3425495 368126 30 ol g0 @3 (g9,
2580 1677 73 5 7 15 6 145 65 3413902 331961 31 sy 08 OB (g9,
3900 2535 72 26 99 264 6 307 22 3364305 381375 32 bl
6150 3998 6 14 37 48 15 417 9 3422557 329219 33 SUl oLl @olew
18200 11830 6.8 15 285 187 50 155 12 3395065 357260 34 o2, ol als
e o
5480 3562 7.2 75 162 38 6.6 457 94 3424784 371079 35 o
090
1520 988 7.4 3.4 52 72 22 114 22 3359057 408225 36 Sl es
10150 6598 7.2 33 82 16 90 10 3383537 365163 37 Vo s
3700 2405 7.2 54 28 55 239 7 3372969 381566 38 sl wlls
YAA
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5300 3445 6 17 102 32 11 292 19 3403685 394912 39 G oblpe
12700 8255 64 55 395 106 56 75 20 3417781 333632 40 5T ol e
o 7l oLl
5760 3744 7 22 141 48 10 483 6 3378248 370779 41 & C‘SLC sl
6600 4290 71 32 118 5 7 55 9 3388987 366177 = 42 Sbl e
3700 2405 7 72 15 20 65 277 8 3365791 403235 43 oo aSls
1080 702 76 35 57 26 3 64 24 3372490 359784 44 aiosblans! L
490 319 77 26 09 1 22 11 12 3373180 449929 45 olelis ol
1620 1053 7.8 4 41 8 9.6 25 3349312 424891 46 SUT @l o3
2140 1391 75 2 57 128 145 3 3350558 406237 47 oS )8 wlis
6400 4160 67 25 166 50 16 371 16 3379717 391082 48 wls S
4660 3029 72 16 138 32 10 254 12 3395143 393934 49 895 oLl Jls
3780 2457 76 12 192 186 124 246 2 3367423 392931 50 (e 45 )58
4000 2600 71 25 156 28 8 321 6 3380648 413732 51 oyl cusals
3950 2568 72 6 12 26 6 30 8 3414420 380046 52 sale csals
3970 2581 73 32 107 26 5 307 42 3369436 422720 53 YRV
19000 12350 7.2 1 33 204 30 190 18 3394214 359388 54 selglol] ol
azlys sblaese
20000 13000 65 35 565 222 78 140 64 3413597 338272 55 4
J
3790 2464 722 26 77 294 5 307 4 3350936 389496 56 NFRARVE
6360 4134 7 12 139 52 15 371 15 3378288 407455 57 e 050
6400 4160 7 25 85 56 12 45 10 3375372 378602 58 oyl
4400 2860 73 26 129 328 8 343 6 3364443 418825 59 Oleel 3T g3
13000 8450 68 44 216 140 52 80 34 3405795 334777 60 JEORISNI
4500 2925 77 1 174 28 7 378 16 3399368 389691 61 5w oLl 63k
3960 2574 7 45 85 27 7 265 65 3367000 414767 62 el Jleoss
4970 3231 72 16 131 38 12 307 10 3379115 400036 63 N
3450 2243 76 12 123 21 4 285 2 3367088 408466 64 BT s <5
6000 3900 7 16 21 46 20 326 16 3370057 384910 65 &Sbssbl S
3790 2464 73 5 10 244 5 254 9 3418091 373162 66 G o1 il
ol il ‘_;09.” W Cons olund; olgsul axflloo o9,
b Geas Jols yiel)ly can 5l bl Cpl el (Soswlyo (yog5) &‘9:';3]' Lgf.bu.w]'
net L 4455 «(Depth to watertable)  low! et s daso] CeiS s
)u"'[ 4 ( p )g_g' 2 OB ) L)‘??”‘ D Cumog J)é (_g‘).g
«(Aquifer media) gl l>o «(Recharge Sy Siasl ) 4y pamse (& y1ihyromms] Ak 4ggs
8| Sqe5  «(SOIl media) S Lo - - s | T
EEEERE ) .. oS Sl ity s piy] 9t
Impact of ) sloil & la>e .50 (Topography) iy o5 00 Jlasl Foall b 4y iwni o]
hydraulic L Colde ¢ (vadose zone o e sy e : .
y ) @9) ol 9 ( yrtS L)‘ﬁ?”‘ ‘5"& uL..o9..a.> .Ia,m}.' 9 g R
azel (6 s o] (caisaigs ¢l (Conductivit . A aslas ot ¢
Olgel G pdycam! Ganaiy ¢lp ( Yy Sl yo Jowe sl eolainl b« g ol j9.00,5 o0
sl e (Aller et al., 1987) cowl ools solaiuwl S i i o 4 GIS 5 (DRASTIC)
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Table 2. The rank and weight of different parameters affecting the DRASTIC index

Rank Range Parameter

9 <10

7 10-20

6 20-30

5 30-50 D — Depth to water (m)

3 50-70 Weight: 5

2 70-90

1 >90

1 1.6-1.8

3 1.9-2 R— Net Recharge (mm)

? ;i';? Weight: 4

9 2.8-3.7

L gravely sand with some Clay and A -Agifer media
Silt Weight: 3

1 Urban areas

3 Aridisol

4 Dunes S — Soil media

5 Inceptisol Weight: 2

7 Entisol

9 Rocky Lands

9 0-2

7 2.1-6

5 6.1-12 T- Topography (%)

3 12.1-18 Weight: 1

1 >18

1 Clay

3 Clay and silt .

5 Sili/y Loam I— Impact of the vadose zone media

6 Clay and sand Weight: 5

8 Loam
Yay
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Table 3. Fitting the variogram model to the experimental semivariogram

Partial

[RMSSE”2)-1] RMSSE MSE ASE RMSE co/C Nugget(CO0) sill (C) Parameters
0.07 1.03 -0.05 3011.01 2971.54 0.07 0.06 0.83 Circular
0.00 1.00 -0.07 3097.78 3069.66 0.00 0.00 0.22 Spherical
0.01 1.00 -0.03 3094.70 2969.43 0.18 0.05 0.26 Tetraspherical
0.04 0.98 -0.06 3050.08 2903.15 0.00 0.00 0.23 Pentaspherical
0.03 0.99 -0.02 3064.58 2950.86 0.00 0.00 0.28 Exponential
0.05 0.97 -0.03 3206.58 3000.22 0.35 0.11 0.32 Gaussian
0.01 1.00 004 293722 287831 0.0 0.00 0.25 Rational
Quadratic
0.02 0.99 -0.02 3205.17 2987.48 0.31 0.12 0.38 Hole Effect
0.02 0.99 -0.02 3058.52 2918.71 0.00 0.00 0.32 K-Bessel
0.20 1.10 -0.06 2972.23 3012.50 0.16 0.03 0.21 J-Bessel
0.05 1.03 -0.04 2990.40 2909.40 0.00 0.00 0.27 Stable
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Table 4. The location of the removed stations for qualitative monitoring of groundwater resources
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Fig. 12. Ombrothermic diagram for the study area (mean of years 1999-2019).
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