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This study presents a novel non-compensatory analytical framework based
on spatial multiplication operators to evaluate the cumulative risk of Qazvin
Plain aquifer over a 21-year period (2001-2022). Unlike traditional
compensatory models that mask critical hotspots through averaging, this
approach integrates piezometric and hydrochemical data to identify absolute
critical zones suffering simultaneously from quantitative and qualitative
degradation. Results reveal a significant regime shift from relative stability
to chronic stress, with a critical tipping point in 2010-2012 when high-risk
areas expanded from ~30% to over 50% of the plain. By 2022, more than
65% of the aquifer was under critical stress, with 42.5% in high-risk
condition. The non-compensatory model unveiled hidden critical cores in the
central plain that conventional methods misclassified as moderate risk.
Findings indicate a nonlinear self-reinforcing process driven by a positive
feedback loop between saturated thickness decline and salinity increase.
These results underscore the necessity of shifting from generalized
management to place-based management and prioritizing immediate
interventions (demand management in the critical eastern zones and artificial
recharge in western areas).
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Figure 1. Location map of Qazvin Province and its aquifer, including water quality and observation wells
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Figure 2-a. Zonation map of mean groundwater level fluctuations during the study period
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Figure 2-b. Groundwater level fluctuations in Qazvin Plain (2001-2024)(1380Sh-1402Sh) (Moghaddam & Kholghi, 2025)
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Figure 3-a. Zonation map of mean groundwater salinity fluctuations during the study period

Legend
o—» EC [ ]
i sie
2080

2040
2000
1960 B
1920 ' .

1880 »

EC

1840
1800
1760 .
1720

1680

.
1640

1376 1380 1384 1388 1392 1396 1400 1404

Year

Figure 3-b. Temporal trend of groundwater electrical conductivity (EC) in Qazvin Plain during
(2001CE-2024CE)(1380Sh-1402Sh) (Moghaddam & Kholghi, 2025)



VFedd 030 0 ylosss o0 L5 0,90 o5 ylof 9 of o puto ¥y

Combined Plot of Water Level and Salinity Over Time

1220 .,

g /)

1215 -
)

%
moj:{)

1205 3

v

ater L

12003

Wi

1195

1190

1380 1385 1390 1395 1400
Jw
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Figure 6. Zonation map of 21-year long-term average integrated quantitative-qualitative vulnerability using the non-compensatory
method in Qazvin Plain aquifer (2001-2022CE / 1380-1401 Sh)
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Table 1. Spatiotemporal distribution of hydrodynamic and hydrochemical vulnerability classes in Qazvin Plain aquifer (2001-2022 / 1380—
1401 SH), along with evaluation of cumulative indices in high-risk and critical zones, where critical values consist of the weighted sum of
"high," "very high," and "moderate" classes, and high-risk values comprise only the weighted sum of "high" and "very high" classes

Year  Very Low Low Moderate High Very high Total (Weighted) Critical (%) High-Risk (%)

2001 6381 13230 13692 6698 7807 47808 58.98 30.34
2002 9876 11090 10455 6331 10056 47808 56.15 34.28
2003 9772 11075 10639 6282 10040 47808 56.39 34.14
2004 9799 11007 13236 6922 6844 47808 56.48 28.79
2005 9345 13767 10016 6138 8542 47808 51.66 30.71
2006 6927 13058 6868 14628 6327 47808 58.20 43.83
2007 9499 12498 7158 10324 8329 47808 33.99 39.02
2008 8291 12702 14098 6853 5864 47808 56.09 26.6

2009 8064 12230 14496 7187 5831 47808 57.55 27.23
2010 7757 7425 9143 10728 12755 47808 68.24 49.12
2011 7818 12205 14148 7768 5869 47808 58.12 28.52
2012 7788 7007 8670 11453 12890 47808 69.05 50.92
2013 5360 9753 12042 15674 4979 47808 68.39 43.2

2014 5474 10180 8657 16385 7112 47808 67.26 49.15
2015 5351 12405 8596 16533 4923 47808 62.86 44.88
2016 6846 10800 9744 14087 6331 47808 63.09 42.71
2017 6360 10561 9744 14416 6727 47808 64.61 44.22
2018 6456 10903 11658 13837 4954 47808 63.69 39.31
2019 7304 11892 11185 9475 7952 47808 59.85 36.45
2020 6675 12219 11825 9154 7935 47808 60.48 35.75
2021 4719 11045 11108 15207 5729 47808 67.03 43.79
2022 6972 9563 10939 8575 11759 47808 65.41 42.53
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Figure 7. Temporal trend of areal changes (in percentage) of critical cumulative vulnerability indices in Qazvin Plain aquifer
during the 21-year period
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Spider Chart: Critical Threshold Index (21-year period, closed loop)
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Figure 8. Spider chart of the critical threshold index during the statistical period.

Spider Chart: Increasing Risk Index (21-year period, closed loop)
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Figure 9. Spider chart of the escalating risk index during the statistical period.
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Figure 10. Time series of hydro-risk index fluctuations
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Figure 11. Linear and quadratic fitting for the expansion trend of high-risk and critical zones
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Temporal Trend of Groundwater Risk Indicators
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Figure 12. Integrated temporal trend of risk variables (co-movement and positive interaction between saturated thickness decline
and salinity increase within a nonlinear dynamic framework)
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GRACE
. Invers Distanced Weight (IDW)
. Soil and Water Assessment Tool(SWIM)
. Analytic Hierarchy Process(AHP)
. Electrical conductivity(EC)
. Mobilization of Salts
. Map Algebra
. Spatial Multi-Criteria Evaluation (SMCE)
. Weighted Linear Combination (WLC)
10. Compensability
11. Non—compensatory Operators
12. Synergistic
13. Systemic Memory
14. Chronic Stresses
15. Structural Depletion
16. Recharge Zones
17. Baseline Shift
18. Delayed Response
19. Acceleration of Degradation
20. Transmissivity
21. Tipping Point
22. Vadose Zone
23. Spider Charts
24. Domino Effect
25. Delayed Response
26. Permanent Critical Cores
27. Hydro-Risk Index)HRI)
28. Elastic Breathing
29. Tipping Point
30. Resilience Threshold
31. Linear and Quadratic Fitting
32. Conventional Fuzzy Models
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33. Compensatory Operators

34. Type Il Error - False Negative
35. Spatial Product Model

36. Resilient

37. Compensability

38. Vulnerability Hotspots

39. Hydrogeochemical Mechanisms of Crisis Exacerbation
40. Co-movement

41. Hydrogeochemical Interactions
42. Positive Feedback Loop

43. Overexploitation

44. Reversal of Hydraulic Gradient
45, Lateral Intrusion

46. Coupled Processes
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