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Abstract: This manuscript aims to present the framework for the development of a four-stage tool 
for sustainable groundwater management as one of the highly interactive three-day workshop 
products. The four stages in the tool are (1) representing the target system, (2) description of the 
target system using components of DPSIR framework (drivers, pressures, state, impact, responses), 
(3) development of causal chains/loops, and (4) identifying knowledge gaps and articulating next 
steps. The tool is an output from the two-day Indo-US bilateral workshop on "Integrated Hydro-
chemical Modeling for Sustainable Development and Management of Water Supply Aquifers”. Four 
case studies from the invited talks, panel discussions, and breakout sessions were selected to 
demonstrate the developed four-stage framework to a coastal aquifer (India) and in high plains in 
Floridian, Piedmont, and Blueridge aquifers (United States of America). The developed tool can be 
practically used in the development of strategies for the sustainable use of groundwater in various 
regions around the world (e.g., planning/building/maintaining groundwater recharging struc-
tures). Continued work can result in establishing a center for excellence as well as developing a 
network project. The recommendations from the workshop were: (1) developing vulnerability anal-
ysis models for groundwater managers; (2) treatment and new ways of using low-quality ground-
water; (3) adopting groundwater recharge; (4) mitigating pollutants getting into the aquifer; and (5) 
reducing groundwater use. This study provides a framework for future researchers to study the 
groundwater table related to the effectiveness of water recharging structures, developing a quanti-
tative model from the framework. Finally, recommendations for a future study are more data col-
lection on groundwater quality/recharge as well as enhancing outreach activities for sustainable 
groundwater management. 

Keywords: Floridian; Piedmont; Blueridge; Dockum; coramandel coast water supply aquifers; 
coastal aquifers; DPSIR framework (drivers; pressures; state; impact; responses); sinkhole;  
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1. Introduction 
Groundwater accounts for 98% of accessible freshwater [1]. This critical environmen-

tal resource supplies water to billions of people [2] and has played a pivotal role in the 
global agricultural economy producing about one-fifth of the world’s food [3]. Agricul-
tural production has increased 2.5 to 3 times during the past 50 years globally, whereas 
cultivated area has increased by only 12%, utilizing 70% of the water supply withdrawn 
with declined soil quality and biodiversity [4]. Despite global efforts to achieve water and 
food security, approximately 0.9 billion people do not have sufficient access to safe water 
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[5]. This number can vary; as of 2016, 2.1 billion people are estimated to lack access to 
safely managed drinking water [6]. About 1.8 billion people rely on a drinking water 
source that is fecally contaminated [4]. In developing country contexts, 2.1 billion people 
still lack access to safely managed water [7]. 

While the demands for water and food are estimated to increase by 40% and 35%, 
respectively, by 2030 [8], global demand for a certain group of the population is estimated 
to increase by over 50% by 2050, compared with 2015 [9]. There is an extra 60% and 80% 
global demand expected by 2050 for food and energy, respectively, causing an increase in 
water withdrawals by 50% in just the next few years [5]. The difference between ground-
water withdrawal and the subsequent recharging in the US [10] and India (both study 
areas), including the entire globe [11], has been consistently in the negative territory. Thus, 
locations where agriculture mostly depends on groundwater supply, especially in the 
Midwest and Southeastern US, and Tamilnadu in India, are waiting for a disaster to hap-
pen in the next few decades, i.e., no more groundwater available on an economical basis 
for agricultural production. 

Therefore, groundwater conservation is one of the main groundwater management 
objectives [12]. Groundwater managers need information useful for groundwater man-
agement and groundwater protection [13]. To address the concerns mentioned above, the 
Indo–US bilateral workshop on “Integrated Hydrochemical Modeling for Sustainable De-
velopment and Management of Water Supply Aquifers” was held during 2–4 January 
2020 at the Department of Civil Engineering, Sri Shakthi Institute of Engineering and 
Technology, Coimbatore, India. Funding from the Indo-US Science and Technology Fo-
rum (IUSSTF), New Delhi, supported the 3-day workshop. The workshop’s overall goal 
was to bring together researchers, practitioners, and students from Indian and US univer-
sities/organizations to provide a platform to exchange knowledge and experiences for the 
sustainable development and management of water supply aquifers. 

Generally, groundwater management tools perform one of two functions: reduce de-
mand or increase supply [14]. The tools often use modeling, and their advantages and 
disadvantages are described in [15]. For example, modeling tools are used to increase wa-
ter-use efficiency (e.g., improved irrigation technology), which result in conservation or 
reduced demand on water supplies. Modeling tools are used for artificial aquifer recharge 
such as injection of treated water [14]. A recent study on stakeholder perspectives [16] 
emphasized the need for developing tools to formulate management that support deci-
sion-making on groundwater management with limited resources. This reinforces the 
need emphasized by the workshop participants. 

To address this need, a four-stage tool for sustainable groundwater management was 
developed during the IUSSTF workshop. The objective of this manuscript is to present the 
developed tool and its applications. For the application, four case studies from the invited 
talks, panel discussions, and breakout sessions were used to demonstrate the developed 
four-stage framework in a coastal aquifer (India) and in high plains: the Floridian, Pied-
mont, and Blueridge aquifers (United States of America). Three of the case studies were 
related to groundwater replenishment through changing land uses, creating water har-
vesting structures, and providing resources to stakeholders for precision agriculture and 
thus decreasing agricultural water consumption. The fourth case study was presented in 
the form of automated geospatial models in the line of DRASTIC to determine ground-
water contamination vulnerability and sinkhole formation vulnerability due to depletion 
with suggested remedials from these geohazards. 
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2. Materials and Methods 
The Framework for a Sustainable Groundwater Development Tool 

The knowledge-based sustainable groundwater development tool was developed as 
in Figure 1, and it has a four-stage framework. It is one of the outputs of the workshop. 
The four case studies are presented to demonstrate the application of the tool. 

 
Figure 1. (a) Overview of the sustainable groundwater development tool. (b) Brief description of 
the four stages. WSA in the figure refers to water supply aquifers. 

Stage 1: Through talks and discussions that started before the workshop and contin-
ued during and after the workshop, the characteristics of water supply aquifers were syn-
thesized as coastal, bedrock, confined, and unconfined. 

Stage 2: The DPSIR components: drivers, pressures, state, impact, and responses in 
each of the water supply aquifers were synthesized. 

Stage 3: The causal chains/loop(s) were developed connecting the DPSIR compo-
nents. The type of data and some results are provided. 

Stage 4: The knowledge gaps in the water supply aquifers (WSAs) and potential so-
lutions provided were synthesized. In this step, awareness and collaborations were in-
creased. 

3. Results and Discussion: Framework Application 
The developed framework is demonstrated by applying it to case studies presented 

at the workshop. 

3.1. Case Study 1: Framework Application for the Coastal Aquifer, India 
Stage 1: The target system is a coastal aquifer in India. The South Indian state of Tamil 

Nadu has a long coastline with lagoons, marshes, beaches, and deltas rich in a mangrove 
forest. The northern coastal region of Tamil Nadu (360 km) receives an average of two 
cyclonic storms every year, with flooding, beach erosion, cyclones, and storm surges 
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making this area more vulnerable to coastal hazards. One such example is the 2004 tsu-
nami, which significantly affected this coastal region. The vulnerability to coastal flooding 
increases dramatically where inland freshwater systems are threatened by saltwater in-
trusion. Moreover, the rapid growth of population, urbanization, domestic sewage, in-
dustrialization, nuclear plant, thermal power station, and tourism developmental activi-
ties are putting increasing pressure on this coastal aquifer [17]. In particular, the Nagapat-
tinam district has been categorized as salty. There is a large-scale conversion of wetlands 
and agricultural land to shrimp farm culture [18]. The pollution waste and chemicals used 
during intensive aquaculture lead to environmental hazards in the region. The overall 
changes in land use and land cover due to various physical, climatic, and socio-economic 
factors directly influence the coastal aquifers. 

Stage 2: Components of the DPSIR framework were identified. Drivers in the coastal 
aquifer were classified as physical and anthropogenic. The specific physical drivers were 
current energy, wave energy, cyclones, storm surges, tidal, tsunami, etc. The specific an-
thropogenic drivers were land-use/land-cover changes, changes in population (increase), 
tourism, beach resorts, aquaculture, urbanization, industrialization, over-exploitation of 
groundwater, upstream river dam construction, etc. 

Assessment of coastal aquifer was performed using the GALDIT model, which was 
developed by [19] within the framework of the EU–India INCO-DEV COASTIN project. 
This model has been first applied in the coastal regions of Goa in India and Algarve in 
Portugal by [20] and [21], respectively. GALDIT is the indexing method to classify the 
areas vulnerable to salt water intrusion using ranges, classes and weights. The classifica-
tion is based on the following six parameters [19,22,23]: groundwater occurrence (G); aq-
uifer hydraulic conductivity (A); depth of groundwater level from sea level (L); distance 
from the shore (D) (distance inland perpendicular from shoreline); impact of existing sta-
tus of seawater intrusion (I); and thickness of the aquifer being mapped (T). Each of these 
six indicators has attributed fixed weight and rate that reflects its level of importance to 
SWI. The final GALDIT index is reached by overlaying the individual parameter scores 
and summing them and dividing by the total weight as per the following equation [20,24]: 

𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮 − 𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 = � {(𝑾𝑾𝒊𝒊).𝑹𝑹𝒊𝒊}
𝟔𝟔

𝒊𝒊=𝟏𝟏
/� 𝑾𝑾𝒊𝒊

𝟔𝟔

𝒊𝒊=𝟏𝟏
 

where Wi is the weight of the ith parameter and Ri is the rating of the ith parameter. The 
GALDIT vulnerability classes vary between less than 5 (<5) and greater than 7.5 (>7.5). 
The greater the GALDIT-index value, the higher the vulnerability to seawater intrusion 
and vice versa. Hence, the areas vulnerable to SWI were classified into three classes, viz., 
low vulnerability, moderate vulnerability and high vulnerability. 

Impacts: The impacts were classified into physical and social impacts. 
The physical impacts observed in the target system are: 

• Seawater intrusion; 
• Groundwater depletion; 
• Coastal storm surge; 
• Coastal erosion; 
• Reduction in sand dunes and natural ecosystems; 
• Inundation risk analysis; 
• Coastal flooding and erosion caused by changes in current energy and wave energy, 

cyclones, storm surges, tidal, tsunami; 
• Mangroves impacted by check dams as well as seawater/freshwater flow dynamics 

change; 
• Wetland biodiversity destruction. 

The social impacts observed in the target system are: 
• Fishermen’s access to the beach is impacted; 
• Agriculture land and drinking water quality are reduced; 
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• Some of the developed policies have negative impacts, e.g., reduction in coastal reg-
ulation. 
Response: Some of the responses are documented. Firstly, there is a reduction and 

restriction in pumping and rearranging pumping wells (e.g., Pondicherry) in the region. 
Secondly, there is an increase in groundwater recharge in coastal aquifer systems through 
check dams, recharge ponds/tanks, and spreading channels. Thirdly, a check dam was 
constructed at the river’s tail-end to reduce surface seawater intrusion (e.g., Cauvery delta 
area). Fourthly, groin and sea wall structures for reducing erosion for shore protection 
were constructed. Finally, there was a restoration of mangrove wetlands (e.g., Pichava-
ram). 

Stage 3: Causal chains/loops were developed between the driver/pressure–state–im-
pact–response as provided in Figure 2. Major drivers are physical and anthropogenic pres-
sures. Thus, coastal aquifer systems have several impacts, such as erosion, coastal flood-
ing, saline water intrusion, and destruction of coastal ecosystems (Figure 2). The primary 
responses to prevent saline water intrusion were groundwater recharge structures and 
groins and sea wall construction to prevent sea erosion. 

Stage 4: Identify knowledge gaps, articulate steps. The knowledge gaps in the coastal 
region seem to be: (a) lack of monitoring improper land-use conversion; (b) most of the 
farmers are still farming water-intensive crops such as paddy and sugarcane; (c) the need 
for exploring ways to reduce groundwater usages; (d) identifying novel strategies for 
groundwater recharge; (e) increasing more monitoring wells, particularly near coastal 
zones; and (f) guidelines to mitigate pollutants of industrial and aquaculture wastewater. 

 

Figure 2. Causal chain/loops developed in framework application for the coastal aquifer, India. 

3.2. Case Study 2: Dockum Aquifer in Texas, United States (US) 
Stage 1: Dockum aquifer (Figure 3) is a part of the High Plains aquifer systems in the 

US [24]. It is a minor aquifer overlain by Ogallala aquifer in most places and underlain by 
Permian System red-bed shales [25]. The aquifer can be confined or unconfined, 
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depending on the site of reference. The depth to base varies from 96 to 595 m. The dis-
charge potential is about 212 to 3107 L/min from 293 active wells 
(http://www.twdb.texas.gov/, accessed 2 September 2022; [24]. Water from the aquifer is 
used for crop irrigation, municipal supply, and energy production [26]. The recharge in 
most of the aquifer depends on the overlying Ogallala aquifer [27]. 

 
Figure 3. Causal chains and loops in case study 2.0 

Stage 2: Components of the DPSIR framework identified. Driver: Soils in Texas High 
Plains are productive and support crop production. However, precipitation (400–500 
mm/year) is limited [28–30], and therefore water is drawn from the aquifers (including 
Dockum) for irrigating crops [31]. Additionally, the area is a part of the largest cattle-
feeding region in the US. It is home to several thousand beef cattle [32]. The region is also 
actively supporting a growing oil and gas industry (about 4600 km2 of the mineral area) 
(http://www. http://www.twdb.texas.gov/, accessed 2 September 2022). 

Pressure: Crop production, raising beef cattle, and oil and gas exploration activities 
(a) use water from the aquifer; (b) change the land cover; and (c) discharge pollutants to 
the soil, groundwater, surface water, and air. 

State: About 10% of the Dockum aquifer wells show nitrate concentrations exceeding 
the drinking water standards. The groundwater does not meet the secondary drinking 
water standards for chloride, fluoride, iron, sulfate, and total dissolved solids (TDS), alt-
hough most of the problem is due to the minerals present in the aquifer [26]. TDS increase 
with depth. In addition to the issues mentioned above, naturally occurring radioactivity 
from uranium is also present in the groundwater [26,33]. With all the available data, the 
aquifer water quality’s current state can be explained by the widely-used GALDIT 
(Chachadi and Lobo-Ferreira, 2001) or DRASTIC (Mfumu Kihumba et al., 2016) modeling 
framework. 

Impact: The water quality in the aquifer is generally low with high hardness. Nitrate 
concentrations exceed drinking water standards in some places [26]. These factors limit 
the Dockum aquifer’s current water use in addition to the naturally occurring radiation 
[26,33] and the declining groundwater recharge [34]. 

Response: The authorities managing the aquifer system are looking for options to 
improve (a) groundwater recharge; (b) reduce the pollutants getting into the aquifer; (c) 



Water 2022, 14, 3416 7 of 14 
 

 

treat the low-quality groundwater and make it usable; and (d) explore additional sources 
of water for various uses. 

Stage 3: The developed causal loop is provided in Figure 3. 
Stage 4: The knowledge gaps in the watershed appear to be (a) the collection of more 

groundwater quality data, (b) ways of improving groundwater recharge, (c) strategies to 
mitigate pollutants, and (d) outreach activities to improve the recharge and groundwater 
quality in the aquifer. 

3.3. Case Study 3: Piedmont and Blueridge Aquifer in Georgia, US 
Stage 1: The target systems are Piedmont and Blueridge aquifers in Georgia, US [35]. 

The area has a large-scale agricultural land use. Farmers and other city managers with-
draw around 11 inches of water per year, but minimal (approximately 1 –inches) ground-
water recharge happens in the area. 

Stage 2: Components of the DPSIR framework identified. Drivers of land subsistence, 
groundwater depletion, and groundwater contamination vulnerability: Increasing land 
and water resources’ development threatens to exacerbate existing land-subsidence prob-
lems and initiate new ones. Land development activities include large-scale agriculture 
(row crop to horticultural crops), construction and development of land in the region, and 
waste management and superfund site development, including coal ash pond develop-
ment. Additionally, changing the natural water-drainage patterns, developing new water-
diversion systems, or creating industrial and runoff-storage ponds, are creating ground-
water depletion issues. Excessive pumping of such aquifer systems has resulted in per-
manent subsidence and related ground failures [36]. Groundwater depletion is in the 
range of 9–12 inches per year in the study area and the surrounding area. Groundwater 
contamination is another big issue that accelerates in the study area due to groundwater 
volume depletion, unscientific agriculture practices and waste management and super-
fund site development. Pollution is another driver. 

The state of the aquifer was represented using hydrogeologic factors that influence 
pollution potential. The hydrogeologic factors include depth to water (D), net recharge 
(R), aquifer media (A), soil media (S), topography (T), the impact of the Vadose zone (I), 
and hydraulic conductivity (C). These factors were later used in the DRASTIC model. The 
DRASTIC model, a fully automated geospatial model in ArcGIS Model Builder using as-
sociated spatial parameters, developed by Dr. Panda [37,38], was used to evaluate the rel-
ative vulnerability of areas to groundwater contamination by focusing on hydrogeologic 
factors that influence pollution potential by soil subsidence study, using a temporal digital 
elevation model (DEM)-based ground elevation change analysis. Optimization of weights 
and ratings of DRASTIC model parameters are discussed in [15]. 

Additionally, contrast analysis of historical United States Geological Survey (USGS) 
topographic maps supported the developed digital elevation model (DEM), and present-
day LiDAR-based DEM suggests an average 0.1–1 m soil subsidence in the study area. 
Figure 4 below explains the DRASTIC model development processes. The automated 
groundwater contamination susceptibility determination geospatial model is provided in 
[39]. 



Water 2022, 14, 3416 8 of 14 
 

 

 
Figure 4. Explanation of each parameter of DRASTIC and its contamination vulnerability scale. Last 
column explains the DRASTIC model spatial parameter weighted scale. Note: Each parameter is 
also scaled with a scale of 1–10 (lowest–highest vulnerability) before being combined as the 
weighted scale. Optimization of weights and ratings of the model parameters are explained in [21]. 

Impacts: Groundwater depletion causes soil subsidence and, consequently, sinkhole 
formation. Excessive groundwater pumping causes compaction of soils in the aquifer sys-
tems that can accompany one of the largest causes of subsidence [40,41]. When large 
amounts of water are pumped in some systems, the subsoil compacts, thus reducing in 
size and number the open pore spaces in the soil that previously held water; this can result 
in a permanent reduction in the total storage capacity of the aquifer system [40,41]. 

As the underground aquifer level of depletion increases, there is less water for dilu-
tion of pollutants seeping through the soils, and hence the contamination vulnerability 
increases. Groundwater is very susceptible to contamination from pollutants from storage 
tanks, septic tanks, uncontrolled hazardous wastes, agricultural fertilizer and pesticides, 
landfills, chemicals, and road salts, and atmospheric contaminants [35]. 

The model determines the groundwater contamination spatial susceptibility (GWSS) 
in an 8-digit hydrologic unit catalog (HUC) of Georgia by focusing on hydrogeologic fac-
tors according to their pollution potential. The model also shows a procedure to determine 
soil-subsidence-affected spatial locations. This project’s goal was not to pinpoint contam-
ination sources but to analyze characteristics that affect groundwater contamination and 
show groundwater depletion vagaries. Another study output in the form of a probability 
sinkhole vulnerability map was useful in locating locations that were most critical in the 
study area. 

Response: This vulnerability analysis and the maps obtained will be useful for the 
following: 
(1) The automated models developed through the case study have the simple ability to 

be replicated by other scientists/researchers in any other watersheds of the world. 
(2) The final product of the DRASTIC model is a geospatial map showing the ground-

water contamination vulnerability with a scale of very low to very high. Thus, wa-
tershed managers would obtain management decision support for constructing any 
superfund site, locating any waste management project, demarcating locations for 
industrial waste deposition, and above all prohibiting excessive groundwater with-
drawal and many more groundwater-usage-related decisions. 

(3) The soil subsidence analysis process, developed through the developed automated 
geospatial model that uses historical USGS topographic maps, supported by the de-
veloped digital elevation model (DEM) and present-day light detection and ranging 
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(LiDAR)-based DEM, would help watershed managers to dissuade stakeholders 
from drawing more groundwater for domestic and agricultural usages and persuad-
ing/encourage them to help conserve water through the construction of water har-
vesting structures and replenishing groundwater to the depleting aquifer. Thus, 
probably the process of soil subsidence would subside. 

(4) Above all, the study would provide quality decision support for environmental man-
agers, land-use planners, and other stakeholders. 
Stage 3: Causal chains/loops were developed between the drivers, such as soil sub-

sidence, groundwater depletion through excessive withdrawal, and less or no recharge. 
A link between the soil subsidence and groundwater depletion in North and South Geor-
gia was established. The study results were validated with the highway structures and 
the groundwater depletion data for USGS groundwater monitoring well locations. 

Stage 4: Identify knowledge gaps, articulate steps. Automated geospatial technology-
supported environmental management decision support models require advanced geo-
spatial skill. These models can easily combine various contributing parameters at a de-
fined weighted scale and provide final spatial vulnerability/susceptibility/probability 
maps. However, the models developed through the case studies can easily be replicated 
with a little knowledge in geospatial technology. The study did not include any validation 
with aquifer contamination field data. 

3.4. Case Study 4: Floridian Aquifer in Northwest Florida, US 
Stage 1: The target systems were the surficial aquifer system of the Floridian aquifer 

in Northwest Florida, US [42]. The study area is predominantly urban-sprawl- and agri-
culture-dominated. The region’s aquifer is often covered by limestone or dolomite car-
bonate rock, made up of minerals that can dissolve in water under the right conditions. 
Anthropogenic changes are leading to an increased risk of sinkholes in susceptible areas. 
The formation of these geologic features is hastened by the improper management of 
groundwater, the increase in watershed pollution and runoff, and the mismanagement of 
underground fresh and wastewater pipes and structures. The automated geospatial 
model developed determines a potentially high risk for sinkholes in the study area. 

Stage 2: Components of the DPSIR framework identified. Drivers of sinkhole for-
mation and groundwater contamination problem enhancement: increasing urbanization 
and agricultural density enhancement escalates excess groundwater usage in the study 
area. During record cold, farmers used a considerable amount of water to save the orange 
and other fruit crops from frosting. At any one time in the Floridian aquifer spatial area, 
farmers use 1 billion gallons of water daily, causing many sinkholes [43]. Subsidence is 
caused by the depletion of groundwater and saltwater intrusion into the aquifer [44]. 
Groundwater contamination is another big issue in the studied aquifer area due to exces-
sive use of fertilizers, pesticides, insecticides, and urban waste mismanagement. 

The aquifer’s state was represented using hydrogeologic factors that influence pollu-
tion potential and determine sinkhole formation vulnerability. Eleven types of geospatial 
data were collected, processed, and analyzed in ArcGIS Pro Model Builder to calculate 
sinkhole vulnerability in the study area. The eleven data types were geology, soil, land 
use, aquifer, groundwater measurements, road, fault line, elevation precipitation, and 
evapotranspiration. From this data, ten sinkhole vulnerability layers were produced: (1) 
subsidence or surface change, (2) average aquifer well depth, (3) groundwater vulnerabil-
ity (DRASTIC), (4) road density, (5) groundwater travel time, (6) aquifer media (Suwannee 
Limestone), (7) geology type, (8) slope, (9) land use, and (10) distance from fault lines. 
Each layer was reclassified and reassigned a value from 1 to 10 according to its sinkhole 
vulnerability. The weighted layers were analyzed interpretively using ArcGIS Pro’s 
weighted sum tool producing a sinkhole risk probability raster. The sampling tool was 
used for accuracy assessment by comparing the obtained result with historical sinkhole 
data. This method showed 77% accuracy between known sinkholes and those shown on 
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the sinkhole’s probability raster. This study is useful to environmental planners/managers 
and other stakeholders for decision support. Figure 5 shows the modeling flow chart that 
explains the formation of the sinkhole of vulnerability in the study area. The automated 
sinkhole formation vulnerability geospatial model is provided in Panda et al. [45]. 

 
Figure 5. Geospatial modeling framework for determining sinkhole formation vulnerability. 

Response: This vulnerability analysis and the maps obtained will be useful for the 
following: 
(1) Similar to the previous case study, from this study, the automated models developed 

through the case study have the simple ability to be replicated by other scientists/re-
searchers in any other watersheds of the world. 

(2) The sinkhole probability spatial map could help decision makers guide stakeholders 
in the mitigation of sinkhole-forming bad management practices. 

(3) As it is already observed that groundwater fluctuation is a significant component of 
sinkhole formation, groundwater managers need to provide prudent decision sup-
port towards decreasing their probability of formation. 

(4) Above all, the study would provide quality decision support for environmental man-
agers, land-use planners, and other stakeholders. 
Stage 3: Causal chains/loops were developed between the driver, such as sinkhole 

formation probability, soil subsidence, and groundwater depletion through excessive 
withdrawal and less or no water recharge. A link between the soil subsidence, groundwa-
ter depletion, aquifer geology, saltwater intrusion, and sinkhole formation in the south-
east US was developed. The study results were validated with the historical sinkhole spa-
tial location data obtained from USGS. 

Stage 4: Identify knowledge gaps, articulate steps. Automated geospatial technology-
supported environmental management decision support models are not at a layman’s 
comfort level. Advanced geospatial skill is essential to develop such models. These mod-
els can easily combine various other contributing parameters at a defined weighted scale 
and provide final spatial vulnerability/susceptibility/probability maps. However, the 
models developed through the case studies can easily be replicated with a little 
knowledge in geospatial technology. The study did not include any validation with aqui-
fer contamination field data. 
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4. Summary and Conclusions 
Because of the ever-increasing demands for water for agriculture, industry, and 

drinking, stress on groundwater is in upswing, especially in the form of serious depletion 
and contamination. Groundwater depletion in the US and India, as well as the entire 
world, may create a serious impact on agricultural production in the next few decades. 
Over-exploitation of groundwater resources is the most vital human-induced process that 
enhances seawater intrusion in the coastal region. Other serious consequences of ground-
water depletion is soil subsidence and sinkhole formation at an alarming rate. Contami-
nated groundwater is a major drawback in agricultural production, as it creates human 
health risk and causes human death. Therefore, the objective of this manuscript is to pre-
sent the developed four-stage framework. The framework of a tool for sustainable 
groundwater management was developed during the IUSSTF workshop, as well as to 
demonstrate its application, using four case studies representing a coastal aquifer (India), 
and the high plains of the Floridian, Piedmont and Blueridge aquifers (United States of 
America). The four-stage tool (1) represents the target system, (2) describes the target sys-
tem quantitatively as well as qualitatively in terms of various DPSIR components, (3) de-
velops the causal chains/loops among the components, and (4) identifies the knowledge 
gaps, as well as articulates the next steps. Four case studies from the workshop are pre-
sented to demonstrate the developed four-stage framework. Three of the case studies 
were related to groundwater depletion and its replenishment strategy development. The 
fourth case study provided automated geospatial models determining groundwater con-
tamination susceptibility and sinkhole formation vulnerability due to its depletion. The 
tool’s adaptability is demonstrated through its application to various case studies ranging 
from a coastal aquifer in India to the high plains in Midwest US and the Floridian, Pied-
mont, and Blueridge aquifers in the southeastern United States; thus, it would help in the 
strategic sustainable management of groundwater in various regions around the world. 

The recommendations from the workshop were: (1) with the vulnerability analysis 
models, groundwater quantity and quality managers would be able to undertake 
measures on a spatial basis so that its depletion may not create problems with property 
damages and human health implications; (2) treat the low-quality groundwater and ex-
plore opportunities to use it; (3) adopt all possible methods of groundwater recharge and 
mitigate pollutants getting into aquifer; (4) reduce the over-draft of groundwater and uti-
lize surface and rain water more; and (5) renovate and install different recharge structures 
to help in ground water recharge in the coastal areas. In general, all these four case studies 
suggested remedials in the form of changing land uses, creating water harvesting struc-
tures, providing resources to stakeholders for precision agriculture, and suggesting crop-
ping design for arid and semi-arid conditions and thus decreasing agricultural water con-
sumption, etc. 

This study provides a framework for future researchers to study the groundwater 
table related to the effectiveness of planning and implementation of water recharging 
structures. In India, this can be studied with actual records, as water harvesting structures 
(WHSs) have been constructed throughout the country quickly to recharge the runoff wa-
ter since the late 1980s, as both government- and non-government-sponsored projects. In 
South India, Western Odisha, and Central India, the quantitative analyses can be per-
formed using temporal records of ground water tables before the WHSs are created and 
after they become fully operational. In the United States, such WHSs are not being con-
structed much, but rechargeable pond construction has become the norm for any new 
urban structure development. Groundwater depth enhancement should be studied in 
those urban areas in the US. 

Additionally, development of the framework with quantitative values will differ for 
future research. Establishing a center for excellence as well as developing a network pro-
ject will also differ for future work. Finally, the future study recommendations are to col-
lect more data on groundwater quality and recharge, as well as enhance outreach activi-
ties on improving groundwater recharge and reducing aquifer pollution. 
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