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Abstract
As part of its statewide wellhead protection program, the Indiana Department of Environmental
Management (IDEM) desired to evaluate the aquifer vulnerability for wellhead areas within the
state of Indiana. This desire was the result of the need to satisfy the requirements of the Source
Water Assessment Plan for the State of Indiana, which set as one of it’s goals, the need for such
an evaluation in order to aid the State in future planning and prioritization activities. This paper
describes the aquifer vulnerability analysis protocol that was developed to assess the
vulnerability of drinking water supplies to pollutant releases within wellhead protection areas.
The protocol is based on information already contained in each public drinking water supply’s
Wellhead Protection Plans (WHPs) submitted to the State. This protocol includes the use of an
Aquifer Vulnerability Index (AVI) that relates to the geologic, hydrogeologic and pollutant
source conditions present in the wellfield and an Aquifer Vulnerability Matrix, which provides
low, moderate and high classification ranges for expected wellfield conditions. The protocol has
proven to be a valuable tool for providing an objective, semi-quantitative relative ranking system
for aquifer vulnerability.

Introduction
Concern for aquifer vulnerability to near-surface chemical releases from human activity has been
a topic of interest since efforts to improve the siting of landfills in the early 1980s prompted
regional scale evaluations by federal and state geologic surveys and local planners. Within the
last ten years, as Wellhead Protection Plans (WPPs) have been developed by small to large size
municipalities and utilities, the susceptibility of aquifers to various land development activities
and point sources of contamination has again received increased attention. The need for the
development of wellhead protection education programs for residents and businesses located in
wellfields has also prompted a review of aquifer systems by many states and cities, with an eye
toward allocation of appropriate budgets and resources to focus on those areas with the highest
potential for chemical impacts. As such, the development of a simple, yet scientifically-based
methodology for providing a relative ranking of wellfield vulnerability is again of current
interest. The use of such a protocol in the statewide prioritization of wellhead management plan
implementation also allows for the development of more effective contingency plans, especially
when considering alternate short- and long-term drinking water supplies for those systems that
are the most vulnerable.
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Aquifer Vulnerability Protocol
The vulnerability analysis of a Community Public Water Supply System (CPWSS) can be
conducted considering the following wellhead factors:
1. Hydrologic and hydrogeologic conditions: The degree of protection from fine-grained
geologic barriers above the pumping well screen (i.e., the presence/absence and thickness
of fine-grained sediments).
2. Potential contaminant sources (PSCs): number (and proximity) of PSCs within the
delineated wellhead area (determined herein to be within the 5-year time of travel (TOT)
zone)
3. Categories/types of contaminants: distribution of type of contaminant source
classifications within the delineated area.
The following steps have been developed for incorporating this type of available information
into a system for evaluating aquifer vulnerability:
Step 1: Review the geological and hydrogeological data (vicinity well logs; geologic maps)
provided in the WHPPs to obtain information regarding the distribution and thickness of
geologic barriers above the supply well screens (factor 1).
Step 2: Review the PSC inventories, the landuse and PSC maps for information summarizing the
number and proximity of the PSC (factor 2) for each of the wellhead protection areas.
Step 3: Review the PSC inventories specifically for information on the categories of
contaminants (factor 3) and rank the contaminant categories using Table 1.
Table 1. Contaminant Categories in a Wellfield
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The co ntaminant categoriesltypes are ranked from 1 (highes t potential to contaminate) to 5 (lowest potential to contaminate)
Source: Indiana's S ource 'water Assessment Plan, 1999, 21pp.
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Step 4: Determine the aquifer vulnerability using Figure 1, the ‘Aquifer Vulnerability Matrix’.
The matrix determines system susceptibility based on the local geology and the well’s
vulnerability to contamination based on the number, proximity and type of PSC.
Low
Geologic
Sensitivity

Moderate
Geologic
Sensitivity

High
Geologic
Sensitivity

Low
Contaminant
Vulnerability

BT> 30 feet
PSCs = 0 - 5
CT= 4, 5
(AVI = 0)

BT = 15 - 30 feet BT = 0 - 15 feet
PSCs = 0 - 5
PSCs = 0 - 5
CT= 4, 5
CT= 4, 5

Moderate
Contaminant
Vulnerability

BT> 30 feet
PSCs = 5 - 20
CT= 2, 3

BT = 15 - 30 feet BT = 0 - 15 feet
PSCs = 5 - 20
PSCs = 5 - 20
CT= 2, 3
CT= 2, 3

High
Contaminant
Vulnerability

BT> 30 feet
PSCs > 20
CT= 1

BT = 15 - 30 feet
PSCs > 20
CT=l

Notes:
BT = Barrier Thickness, thickness r ~ s selected based on confidence in level of protection.
PS Cs = Number of potential contaminant sO"lll"Ces in the 5-year TOT zone.
CT= Contaminant Type (Catego:ty 1, 2, 3, 4 or 5 in Table 1)
Barrier thickness r ~ s selected based on confidence in barrier ofutnbution and effectiveness .
The PSC number r~s were selected based on cakuated average (mean) and standard
deviation of number of PSCs observed in the 5-yr TOT zones provided in the ¥!HPPs .

Figure 1. Aquifer Vulnerability Matrix

The matrix is used for determining system susceptibility considering a) aquifer sensitivity based
on local geology and b) the well’s vulnerability to contamination based on the number, type, and
proximity of PSCs. The matrix illustrates that ‘low geologic sensitivity’ (BT > 30 feet) and ‘low
contaminant vulnerability’ (PSCs = 0 to 5 and CT = 4,5) reflect very low/no aquifer vulnerability
(AVI = 0). Similarly ‘high geologic sensitivity’ (BT = 0 to 15 feet) and ‘high contaminant
vulnerability’ (PSCs > 20 and CT = 1) reflect high aquifer vulnerability (AVI = 1). The matrix
demonstrates a gradient of increasing aquifer vulnerability from the top left hand cell of the
matrix (AVI = 0) towards the bottom right hand cell (AVI = 1), and provides an effective means
to summarize vulnerability assessments.
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Step 5: Calculate the ‘Aquifer Vulnerability Index, AVI’ for each wellhead area using the
following modus operandi:
Aquifer Vu lnerability Index (AVI) Calculations:
(Spread:sheat E:xampl.e: for a g eologic barrier of 15 feet, No. of PSCs = 9. and type of PSC = agrCuhum l)
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Cslculstions:

A quifer Vulnerabi lity Index. AVI
AVI
AVI Range

Rating:

0 < AV I < 0.25
0.25 < AVl < 0.75
0.75 < AVI < 1

=
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Aquifer Vulnerability
LOW
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Date of l ast Spreadsheet Modi ficslio n: 09108/03
Spread shes:I Autho r: Le ena A Lothe and John A. Mundell. M UNDELL & ASSOClATES. INC.

Step 6: Classify the aquifer vulnerability based on the AVI as follows:
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AVI Range
0 < AVI < 0.25
0.25 < AVI < 0.75
0.75 < AVI <1

Aquifer Vulnerability
Low
Moderate
High

Step 7: Summarize the aquifer vulnerability and AVI data for each CPWSS, and rank utilities
accordingly (i.e., low, moderate, or high aquifer vulnerability).

Weighting Factor Assignment
The weight given to the various factors is dependent on specific preferences of the evaluating
entity. A thick geologic barrier might be given more weight as compared to no/low number of
PSCs, since the number of PSCs have the potential to change with time. A thick geologic barrier
indicates a lower aquifer vulnerability irrespective of the number or type of PSCs. On the other
hand, a thin or no barrier thickness indicates a high aquifer vulnerability, even if there is a low
number of PSCs. These factors can be taken into account by weighting them to calculate the
AVI. For the protocol recommended, the following weights were used:
Weighting Factor for geologic barrier, α1 = 0.6
Weighting Factor for PSC No., α2 = 0.2
Weighting Factor for PSC Type, α3 = 0.2

Example Aquifer Vulnerability Calculations
To provide a demonstration of the methodology proposed, three examples of actual utility
systems will be provided that covered the range of low to high aquifer vulnerability.
Town A has 35 to 40 feet of clay above the production well screened interval, and 2 potential
sources of contamination (PSCs) within the 5-year time of travel (TOT) zone. The type of PSCs
are predominantly industrial, and the town is on a septic system.
1. As per the geologic sensitivity-barrier characterization, in this case, the geologic factor
‘W1’ = 0 since the Barrier Thickness, BT > 30 feet.
2. The PSC No. Factor ‘W2’= 0 , since PSC No. = 0 to 5. Note that all residential sewers
count as contributing to PSC No. = 1.
3. The PSC Type Factor, ‘W3’ = 1 , since CT = 1; industrial.
Then, AVI = (α1 W1 + α2 W2 + α3 W3) = (0.6(0) + 0.2(0) + 0.2(1) = 0.2. This categorizes the
system as having a ‘low’ vulnerability.
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Town B has 25 to30 feet of clay above the well intake, and 23 PSCs within the 5-year TOT. The
type of PSCs are predominantly industrial, and the town is on a sewer system.
1. As per the geologic sensitivity-barrier characterization, the geologic factor ‘W1’ = 0.5,
since the BT = 15 - 30 feet.
2. The PSC No. Factor ‘W2’= 1, since PSC No. > 20.
3. The PSC Type Factor, ‘W3’ = 1, since CT = 1; industrial.
Then, AVI = (0.6(0.5) + 0.2(1) + 0.2(1)) = 0.7. Therefore, the system has a ‘moderate’
vulnerability.
Town C has 0 feet of overlying clay, and 16 PSCs within the 5-year TOT zone. The type of
PSCs are predominantly industrial, and the town was on a sewer system.
4. As per the geologic sensitivity-barrier characterization, the geologic factor ‘W1’ = 1,
since BT = 0 to 15 feet.
5. The PSC No. Factor ‘W2’= 0.5 , since PSC No. = 5 to 20.
6. The PSC Type Factor, ‘W3’ = 1 , since CT = 1; industrial.
AVI = (0.6)(1) + 0.2 (0.5) + 0.2 (1) = 0.9. Therefore, the system is rated as one with a
‘high’vulnerability.

Conclusions
The proposed aquifer vulnerability ranking protocol has proven to be an effective, flexible tool
for providing an objective, semi-quantitative relative ranking system for utility systems using
limited data available in most wellfield protection plans. The use of both an Aquifer
Vulnerability Index (AVI) and an Aquifer Vulnerability Matrix allows a technically sound
framework within which wellfield ranking can help guide the local decision-making of
governmental agencies in developing strategies for the management of the public water supply,
whether it be through stronger institutional controls, the passage of local ordinances, or
concerted educational programs for citizens and businesses.

References
1.

Indiana Department of Environmental Management (IDEM). 1996. “ 327 IAC 8-4,
“Indiana Wellhead Protection Rule”.

Aquifer Vulnerability Analysis for Water Resource Protection, John A. Mundell, Leena Lothe, Eric M. Oliver and L. Sue Allen-Long

2.

Indiana Department of Environmental Management (IDEM), 2000, “ Source Water
Assessment Plan”, p. 22-23.

Aquifer Vulnerability Analysis for Water Resource Protection, John A. Mundell, Leena Lothe, Eric M. Oliver and L. Sue Allen-Long

