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Compilation and Evaluation of Data Used to Identify 
Groundwater Sources Under the Direct Influence of 
Surface Water in Pennsylvania

By Eliza L. Gross1, Matthew D. Conlon1, Dennis W. Risser1, and Chad E. Reisch2

Abstract
A study was conducted to compile and evaluate data 

used to identify groundwater sources that are under the 
direct influence of surface water (GUDI) in Pennsylvania. 
In the early 1990s, the Pennsylvania Department of 
Environmental Protection (PADEP) implemented the 
Surface Water Identification Protocol (SWIP) for the 
identification of GUDI sources. Since the establishment of 
the SWIP, PADEP has classified more than 500 individual 
sources across Pennsylvania as GUDI, but Pennsylvania’s 
complex geology and physiography provide a challenge 
for a uniform method of GUDI determination. Components 
used in this study to compile and evaluate data associated 
with GUDI determination include: (1) a preliminary review 
of file information for 43 public water-supply wells, (2) 
quality control and addition of data to PADEP’s database 
for public water-supply systems to prepare data for 
analysis, and (3) exploratory evaluation of existing GUDI 
sources in the database with respect to hydrogeologic and 
source-construction characteristics that are currently utilized 
in the assessment methodology.

Case files for 43 wells from PADEP’s Northcentral and 
Southcentral regions were reviewed to: (1) provide a better 
understanding of how the SWIP was applied in practice, 
(2) verify and compile missing data, and (3) find additional 
attributes not previously available that might explain a 
well’s categorization as GUDI. Review of file information 
showed that the SWIP outlined in PADEP technical guidance 
was usually followed, but for some sources, the GUDI 
determination was more complex and could not be easily 
summarized.

Data compiled for study analyses provided by PADEP 
include source data derived from public water-supply 
system case files, a source-information database for public 
water-supply systems, and Microscopic Particulate Analysis 
(MPA) results and associated water-quality data for public 
water-supply system groundwater sources. Data from the 

Pennsylvania Drinking Water Information System (PADWIS), 
which is PADEP’s database for public water-supply systems, 
were also used for this study. The PADWIS database 
originally included data for 12,147 groundwater sources 
(11,812 groundwater sources not under the direct influence 
of surface water (non-GUDI) wells and 335 GUDI wells). 
A subset (4,018 wells consisting of 3,842 non-GUDI 
wells and 175 GUDI wells) of the PADWIS database was 
created for an analysis and includes only community wells 
evaluated in accordance with the SWIP. MPA results for 
631 community and noncommunity wells were compiled, 
along with associated water-quality data (alkalinity, chloride, 
Escherichia coli, fecal coliform, nitrate, pH, sodium, specific 
conductance, sulfate, total coliform, total dissolved solids, 
total residue, and turbidity) populated from the PADEP Bureau 
of Laboratories Sample Information System. Data compiled 
from sources other than PADEP include spatial data, both 
naturogenic (for example, average precipitation or distance to 
closest hydrologic feature) and anthropogenic (for example, 
percentage of developed or agricultural land cover within a 
specific vicinity of a public water-supply system well) data 
representing spatially derived variables.

Comparison among wells in the PADWIS dataset subset 
using the nonparametric Kruskal-Wallis test showed that 
GUDI wells had significantly older median construction 
years, shallower depths, and static water levels closer to 
the land surface than non-GUDI wells and that carbonate 
aquifers had the highest percentages of wells designated as 
GUDI (12 percent; 57 wells). Further comparison of wells 
in the PADWIS database subset using the Spearman’s rho 
monotonic correlation test illustrated that public water-supply 
wells designated as GUDI largely occur in unconfined 
aquifers and have high average yield and shallow static water 
levels. Assessment of the MPA database subset using the 
Kruskal-Wallis test showed wells with MPA total risk-factor 
scores that exceeded zero had older median construction 
years and shallower casing depths than wells with MPA total 
risk-factor scores of zero and that carbonate aquifers had 
the highest percentages of wells with MPA total risk-factor 
scores exceeding zero (30 percent; 63 wells). Spearman’s rho 
correlations showed that wells completed in aquifers with 

1U.S. Geological Survey.
2Pennsylvania Department of Environmental Protection.
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depths to major water-bearing zones closer to the land-surface 
had higher total risk-factor scores resulting from MPA 
samples. 

Based on the results of the analyses described in this 
report, broad conclusions can be drawn regarding site-specific 
well characteristics as well as anthropogenic and naturogenic 
factors that could be responsible for a well being designated 
as GUDI, but the accuracy of these results is dependent on the 
quality of the data being analyzed. Ultimately, study results 
serve as an added resource for initial desktop screening of 
wells to determine if additional site-specific investigation is 
warranted and underscore the need for field evaluation.

Introduction
The Pennsylvania Department of Environmental 

Protection (PADEP) regulates public water-supply systems 
through implementation of the Pennsylvania Safe Drinking 
Water Act (SDWA) and associated Safe Drinking Water 
Regulations (25 Pa. Code 109) to assure that a safe 
and reliable supply of water is provided to consumers. 
Approximately 83 percent of the 12.8 million people 
residing in Pennsylvania obtain their drinking water from 
a public water-supply system (Pennsylvania Department of 
Environmental Protection, 2015). In addition to imposing 
adequate treatment techniques, PADEP uses a methodology 
to identify groundwater sources that are under the direct 
influence of surface water (GUDI) because surface water, 
and therefore GUDI sources, are prone to pathogenic 
contamination. Although hydrologists consider groundwater 
and surface water as a single resource (Winter and others, 
1998), for the purposes of this report GUDI is defined as, “any 
water beneath the surface of the ground with the presence of 
insects or other macroorganisms, algae, organic debris or large 
diameter pathogens such as Cryptosporidium and Giardia 
lamblia, or significant and relatively rapid shifts in water 
characteristics such as turbidity, temperature, conductivity, or 
pH which closely correlate to climatological or surface-water 
conditions” (Pennsylvania Department of Environmental 
Protection, 2002a,b). The term does not apply to finished 
water, which is defined as “water that is introduced into the 
distribution system of a public water-supply system and is 
intended for distribution and consumption without further 
treatment, except as necessary to maintain water quality 
in the distribution system” (Pennsylvania Department of 
Environmental Protection, 2002a, b).

Groundwater sources that do not meet Pennsylvania’s 
regulatory definition for GUDI are considered groundwater 
sources not under the direct influence of surface water 
(non-GUDI) or groundwater, and these sources should not 
be as prone to pathogenic contamination. Cryptosporidium 
and Giardia lamblia are waterborne pathogenic protozoans 
that can reside in surface water or groundwater, and, if 
ingested by humans, they can cause the diarrheal diseases 

cryptosporidiosis and giardiasis, respectively. Contamination 
of drinking water with Cryptosporidium oocysts or Giardia 
lamblia cysts is of concern because they are both protected 
by an outer shell that makes them highly resistant to simple 
disinfection treatment techniques, such as chlorination, and 
capable of surviving several months in water without a host 
(Centers for Disease Control and Prevention, 2015).

Pennsylvania, in addition to other states, experienced 
numerous waterborne-disease outbreaks associated with 
public water-supply systems during the 1970s and 1980s 
(Pennsylvania Department of Environmental Protection, 
2015). These outbreaks resulted in the U.S. Environmental 
Protection Agency (EPA) enacting the 1986 Amendment 
to the SDWA, also known as the Surface Water Treatment 
Rule (SWTR), which provided new regulations for 
filtering and disinfecting surface water and GUDI sources 
(U.S. Environmental Protection Agency, 1992). In 1989, 
Pennsylvania passed its own SWTR, which required all 
surface-water sources serving public water-supply systems 
to be filtered and disinfected and changed the definition of 
surface water to include “water directly influenced by surface 
water, which may include springs, infiltration galleries, 
cribs, or wells” (Pennsylvania Department of Environmental 
Protection, 2002a,b). The EPA’s SWTR gave states with 
the authority to implement and enforce the SDWA within 
their jurisdictions the responsibility of identifying GUDI 
sources and required states to determine which community 
and non-community public water-supply systems were 
using GUDI sources by June 29, 1994, and June 19, 1999, 
respectively (U.S. Environmental Protection Agency, 1992; 
Pennsylvania Department of Environmental Protection, 
2002b). In Pennsylvania, community systems are defined 
as public water-supply systems that provide water to the 
same population throughout the year, such as municipal 
systems, authorities, or mobile home parks, whereas 
non-community systems are public water-supply systems that 
can be nontransient or transient (Pennsylvania Department 
of Environmental Protection, 2015). Nontransient systems 
regularly serve at least 25 of the same people for at least  
6 months a year (for example, schools, factories, or hospitals 
with their own water supplies), and transient systems serve 
transitory customers in nonresidential areas (for example, 
campgrounds, restaurants, or hotels with their own water 
supplies).

Because of the EPA’s SWTR, PADEP implemented the 
Surface Water Identification Protocol (SWIP) in the early 
1990s to provide a methodology for the identification of 
GUDI sources (Pennsylvania Department of Environmental 
Protection, 2002b). More information about the SWIP 
and how PADEP identifies GUDI sources can be found 
in PADEP documentation (Pennsylvania Department of 
Environmental Protection, 2001; 2002a, b; 2008). According 
to the Pennsylvania Drinking Water Information System 
(PADWIS; Pennsylvania Department of Environmental 
Protection, 2016), which is a database used by PADEP to 
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inventory public water-supply systems, 560 individual public 
water-supply systems across Pennsylvania, of which 335 are 
public water-supply wells (table 1; fig. 1), have been classified 
as GUDI since the establishment of Pennsylvania’s SWIP. The 
U.S. Geological Survey (USGS) in cooperation with PADEP, 
has applied quality-control (QC) methods and analyzed a 
version of the PADWIS database, along with associated 
water-quality data provided by PADEP, to evaluate the 
associated data for identifying GUDI sources in Pennsylvania 
(Gross, 2022).

Purpose and Scope

This report documents the following components of data 
compilation and evaluation: (1) a review of file information for 
43 public water-supply system wells (hereafter referred to as 
wells) from the PADEP Northcentral and Southcentral regions 
to evaluate the SWIP and Microscopic Particulate Analysis 
(MPA) in GUDI determinations, (2) the addition of attributes 
to the PADWIS database including spatial anthropogenic 
(land cover and PADEP region) and naturogenic (geologic 
and physiographic, hydrologic, soil characterization, and 
topographic) data that could be potential indicators of GUDI 
designation or the presence of contaminants in MPA results, 
which was the impetus for the creation of three datasets 
(PADWIS database, PADWIS database subset, and MPA 
database subset) to be used for analysis (Gross, 2022), and 
(3) statistical summary and correlation analysis to evaluate 
existing GUDI sources in the databases with respect to 
hydrogeologic and source-construction characteristics that are 
currently utilized in the SWIP assessment methodology.

Review of Case Files for 43 Wells
Case files associated with 43 selected wells in the 

PADWIS database were reviewed to: (1) verify and compile 
missing data values for attributes in the PADWIS database 
and identify additional data not included in the PADWIS 
database that might help to explain a well’s susceptibility to 
surface-water influence, and (2) provide a better understanding 
of how the SWIP steps were applied in practice to generate 
data needed to evaluate wells. The distribution of GUDI 
wells across PADEP regions is uneven, with more than half 
(56 percent) located within the Northcentral region and just 
one in the Southeast region (fig. 2). The complex physical 
settings can be highly variable among wells across the state, 
and limited site-specific data make implementation of a 
uniform evaluation approach for GUDI difficult. This is 
likely a contributing factor explaining the uneven percentage 
of GUDI wells across the state (fig. 2). Source data derived 
from PADEP well case files included various types of 
documentation, such as hydrogeologic reports, PADEP-issued 
permits, GUDI determination decision letters, and monitoring 
plans—not all of which were available for each of the wells.

Of the 43 case files reviewed, 30 were for wells located 
in the Southcentral region and 13 were for wells in the 
Northcentral region. These two regions were chosen for 
case file review because 79 percent of the GUDI wells in 
the PADWIS database were in these regions (fig. 2). In the 
Southcentral region, the case files of 30 wells that were 
considered susceptible to surface-water influence based on 
aquifer type and well characteristics were examined to gain 
a better understanding of the evidence used to determine 
why 19 of the wells were classified as GUDI and 11 were 
determined not to be GUDI. In the Northcentral region, 
case files were examined that had been classified as GUDI 
without undergoing 6 months of monitoring. (Pennsylvania 
Department of Environmental Protection, 2001, 2002b).

Data Availability

Files associated with 43 wells in PADEP’s Northcentral 
and Southcentral regions were examined to verify and compile 
missing data values for PADWIS attributes that are important 
for conducting the SWIP. Although the PADWIS database 
includes most of the criteria used for the SWIP, such as 
major aquifer type, static water level, or whether the aquifer 
is confined (Pennsylvania Department of Environmental 
Protection, 2001, 2002b), it does not provide sufficient 
information to show what data were utilized to classify a well 
as GUDI. For example, the SWIP STATUS attribute (table 1) 
in the PADWIS database indicates if an evaluation was 
completed, but this attribute does not provide results for SWIP 
monitoring or the total risk-factor scores from any collected 
MPA samples, so it is not known which, if any, of the SWIP 
monitoring criteria or guidelines (Pennsylvania Department of 
Environmental Protection, 2001, 2002b) were utilized during 
the evaluation. As a result, some PADWIS attributes could 
have verification performed using information in the well files 
to change incorrect values to correct values or to fill in missing 
values. In addition, files were examined to find additional 
attributes that were not included in the PADWIS database that 
might help to explain a well’s susceptibility to surface-water 
influence.

In the Southcentral region, the well depth (DEPTH 
[FT] attribute, table 1) was found in the files for 18 selected 
wells. Six (33 percent) of the 18 values differed from the 
data values stored in the PADWIS database. Casing depth 
(CASING DEPTH [FT] attribute, table 1) was available for 
15 wells. Three (20 percent) of the 15 values differed from 
the data values stored in the PADWIS database. Depth to 
water in the well (STATIC WATER LEVEL [FT] attribute, 
table 1) was found in the files associated with 14 (74 percent) 
of the 19 wells. According to PADEP’s SWIP, static water 
level in the well is a necessary attribute for determining if a 
source is susceptible to surface-water influence (Pennsylvania 
Department of Environmental Protection, 2001).

Other variables of importance to determine if additional 
monitoring and evaluation are needed on a source include the 
spatial coordinates that define a well’s location (LATITUDE 
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Table 1.  Available attributes in the Pennsylvania Drinking Water Information System (PADWIS) database for public water-supply systems identified as groundwater under the 
direct influence of surface water (GUDI) or groundwater not under the direct influence of surface water (non-GUDI).

[Attribute availability is described in relation to the full PADWIS database (before the application of quality-control procedures) and the PADWIS database subset that is described later in the report. GUDI, 
groundwater source under the direct influence of surface water; non-GUDI, groundwater source not under the direct influence of surface water; PADEP, Pennsylvania Department of Environmental Protection; 
SWIP, surface water identification protocol; PVC, polyvinyl chloride]

Attribute name Attribute description

Number (and percentage) 
of GUDI sources with avail-

able data

Number (and percentage) of 
non-GUDI sources with avail-

able data

Full 
database of 

560

Database 
subset of 176

Full database 
of 11,885

Database 
subset of 

3,842

REFERENCE ID 10- or 12-digit reference identification value 560 (100) 176 (100) 11,885 (100) 3,842 (100)
PWSID 7-digit public water-supply identification number 560 (100) 176 (100) 11,885 (100) 3,842 (100)
SYSTEM NAME Public water-supply system name 560 (100) 176 (100) 11,885 (100) 3,842 (100)
COUNTY County where water supply is located 560 (100) 176 (100) 11,885 (100) 3,842 (100)
REGION PADEP region where water supply is located 560 (100) 176 (100) 11,885 (100) 3,842 (100)
SOURCE ID 3-digit water-supply source identification number 560 (100) 176 (100) 11,885 (100) 3,842 (100)
SOURCE NAME Source name listing either a number, name, or description 560 (100) 176 (100) 11,885 (100) 3,842 (100)
SOURCE AVAILABILITY Source availability describing if the source is abandoned, emergency, permanent, 

reserve, seasonal, or interim
560 (100) 176 (100) 11,885 (100) 3,842 (100)

CONSTRUCTION Source-construction year provided by date ranges from “pre-1930” to “2010 to 
present” in 10-year increments

272 (49) 98 (56) 7,911 (67) 2,959 (77)

SWIP FINALIZED SWIP finalization date 371 (66) 170 (97) 8,500 (72) 2,923 (76)
SWIP STATUS SWIP status describing if a SWIP evaluation was performed for the source and if the 

source was monitored
532 (95) 176 (100) 11,567 (97) 3,842 (100)

LATITUDE Latitude of source in decimal degrees, assuming North American Datum of 1983 560 (100) 176 (100) 11,866 (99.8) 3,842 (100)
LONGITUDE Longitude of source in decimal degrees, assuming North American Datum of 1983 560 (100) 176 (100) 11,866 (99.8) 3,842 (100)
WELL ID 2-digit source identification value that consist of numbers, letters, or a mix of 

numbers and letters
479 (86) 165 (93) 11,885 (100) 3,842 (100)

DEPTH (FT) Source depth, in feet 344 (61) 153 (86) 9,209 (77) 3,635 (95)
DIAMETER (INCHES) Source diameter, in inches 335 (60) 149 (84) 10,313 (87) 3,695 (96)
FINISH Source finish describing type of finish (for example: gravel screen, open end or hole, 

perforated or slotted)
255 (46) 145 (81) 7,075 (60) 2,911 (76)

SURFACE ELEVATION(FT) Source surface elevation, in feet 439 (78) 152 (85) 9,325 (78) 3,311 (86)
CONFINED Description of aquifer indicating if it is: (1) confined, (2) semiconfined, or (3) 

unconfined
189 (34) 130 (73) 1,793 (15) 1,445 (38)

STATIC WATER 
LEVEL(FT)

Source static water level, in feet 343 (61) 100 (56) 5,946 (50) 2,409 (63)
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Table 1.  Available attributes in the Pennsylvania Drinking Water Information System (PADWIS) database for public water-supply systems identified as groundwater under the 
direct influence of surface water (GUDI) or groundwater not under the direct influence of surface water (non-GUDI).—Continued

[Attribute availability is described in relation to the full PADWIS database (before the application of quality-control procedures) and the PADWIS database subset that is described later in the report. GUDI, 
groundwater source under the direct influence of surface water; non-GUDI, groundwater source not under the direct influence of surface water; PADEP, Pennsylvania Department of Environmental Protection; 
SWIP, surface water identification protocol; PVC, polyvinyl chloride]

Attribute name Attribute description

Number (and percentage) 
of GUDI sources with 

available data

Number (and percentage) 
of non-GUDI sources with 

available data

Full 
database of 

560

Database 
subset of 176

Full database 
of 11,885

Database 
subset of 

3,842

AVG YIELD (GPD) Source average yield, in gallons per day 349 (62) 121 (68) 4,862 (41) 2,006 (52)
CASING TYPE Source casing type describing material of casing (for example, brick, concrete, PVC) 281 (50) 155 (87) 9,885 (83) 3,637 (95)

CASING DEPTH (FT) Source casing depth, in feet 313 (56) 126 (71) 6,773 (57) 2,951 (77)
AQUIFER CODE Geologic formation name where source is located 544 (97) 174 (99) 3,318 (28) 1,946 (51)

AQUIFER LITHOLOGY Aquifer lithologic description where source is located 536 (96) 175 (99) 3,444 (29) 2,003 (52)
AQUIFER THICKNESS Aquifer thickness, assumed in feet 278 (50) 119 (67) 3,874 (33) 941 (24)
AQUIFER DEPTH (FT) Aquifer depth (depth to major water-bearing zone), in feet 276 (49) 55 (31) 3,955 (33) 2,031 (53)

PUMP CAPACITY (GPD) Source pump capacity, in gallons per day 448 (80) 121 (69) 7,959 (67) 3,304 (86)
SAFE YIELD (GPD) Source safe yield, in gallons per day 443 (79) 118 (67) 6,346 (53) 2,545 (66)

REGION_ABBR Abbreviation for PADEP region where source is located 560 (100) 176 (100) 11,885 (100) 3,842 (100)
COLLECTION TYPE Source collection type indicating if the source is a spring or well 394 (70) 176 (100) 11,885 (100) 3,842 (100)
ACTIVITY STATUS Activity status of source indicating if it is active or inactive 560 (100) 176 (100) 11,885 (100) 3,842 (100)

POPULATION Estimated total population that source is serving, in number of people 560 (100) 176 (100) 11,885 (100) 3,842 (100)
SYSTEM TYPE System type indicating if the source is community, noncommunity (transient or 

nontransient), or used for a retail water facility, bottled water, vended water, or 
bulk water

560 (100) 176 (100) 11,885 (100) 3,842 (100)
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Protection (2016)
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Figure 1.  Map of public water-supply system wells classified as either groundwater source under the direct influence of surface water 
(GUDI) or non-GUDI, with Pennsylvania Department of Environmental Protection regions overlaid on major aquifer types.
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and LONGITUDE attributes, table 1). Spatial coordinates 
for 11 wells in the Southcentral region were found in files 
associated with the wells, yet the spatial coordinates listed in 
the files for 9 (82 percent) of these 11 wells differed by  
130 to 14,800 feet (ft) from the coordinates provided in the 
PADWIS database. Some of these discrepancies could be 
caused by assuming an incorrect datum, but most errors 
exceeded the error that would arise with a shift from North 
American Datum (NAD) 1927 to NAD 1983.

Files associated with wells also were evaluated to 
obtain specific data that were collected by completing the 
SWIP but unavailable as PADWIS attributes. For example, 
the distance (threshold distance of 200 ft) from a well to the 
nearest surface-water feature, such as a flowline, water feature, 
or water body, is not an attribute available for assessment 
in the PADWIS database (Pennsylvania Department of 
Environmental Protection, 2016), but this is an attribute that 
may require a well to be identified for further evaluation. 
Data describing the distance to the nearest surface-water 
feature were found in files for 9 (47 percent) of 19 selected 
wells examined in the Southcentral region. For most of the 
GUDI wells in the Southcentral region, the distance to the 
nearest surface-water feature was not evaluated as part of the 
initial screening because the static water level in the wells 
did not exceed 50 ft below the land surface. This highlights 
an important point when considering the primary threat of 
surface-water influence to a well. Instead of evaluating the 

relation between groundwater and surface water (for example, 
streams and lakes), the focus for these nine wells was 
water-quality variations and the potential for rapid infiltration 
of precipitation if preferential-flow pathways are available 
at or near the wellhead. Evaluation of this primary threat is 
fundamentally different compared to determining a hydraulic 
connection between an aquifer and stream or lake.

Pearson-correlation coefficients, which are derived 
from data (water-quality parameters, precipitation, and local 
surface-water conditions) collected by the water system during 
the 6-month SWIP monitoring program, that are considered 
high (> 0.40) can be used to classify a well as GUDI or to 
elicit MPA testing, but these results are not included in the 
PADWIS database. Pearson-correlation results from the 
SWIP monitoring were available in files for 14 (74 percent) 
of 19 selected wells designated as GUDI in the Southcentral 
region, whereas 9 (82 percent) of the 11 non-GUDI wells had 
Pearson-correlation results from the SWIP monitoring.

Results associated with MPA sample collection are an 
important, and often final, part of the evaluation process since 
these results are reported as the definitive presence or absence 
of specific bioindicators. MPA results were available in files 
associated with 15 (79 percent) of 19 selected wells in the 
Southcentral region, and 4 (44 percent) of the 9 non-GUDI 
wells with the SWIP monitoring results had associated 
MPA results.
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Figure 2.  Percentage of public water-supply system wells and percentage of wells classified as groundwater 
sources under the direct influence of surface water (GUDI) within each Pennsylvania Department of 
Environmental Protection region.
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Application of the Surface Water Identification 
Protocol

The SWIP consists of up to three steps: (1) screening for 
sources susceptible to surface-water influence based on aquifer 
type and well characteristics, (2) monitoring for six months 
to evaluate the Pearson-correlation results among water level, 
precipitation, or stream stage with selected water-quality 
parameters, and (3) sampling for particulates and organisms 
with an MPA. Overall, the best information from the well 
files about how the SWIP was followed and ultimately why a 
well was classified as non-GUDI or GUDI is contained in the 
letter of determination from PADEP to the water supplier. The 
letter summarizes the specific evidence from the evaluation 
that supports the determination. A letter of determination 
was available for 20 (47 percent) of the wells included in file 
reviews from selected PADEP regions.

File review of selected wells showed that for some 
sources the GUDI determination in practice is much more 
complex and cannot be easily summarized in a database such 
as PADWIS. One of the GUDI wells in the Southcentral 
region that illustrates this complexity was in service in 2013 as 
a community well classified as non-GUDI when the operator 
noticed an increase in turbidity and nitrate concentrations 
following precipitation events (Thomas Yeager, Pennsylvania 
Department of Environmental Protection, written commun., 
October 24, 2017). After notifying PADEP, the well was shut 
down, owing to elevated bacteria levels and the presence of 
bioindicators in water samples, and reclassified as GUDI in 
March 2013. Further investigation by the well owner revealed 
a cracked well casing that allowed surface water to drain into 
the well. The well was reconstructed, after which 6 months of 
SWIP monitoring was conducted and several MPA samples 
were collected by PADEP and the operator. The monitoring 
and MPA results showed a low risk for surface-water 
influence, so the well was classified as “groundwater” 
(non-GUDI) in December 2015. This process, which started 
with an astute water-system operator, took nearly two years to 
complete.

Review of the well files shows that application of a 
uniform evaluation approach for GUDI is difficult because 
of highly variable site-specific factors that need to be 
considered in applying the SWIP steps, but its effect is difficult 
to quantify. This is especially notable in the evaluation of 
results from the 6 months of SWIP monitoring because the 
Pearson-correlation results among the monitored parameters 
are commonly moderate (close to but not exceeding 0.40). 
In such cases, the results of analyses of the bacteria samples 
collected during the monitoring are sometimes used to 
provide additional rationale for requiring an MPA sample. 
The most ambiguous cases seem to be those with: (1) 
moderate Pearson-correlation results during the monitoring, 
(2) detections of some bacteria, and (3) a low-risk MPA 
sample with some organisms detected. In some of these 
cases, the presence of bacteria and other organisms was used 
as an indication of surface-water influence and as evidence 
to classify the source as GUDI; in other cases, despite the 

presence of bacteria, the source was not classified as 
GUDI given the low-risk MPA results in addition to the 
implementation of disinfection treatment practices.

Implementation of the SWIP in PADEP’s Southcentral 
and Northcentral regions is further summarized in the 
following sections based on the examination of well files. 
Files were examined to determine: (1) why 19 wells in the 
Southcentral region were classified as GUDI, (2) why  
11 similar wells in the Southcentral region were determined 
to be groundwater (non-GUDI), and (3) why 13 wells in 
the Northcentral region were classified as GUDI without 
undergoing SWIP monitoring.

Examination of Case Files for 19 Wells Classified 
as Groundwater Under the Direct Influence of 
Surface Water in Southcentral Pennsylvania

Files for 19 Southcentral region wells classified as GUDI 
were reviewed. PADWIS included SWIP STATUS attributes 
for these wells, indicating that the steps of the protocol had 
been completed for the wells, but it was apparent from the 
file review that data from different steps were given different 
weighting. The files showed that all three steps of the SWIP 
were completed and documented for 15 (79 percent) of the 
19 wells reviewed. Although it may have been available 
elsewhere, documentation fully explaining the reasoning 
behind classifying the other 4 wells (21 percent) as GUDI 
could not be found in the files associated with the wells. The 
rationale for classifying 15 of the wells as GUDI included:

•	 GUDI classification determined by all three SWIP 
steps.—For 12 (63 percent) of the 19 wells reviewed, 
the initial screening step showed the wells were highly 
susceptible to surface-water influence, six months 
of monitoring showed moderate Pearson-correlation 
results among water-quality parameters with bacteria 
present in samples, and the MPA results indicated 
moderate or high risk (total risk-factor score of 10 or 
greater). Data from the three SWIP steps supported 
classification of the wells as GUDI. 

•	 GUDI classification determined by monitoring.—For 
2 (11 percent) of the 19 files reviewed, the screening 
step showed that although the wells had a high 
susceptibility to surface-water influence, the MPA 
results indicated low risk (total risk-factor score  
lower than 10), so the GUDI determination was made 
on the basis of results from six months of monitoring 
that showed Pearson-correlation results between 
turbidity and precipitation greater than 0.4 with the 
presence of bacteria. Thus, data generated from two 
of the three SWIP steps supported classification of the 
wells as GUDI.

•	 GUDI classification determined by susceptibility 
and existing data from other wells in the same 
well field.—For 1 (5 percent) of the 19 wells 
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reviewed, the screening step showed the well had a 
high susceptibility to surface-water influence, but 
there were no high Pearson-correlation results between 
water-quality parameters and precipitation during six 
months of monitoring, and the MPA result indicated 
low risk (total risk-factor score less than 10). The 
GUDI determination was made based on high bacteria 
counts found during six months of monitoring and 
because the well was similar in design and in the same 
aquifer setting as three other wells in the wellfield for 
which MPA results indicated high risk (total risk-factor 
score of 20 or greater). In this case, existing data from 
other wells in the same well field were used to classify 
the well as GUDI.

Examination of Case Files for 11 Wells Not 
Classified as Groundwater Under the Direct 
Influence of Surface Water in Southcentral 
Pennsylvania

Files for 11 wells in the Southcentral region for which the 
SWIP had been completed and which had been classified as 
groundwater (non-GUDI) sources were reviewed. The wells 
were drilled in carbonate rock and had water levels less than 
100 feet [AQUIFER LITHOLOGY and STATIC WATER 
LEVEL(FT) attributes in PADWIS database, respectively; 
see table 1], indicating high susceptibility to surface-water 
contamination during the initial SWIP screening step, but 
none were classified as GUDI. The files were reviewed to 
determine: (1) how the SWIP steps were utilized, (2) to 
examine the data used to assign a source classification, and (3) 
to identify key factors that might be used to distinguish GUDI 
from non-GUDI wells prior to monitoring.

The review of files for the 11 non-GUDI wells in 
the Southcentral region showed more ambiguity in the 
determination than for the 19 GUDI wells. Because 
Pearson-correlation results between temperature, pH, turbidity, 
and specific conductance were usually less than 0.4, it appears 
that the presence of bacteria was used to help determine when 
an MPA sample was required for additional evidence. Though 
the 11 non-GUDI wells were flagged as sources susceptible to 
surface-water influence, monitoring was not required at  
2 wells, and the collection of samples for MPA was not 
required at 6 wells. The rationale for classifying 15 of the 
wells as non-GUDI included:

•	 Non-GUDI classification determined by low-risk 
MPA result.—For 4 (36 percent) of the 11 wells 
reviewed, the initial screening step showed the wells 
were sources susceptible to surface-water influence, 
and six months of monitoring showed moderate 
Pearson-correlation results among water-quality 
parameters and high bacteria counts, so collection 
of an MPA sample was required. The non-GUDI 
classification appears to have been based heavily on an 
MPA result indicating low risk (total risk-factor score 
lower than 10). 

•	 Non-GUDI classification determined by monitoring 
and low bacteria counts.—For 5 (46 percent) of the 
11 wells reviewed, the screening step showed the 
wells were susceptible to surface-water influence, 
and 6 months of SWIP monitoring showed moderate 
Pearson-correlation results among water-quality 
parameters and low or no incidence of bacteria, so 
collection of MPA samples was not required. Low 
bacteria counts during the six months of SWIP 
monitoring appear to be the basis of the non-GUDI 
determination.

•	 Non-GUDI classification determined by other 
factors.—For 2 (18 percent) of the 11 wells reviewed, 
the screening step showed that these wells, completed 
in carbonate-rock aquifers with water levels less 
than 100 feet below land surface, were susceptible 
to surface-water influence, but the 6 months of 
monitoring was not required. After review of the files 
for these two wells, it was unclear why either  
six months of SWIP monitoring or the collection of 
MPA samples was not required. Since these wells were 
coded as being in the Wills Creek and Jacksonburg 
Formations, it is possible that they were determined to 
be in shale instead of carbonate-rock aquifers.

Examination of Case Files for 13 Wells Classified 
as Groundwater Under the Direct Influence of 
Surface Water in Northcentral Pennsylvania

Files associated with 13 GUDI wells in the Northcentral 
region were examined to understand why wells in this region 
had been classified as GUDI without requiring six months of 
SWIP monitoring. The PADWIS database indicates that  
98 (29 percent) of 335 wells in Pennsylvania that were 
classified as GUDI were designated as such without receiving 
the six months of monitoring. Most of these 98 (85 percent) 
wells are in the Northcentral region (fig. 1). Although it may 
have been available elsewhere, documentation fully explaining 
the reasoning behind the classification of 2 (15 percent) 
of the 13 wells as GUDI could not be found in available 
files associated with the wells. Review of files in PADWIS 
for the wells for which such documentation was available 
provided the following insights regarding these wells being 
classified as GUDI:

•	 GUDI classification potentially determined by 
susceptibility.—For 6 (46 percent) of the 13 wells 
reviewed, the screening step showed the wells were 
sources susceptible to surface-water influence.  Prior 
to conducting six months of monitoring, five of these 
wells were abandoned, the water-system operator 
began to filter the water from the sixth well prior to 
its dissemination, and all six wells were classified 
as GUDI in the PADWIS database. The six wells 
may indeed be GUDI, but further evidence beyond 
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susceptibility for that determination is not available. 
Without any additional information, such as results 
from six months of monitoring or MPA sample 
collection, it is difficult to fully understand the 
conditions that would classify the well as GUDI. 

•	 GUDI classification potentially determined by 
monitoring and susceptibility.— For 4 (21 percent) 
of the 13 wells for which files were reviewed, the 
classification of the wells as GUDI was not clearly 
documented in the available files associated with 
the wells. At two of these wells, six months of 
SWIP monitoring was completed, and the GUDI 
classification for these two wells seems to have been 
based on moderate Pearson-correlation results during 
the monitoring period. At the other two wells, the 
screening step indicated the wells were susceptible 
to surface-water influence, but the reason for 
classification of the wells as GUDI was not clearly 
documented in the files that were available for review.

•	 GUDI classification determined by susceptibility, high 
bacteria counts, and high-risk MPA result.—For  
1 (8 percent) of the 13 wells reviewed, the screening 
step indicated that the well had high susceptibility to 
surface-water influence, bacteria were present at high 
levels in collected samples, and MPA results indicated 
high risk (total risk-factor score of 20 or greater). 
Even though six months of SWIP monitoring was not 
completed, bacteria and MPA samples were collected, 
and the associated results supported classification of 
the well as GUDI.

Compilation of Data
Information compiled for this study consists primarily of 

data provided by PADEP, including: (1) a source-information 
database for public water-supply systems called the 
Pennsylvania Drinking Water Information System (PADWIS; 
Pennsylvania Department of Environmental Protection, 
2016), and (2) MPA results and associated water-quality data 
for public-water-supply systems. Additional data compiled 
from other sources include spatial data explanatory variables 
consisting of naturogenic data (for example, average 
precipitation or distance to closest hydrologic feature) and 
anthropogenic data (for example, percentage of developed or 
agricultural land cover within a specified distance of a well). 
Data were compiled in three separate databases, which were 
created based on data type and availability, and include: 

•	 PADWIS database (12,147 wells),

•	 PADWIS database subset (4,018 wells), and

•	 MPA database subset (631 wells).

Pennsylvania Drinking Water Information 
System

The original version (before the application of 
quality-control (QC) procedures by the USGS) of the 
PADWIS database provided by PADEP for the purposes 
of this study contained information for 12,445 public 
water-supply sources, of which 560 sources were identified as 
GUDI and 11,885 sources as non-GUDI. For the non-GUDI 
sources, the database was modified by PADEP before being 
provided to USGS so that it only included public water-supply 
system source types of wells. Available attributes for GUDI 
and non-GUDI sources are listed in table 1 along with the 
number of wells that have available data for each attribute.

Pennsylvania Drinking Water Information System 
Database

 Quality-control practices were applied to the PADWIS 
database, which involved checking spatial coordinates; 
verifying collection type information; excluding any sources 
not designated as wells; and verifying or removing data values 
that were either obvious errors or populated as zero rather 
than as “no data.” More detailed information about database 
QC can be found in Gross (2022). The database QC process 
resulted in a dataset containing 12,147 wells, consisting of  
335 (3 percent) GUDI wells and 11,812 (97 percent) 
non-GUDI wells, hereafter referred to as the PADWIS database.

Most (around 63 percent) of the wells in the PADWIS 
database are non-community wells, 20 percent of which 
are designated as non-transient and 80 percent as transient. 
Community wells account for about 37 percent of the wells 
in the PADWIS database, and less than 1 percent of the total 
wells are designated as other system types, such as retail  
water facilities or bottled, bulk, or vended water. Most  
(90 percent) of the 335 wells classified as GUDI are 
community wells, whereas 64 percent of the 11,812 wells 
designated as non-GUDI are non-community wells.

According to the PADWIS database, the PADEP 
Northeast region contains the most wells (36 percent), the 
Northwest region contains the least (8 percent), and the other 
four regions have an intermediate number of wells (12 to  
16 percent; fig. 2). The Northcentral region contains the 
highest percentage of GUDI wells, with 186 (13 percent) of 
the 1,410 wells in the region designated as GUDI. Of the total 
335 wells in the PADWIS database classified as GUDI,  
56 percent are in the Northcentral region, and 76 wells  
(23 percent) are in the Southcentral region (fig. 2). The 
Southeast region has only one GUDI well.

The SWIP status attribute in the PADWIS database 
(Pennsylvania Department of Environmental Protection,  
2016) indicates 98 (approximately 29 percent) of the  
335 GUDI wells were designated GUDI where SWIP 
monitoring was not required. Most of these wells are in 
the Northcentral region (fig. 3). Of the 98 wells without 
SWIP monitoring requirements, 78 (80 percent) had a 
SWIP finalization date between 1991 and 2000, indicating 
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the classification of wells as GUDI without required 
SWIP monitoring occurred prior to 2001. In addition, the 
PADEP’s Guidance for Surface Water Identification Protocol 
(Pennsylvania Department of Environmental Protection, 2001) 
indicates that MPA testing may be conducted for susceptible 
sources prior to the SWIP monitoring; thus, an initial MPA 
sample may have indicated a moderate or high risk of 
susceptibility to surface-water influence.

The SWIP STATUS attribute in the PADWIS database 
also indicates “Not Evaluated–Filtered” for 121 wells, of 
which 108 were classified as GUDI and 13 classified as 
non-GUDI. These 121 wells essentially bypassed the SWIP 
because adequate treatment techniques were either already in 
place or were being installed in compliance with the SWTR. 
Of the 121 wells meeting these criteria, most were in the 
Northcentral (39 wells; 32 percent) and Southcentral  
(34 wells; 28 percent) regions, likely because these two 
regions have the highest number of GUDI wells statewide.

Pennsylvania Drinking Water Information System 
Database Subset

A subset of the PADWIS database was extracted to 
include only community wells that were indicated in the  
database to have undergone the SWIP to determine a source 
classification of GUDI or non-GUDI; this was an effort to 
only include sources in the study analysis that had been 

through a comparable evaluation process to receive GUDI 
or non-GUDI classification (Pennsylvania Department of 
Environmental Protection, 2010). Therefore, sources indicated 
in the PADWIS database with the SWIP STATUS attributes 
of “Completed—Monitoring Not Required” or “Completed—
Source Monitored,” were included in this database subset.

This subset of the PADWIS database contains 
information for 4,018 community wells with 176 wells 
identified as GUDI and 3,842 sources identified as non-GUDI, 
hereafter referred to as the PADWIS database subset, with 
GUDI wells clustered in the north-central and central parts of 
the State (fig. 4). In addition to the spatial distribution of the 
PADWIS database subset, figure 4 also shows the statewide 
spatial distribution of this subset in relation to major aquifer 
type and physiographic provinces, which will be discussed in 
greater detail. The regional distribution of the 176 GUDI wells 
in this data subset includes a majority of GUDI wells in the 
Northcentral (140 [80 percent] of 176) and Southcentral  
(21 [12 percent] of 176) regions and the remaining four 
regions containing between 1 and 9 GUDI wells.

Microscopic Particulate Analysis Database 
Subset

MPA sample results were obtained from the PADEP 
Bureau of Laboratories (BOL) files, and associated 
water-quality data were obtained from the PADEP BOL, 
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Compilation of Data    13

Sample Information System. All groundwater samples that 
generated analytical laboratory results and included in this 
study were collected by PADEP staff and analyzed by BOL.

A digital database of 2,327 MPA results for samples 
collected from public water-supply systems between 
1990 and 2014 was provided by PADEP. This database 
included analytical MPA results determined from methods 
in US Environmental Protection Agency (1992), including 
bioindicator counts and associated risk-factor scores for 
groundwater samples. All samples were collected and 
analyzed after the introduction of the SWIP in the early 1990s. 
Each MPA sample result was stored with a unique sample 
identification value and binary variables specifying absence 
or presence of primary bioindicators. The digital database 
of MPA results did not contain numeric values for the actual 
counts of individual bioindicators.

In addition, PADEP provided 1,979 individual MPA 
digital result sheets containing a sample number, date, 
and numeric information on the actual counts of primary 
bioindicators per 100 gallons. These sheets contained assigned 
risk-factor scores for each bioindicator based on those 
counts. A database of the digital result sheets was created to 
store the provided results, and this database was manually 
related to the original MPA database using unique sample 
identification values. In each database, records with the same 
sample number, collection date, and results were assumed to 
be duplicates, and only one record was retained. Conversely, 
records with the same sample number but different collection 
dates, collection times, and results were differentiated by 
“A” and “B” qualifiers added to the end of these sample 
numbers. This process yielded a total of 1,749 samples that 
were able to be matched between the two MPA databases 
to create a combined MPA database containing both the 
absence or presence indicator data and the numeric values for 
bioindicator counts.

Various amounts of records for public water-supply 
systems in the combined MPA database were stored with three 
of the source’s attributes—PWSID, SYSTEM NAME, and 
(or) SOURCE ID; see table 1 for attribute definitions—from 
the PADWIS database to indicate the source being tested. 
These three attributes were not always exact matches between 
the combined MPA and PADWIS databases and contained 
inconsistencies in naming associated with water system name 
changes, consolidation of sources following the completion of 
the MPA, or general transcription errors. Therefore, sources 
from the combined MPA database were manually matched 
with associated PADWIS database records based on whichever 
of these three attributes were available for each source. A total 
of 835 MPA results for 699 public water-supply systems from 
the combined MPA database were able to be joined with their 
respective source record in the PADWIS database. Of the  
699 public water-supply systems, 631 had COLLECTION 
TYPE attributes of “Well,” while two sources had 
COLLECTION TYPE attributes of “Other,” and 66 
were designated as “Spring.” Only the 631 sources with 
COLLECTION TYPE attributes coded as “Well” in the 

PADWIS database were included from the combined dataset 
of MPA results to be used for statistical analysis because the 
site-specific conditions causing a well to have a high MPA 
result are expected to be different than, and not necessarily 
representative of, site-specific conditions for sources like 
infiltration galleries, Ranney wells, cribs, and springs 
(Pennsylvania Department of Environmental Protection, 
2002b). These 631 wells, which were associated with 749 
MPA results, resulted in a dataset with 84 GUDI wells (a total 
of 117 results with the number of results per source ranging 
from 1 to 4) and 547 non-GUDI wells (a total of 632 results 
with number of results per source ranging from 1 to 4).

Water-quality samples are typically collected from 
wells concurrently with the MPA sample and analyzed by the 
BOL. Water-quality parameters or constituents tested for and 
associated with the MPAs typically include some combination 
of the following list of parameters: 

•	 alkalinity in milligrams per liter (mg/L), 

•	 chloride in mg/L, 

•	 Escherichia coli (E. coli) in colony-forming units per 
100 milliliters (CFU/100 mL), 

•	 fecal coliform in CFU/100 mL, 

•	 nitrate in mg/L, 

•	 pH in standard units, 

•	 sodium in mg/L, 

•	 specific conductance in micromhos per centimeter at  
25 degrees Celsius (°C), 

•	 sulfate in mg/L, 

•	 total coliform in CFU/100 mL, 

•	 total dissolved solids in mg/L dried at 105°C, 

•	 total residue in total solids dried at 103–105°C, and 

•	 turbidity in Nephelometric Turbidity Units. 
PADEP was able to compile and provide results for all 

or some of the previously listed water-quality parameters for 
the 749 MPA results that were matched with the PADWIS 
database. Results of analyses for these water-quality 
parameters were compiled from the BOL Sample Information 
System database that houses laboratory results for samples 
collected by PADEP’s Safe Drinking Water Program 
staff, including results for groundwater samples collected 
concurrently with the MPA sample. For 95 wells that were 
sampled more than once, the MPA and water-quality results 
from the most recent sampling event were retained for 
statistical analysis for this study, which resulted in the removal 
of 118 samples. Therefore, the MPA data analyses included in 
this study account for the most recent MPA collected from the 
well, regardless of the season in which it was collected.
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The MPA dataset used for analysis consisted of MPA and 
water-quality results for 631 wells (84 GUDI, 547 non-GUDI), 
hereafter referred to as the MPA database subset, with results 
for water-quality parameters (see previous list) populated 
for 49 to 417 wells. Of the 631 wells included in the MPA 
database subset, 419 (66 percent) are community wells, and 
212 (34 percent) are considered non-community (transient and 
non-transient) and other use types (bottled water and retail 
water facility).

For the MPA database subset of 631 wells, 169  
(27 percent) had an MPA total risk-factor score exceeding zero 
(fig. 4), and 53 (8 percent) had a moderate (a score between 
10 and 19) or high (a score of 20 or greater) risk MPA result 
classification (fig. 5). MPAs associated with the MPA database 
subset were collected between 1996 and 2014. The years with 
the highest amounts of MPAs collected were between 2003 
and 2007 (292 [46 percent] of 631 MPAs) and are highlighted 
in figure 5. Years 2003–06 had the highest amount of MPAs 
with total risk-factor scores exceeding zero (82 [49 percent] 
of 169 MPAs) and 2006 had the highest number of moderate 
or high-risk MPA result classifications (10 [19 percent] of 
53 MPAs) (fig. 5). Most of the MPAs were completed in the 
month of April (100 [16 percent] of 631 MPAs) and were also 
generally collected from April through July (319 [51 percent] 
of 631 MPAs), which were also the months with the highest 
number of MPA total risk-factor scores exceeding zero  
(94 [56 percent] of 169 MPAs) (fig. 6).

The regional distribution of the 631 wells with associated 
MPAs is like that of the total amount of GUDI wells, with 
the Northcentral and Southcentral regions having the highest 
number of wells with MPAs (fig. 7). Unlike the geographic 
distribution of total GUDI wells, the Southeast region had just 
one GUDI well (fig. 3). The Southeast region had  
89 (14 percent) of 631 wells with MPAs, with 26 (29 percent) 
of the 89 MPAs exceeding zero and only 2 (2 percent) of 
the 89 MPAs classified as moderate or high risk (fig. 7). The 
Northcentral region, which had the highest number of total 
GUDI wells (186 [56 percent] of 335), also had the highest 
number of wells with MPAs (276 [44 percent] of 631). In the 
Northcentral region, 58 (21 percent) of 276 MPAs exceeded 0, 
and 22 (8 percent) of 276 MPAs were classified as moderate or 
high risk (fig. 7).

Spatial Data

Spatial data consist of numeric and binary variables, 
representing anthropogenic (land cover and PADEP region) 
and naturogenic (geologic and physiographic, hydrologic, soil 
characterization, and topographic) data, which were compiled 
and extracted for the 12,147 wells in the PADWIS database. 
These data add attributes to the database that are potential 
indicators of the influence of surface water on water in the 
wells (table 2). Numeric (continuous) variables represent 
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Table 2.  Summary of anthropogenic and naturogenic explanatory variable spatial data that were compiled and extracted for wells in the Pennsylvania Drinking Water 
Information System database. These data contribute additional attributes in the database that are potential indicators of groundwater under the direct influence of surface water 
or the presence of bioindicators in Microscopic Particulate Analysis results. 

[GIS, geographic information system]

Explanatory variable Description Data source(s)
Original data 

GIS format
Original data 

resolution
Variable 

type

Anthropogenic data

Land cover

AG200 Average area of agricultural land cover within a 200-foot 
(61-meter) radius (in percent)

U.S. Geological Survey (2014b) Raster 1:24,000 Numeric

AG1640 Average area of agricultural land cover within a 1,640-foot 
(500-meter) radius (in percent)

U.S. Geological Survey (2014b) Raster 1:24,000 Numeric

DEV200 Average area of developed land cover within a 200-foot 
(61-meter) radius (in percent)

U.S. Geological Survey (2014b) Raster 1:24,000 Numeric

DEV1640 Average area of developed land cover within a 1,640-foot 
(500-meter) radius (in percent)

U.S. Geological Survey (2014b) Raster 1:24,000 Numeric

Pennsylvania Department of Environmental Protection regions

NC Northcentral region (1 = in region, 0 = all other) Pennsylvania Department of Environmental 
Protection (2000)

Raster 1:24,000 Binary

NE Northeast region (1 = in region, 0 = all other) Pennsylvania Department of Environmental 
Protection (2000)

Raster 1:24,000 Binary

NW Northwest region (1 = in region, 0 = all other) Pennsylvania Department of Environmental 
Protection (2000)

Raster 1:24,000 Binary

SC Southcentral region (1 = in region, 0 = all other) Pennsylvania Department of Environmental 
Protection (2000)

Raster 1:24,000 Binary

SE Southeast region (1 = in region, 0 = all other) Pennsylvania Department of Environmental 
Protection (2000)

Raster 1:24,000 Binary

SW Southwest region (1 = in region, 0 = all other) Pennsylvania Department of Environmental 
Protection (2000)

Raster 1:24,000 Binary

Naturogenic data

Geologic

CARB Carbonate major aquifer type (1 = carbonate, 0 = all other) Miles and Whitfield (2001) and Soller and 
Packard (1998)

Polygon 1:250,000 Binary

CRYST Crystalline major aquifer type (1 = crystalline, 0 = all other) Miles and Whitfield (2001) and Soller and 
Packard (1998)

Polygon 1:250,000 Binary

SIL Siliciclastic major aquifer type (1 = siliciclastic, 0 = all 
other)

Miles and Whitfield (2001) and Soller and 
Packard (1998)

Polygon 1:250,000 Binary
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Table 2.  Summary of anthropogenic and naturogenic explanatory variable spatial data that were compiled and extracted for wells in the Pennsylvania Drinking Water 
Information System database. These data contribute additional attributes in the database that are potential indicators of groundwater under the direct influence of surface water 
or the presence of bioindicators in Microscopic Particulate Analysis results. —Continued

[GIS, geographic information system]

Explanatory variable Description Data source(s)
Original data 

GIS format
Original data 

resolution
Variable 

type

Geologic—Continued

SURF Surficial major aquifer type (1 = surficial, 0 = all other) Soller and Packard (1998); Pennsylvania 
Bureau of Topographic and Geologic 
Survey (2008)

Polygon 1:250,000 Binary

APP Appalachian Plateaus physiographic province (1 = 
Appalachian Plateaus, 0 = all other)

Pennsylvania Bureau of Topographic and 
Geologic Survey (2008)

Polygon 1:250,000 Binary

NE New England physiographic province (1 = New England, 0 
= all other)

Pennsylvania Bureau of Topographic and 
Geologic Survey (2008)

Polygon 1:250,000 Binary

PCARB Carbonate major aquifer types in the Piedmont physio-
graphic province (1 = Piedmont, 0 = all other)

Pennsylvania Bureau of Topographic and 
Geologic Survey (2008)

Polygon 1:250,000 Binary

PCRYST Crystalline major aquifer types in the Piedmont physio-
graphic province (1 = Piedmont, 0 = all other)

Pennsylvania Bureau of Topographic and 
Geologic Survey (2008)

Polygon 1:250,000 Binary

PSIL Siliciclastic major aquifer types in the Piedmont physio-
graphic province (1 = Piedmont, 0 = all other)

Pennsylvania Bureau of Topographic and 
Geologic Survey (2008)

Polygon 1:250,000 Binary

RVCARB Carbonate major aquifer types in the Ridge and Valley phys-
iographic province (1 = Ridge and Valley, 0 = all other)

Pennsylvania Bureau of Topographic and 
Geologic Survey (2008)

Polygon 1:250,000 Binary

RVCRYST Crystalline major aquifer types in the Ridge and Valley 
physiographic province (1 = Ridge and Valley, 0 = all 
other)

Pennsylvania Bureau of Topographic and 
Geologic Survey (2008)

Polygon 1:250,000 Binary

RVSIL Siliciclastic major aquifer types in the Ridge and Valley 
physiographic province (1 = Ridge and Valley, 0 = all 
other)

Pennsylvania Bureau of Topographic and 
Geologic Survey (2008)

Polygon 1:250,000 Binary

Hydrologic

NHDFT Distance in feet to nearest National Hydrography Dataset 
feature (flowline, water feature, water body)

U.S. Geological Survey (2014a) Polygon, line 1:100,000 Numeric

NHD200 NHDFT variable coded as a binary variable (1 = less than or 
equal to 200 feet, 0 = greater than 200 feet)

U.S. Geological Survey (2014a) Polygon, line 1:100,000 Binary

PRE Average precipitation from 1971 to 2000 (in inches per 
year)

PRISM Climate Group at Oregon State 
University (2006)

Raster 1:250,000 Numeric

RECH Average groundwater recharge from 1951 to 1980 (in mil-
limeters per year)

Wolock (2003) Raster 1:250,000 Numeric

Soil characterization

AWCAVE Average soil available water capacity (in percent) Wolock (1997) Raster 1:250,000 Numeric
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Table 2.  Summary of anthropogenic and naturogenic explanatory variable spatial data that were compiled and extracted for wells in the Pennsylvania Drinking Water 
Information System database. These data contribute additional attributes in the database that are potential indicators of groundwater under the direct influence of surface water 
or the presence of bioindicators in Microscopic Particulate Analysis results. —Continued

[GIS, geographic information system]

Explanatory variable Description Data source(s)
Original data 

GIS format
Original data 

resolution
Variable 

type

Soil characterization—Continued

CLAYAVE Average soil clay content (in percent) Wolock (1997) Raster 1:250,000 Numeric
PERMAVE Average soil permeability (in centimeters per hour) Wolock (1997) Raster 1:250,000 Numeric

ROCKDEPAVE Average soil thickness (in centimeters) Wolock (1997) Raster 1:250,000 Numeric
SANDAVE Average soil sand content (in percent) Wolock (1997) Raster 1:250,000 Numeric
SILTAVE Average soil silt content (in percent) Wolock (1997) Raster 1:250,000 Numeric

SLOPEAVE Average soil land-surface slope (in percent) Wolock (1997) Raster 1:250,000 Numeric
Topographic

ELEV Land-surface elevation above sea level (in meters, North 
American Vertical Datum of 1988)

U.S. Geological Survey (2009) Raster 1:24,000 Numeric

KARST Distance to nearest karst feature, including sinkholes, sur-
face depressions, surface mines, and caves (in feet)

Pennsylvania Bureau of Topographic and 
Geologic Survey (2007)

Point 1:24,000 Numeric

KARST200 KARST variable coded as a binary variable (1 = less than or 
equal to 200 feet, 0 = less than 200 feet)

Pennsylvania Bureau of Topographic and 
Geologic Survey (2007)

Point 1:24,000 Numeric

TPI Topographic position index classification (1 = Valleys, 2 = 
Lower Slopes, 3 = Gentle Slopes, 4 = Steep Slopes, 5 = 
Upper Slopes, 6 = Ridges)

U.S. Geological Survey (2009) Raster 1:24,000 Numeric
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conditions at the spatial coordinates associated with the well 
(for example, percentage of developed land cover within a 
specific radius of the well, or percentage of clay content in the 
soil at the well), whereas binary variables indicate whether a 
well is within or outside of a mapped feature (for example, in 
a carbonate major aquifer type in the Piedmont physiographic 
province). Spatial data included only those mapped features 
that could be represented in a geographic information system 
(GIS); the mapped features ranged in scale from 1:24,000 to 
1:250,000.

Anthropogenic Data

Land-cover data assessed included 30-meter resolution 
agricultural and developed land-cover classifications from 
the 2011 National Land Cover Database (NLCD) (U.S. 
Geological Survey, 2014b). The Hay/Pasture and Cultivated 
Crops classifications from the 2011 NLCD were grouped 
to create the agricultural land-cover classification used for 
this study to represent a possible source of animal fecal 
matter in groundwater from cattle or manure (Olson and 
others, 2004). The Open Space, Low Intensity, and Medium 
Intensity classifications from the 2011 NLCD were grouped 
to create the developed land-cover classification used for 
this study to represent rural, developed areas that are more 
likely to be using septic systems that are a possible source 
of contamination (Nnadi and Fulkerson, 2002; Craun and 
others, 1998). Average percentages of agricultural and 
developed land cover within a 200-foot (61-meter) radius of 
the well and a 1,640-foot (500-meter) radius of the well were 
calculated. A 200-foot (61-meter) radius is the surface-water 
setback distance utilized by the PADEP for initial screenings 
of groundwater sources. (Pennsylvania Department of 
Environmental Protection, 2002b). A 1,640-foot (500-meter) 
radius has been used in other studies and was statistically 
significant in reported models (Ayotte and others, 2012; 
Lindsey and others, 2006; Lindsey and others, 2009). These 
radii are not necessarily assumed to be actual contributing 
areas to the well, but data compiled for these areas are 
representative of land-surface characteristics near the 
wellhead.

Geographical divisions representing six PADEP office 
regions were also considered for analysis to see if variations 
in data availability and GUDI designations exist across the 
regions (fig. 1; Pennsylvania Department of Environmental 
Protection, 2000). PADEP regional offices directly implement 
the Safe Drinking Water Program in Pennsylvania. Each 
regional field office is meant to be structured in the same 
manner to consistently implement programs and services 
statewide (Pennsylvania Department of Environmental 
Protection, 2018). The six PADEP office regions include the 
Northeast, Northcentral, Northwest, Southeast, Southcentral, 
and Southwest regions (fig. 1). Although the PADWIS 
database included regional locations for each well (REGION 
attribute; table 1), spatial data (from Pennsylvania Department 

of Environmental Protection, 2018) were used to verify and 
independently define the region where each well was spatially 
located. Differences between PADWIS and spatial regional 
location data are listed in table 3. According to the PADWIS 
database REGION attribute (table 1; Pennsylvania Department 
of Environmental Protection, 2016) and data extracted 
for wells from regional spatial data (from Pennsylvania 
Department of Environmental Protection, 2000), a total of 
47 wells (less than 1 percent of 12,147 wells) had spatial 
locations that did not match the regional location listed in the 
PADWIS database.

Naturogenic Data
Geologic data include major aquifer types (Miles and 

Whitfield, 2001; Soller and Packard, 1998) and physiographic 
provinces (Pennsylvania Bureau of Topographic and Geologic 
Survey, 2008) in Pennsylvania (fig. 4) used to characterize 
GUDI well occurrence or presence of bioindicators in MPA 
results in specific bedrock types and geographic areas. 
Pennsylvania falls partly within six physiographic provinces, 
including the Appalachian Plateaus, Atlantic Coastal Plain, 
Central Lowlands, New England, Piedmont, and Ridge and 
Valley Provinces, and contains a complex geology, with  
193 geologic units recognized by the Pennsylvania Bureau of 
Topographic and Geologic Survey (Pennsylvania Bureau of 
Topographic and Geologic Survey, 2008; Miles and Whitfield, 
2001). Additionally, geologic units across the northern part 
of the State are overlain by unconsolidated sand and gravel 
glacial deposits (Soller and Packard, 1998). The State’s 
complex geology and physiography poses a challenge for a 
uniform method of GUDI determination, as differences in 
rock types within the several physiographic provinces have 
their own intrinsic susceptibility to microbial contamination. 
Therefore, for the purposes of this report, geologic units were 
categorized according to four major aquifer types (carbonate, 
crystalline, siliciclastic, and surficial) (table 4; fig. 4) based 
on their dominant lithology and explanation of geologic units 
by Miles and Whitfield (2001) and overlap of unconsolidated 
material potentially of sufficient depths to serve as an 
aquifer (Soller and Packard, 1998). Wells were assumed 
to be completed in the major aquifer type at the well’s 
spatial coordinates without regard to well or bedrock depth. 
Therefore, the “carbonate,” “crystalline,” and “siliciclastic” 
classifications do not account for overlying surficial deposits, 
and major aquifer types classified as “surficial” do not account 
for underlying bedrock geology. Major aquifer types were 
further allocated to physiographic provinces. These four major 
aquifer types and six physiographic provinces are used in this 
report to describe regional differences in geology on a broader 
scale than individual geologic units. 

Siliciclastic aquifers underlie most of the State (fig. 4) 
and the greatest number and percentage of total wells, 
community wells, and non-community and other wells are 
completed in these aquifers, according to the PADWIS 
database (table 4). In some areas of the State, bedrock 
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aquifers are overlain by unconsolidated material (Lindsey 
and Bickford, 1999; Soller and Packard, 1998) of sufficient 
depths to serve as aquifers, so that water produced from 
wells completed in these materials may be geochemically 
different than water from wells completed in the underlying 
bedrock (Daly and others, 2002). Areas where surficial 
materials consist of coarse-grained sediments were designated 
as surficial aquifers for the purposes of this study and are 
indicated in Gross (2022). Also, the previously mentioned 
six major physiographic provinces in Pennsylvania (fig. 4) 
were used to further define major aquifer type variables 
(Pennsylvania Bureau of Topographic and Geologic Survey, 
2008). The four major aquifer types and six physiographic 
provinces were used to create explanatory variables that could 
be modeled as discrete variables by performing a spatial 
intersection with mapped geologic units and physiographic 
provinces across the State. These discrete variables were 
coded as “one” if a well was in a specific major aquifer or 
physiographic province and coded as “zero” if the well was 
not located in that major aquifer or physiographic province. 
For example, the carbonate major aquifer variable would code 
all wells spatially intersecting carbonate aquifers as “one” 
and all wells spatially intersecting the other major aquifers 
(crystalline, siliciclastic, and surficial) as “zero.”

Accuracy of assigning geologic units according to the 
spatial coordinates associated with each well was assessed 
by analyzing the AQUIFER CODE (table 1) attribute in 
the PADWIS database and comparing it to the name of the 
geologic unit (Miles and Whitfield, 2001) or surficial aquifer 
(Lindsey and Bickford, 1999; Soller and Packard, 1998) that 
the well intersects with spatially. Of the 12,147 wells analyzed 
from the PADWIS database, only 3,620 (30 percent) wells 
had values assigned for this attribute, leaving the remaining 
8,527 (70 percent) wells in the PADWIS database without 
assigned AQUIFER CODE attributes. Values for this attribute 
in PADWIS consisted of geologic unit names or designations 
indicating the presence of surficial material (alluvium, 
outwash, till). Of the 3,620 wells with an AQUIFER CODE 
attribute with an assigned value, 2,744 (76 percent) wells had 

matches and 876 (24 percent) wells did not match at all. Of the 
2,744 wells with AQUIFER CODE attributes with assigned 
values that were matches, 1,929 (70 percent) wells had 
exact matches, 673 (25 percent) wells had inexact matches, 
and 142 (5 percent) wells did not match the geologic unit 
names because they had surficial values (alluvium, outwash, 
till). The geologic unit spatial dataset (Miles and Whitfield, 
2001) does not account for overlying surficial material, but 
these 142 wells intersected with areas known to be overlain 
by unconsolidated material (Lindsey and Bickford, 1999) 
and would be classified as such when considering both the 
glaciated sediment data (Soller and Packard, 1998) and 
Atlantic Coastal Plain and Central Lowland Physiographic 
Provinces data (Pennsylvania Bureau of Topographic and 
Geologic Survey, 2008). The 673 wells with inexact matches 
were classified based on differences in naming conventions 
between the PADWIS database and the geologic unit spatial 
dataset. For example, in some cases the geologic formation 
name was the same, but the formation member was different; 
the geologic name referred to “group” instead of “formation”; 
or the geologic name was not an exact match, but both 
contained the same major rock type within the name (for 
example: graphite gneiss versus graphitic felsic gneiss). 
Therefore, it was determined that since 2,744 (76 percent) of 
the 3,620 wells with an AQUIFER CODE attribute with an 
assigned value had adequate matches (exact, inexact, or could 
be accurately classified as surficial according to supplementary 
datasets) that the geologic unit spatial dataset and surficial 
datasets would be sufficient in describing the major aquifer 
type for all 12,147 wells included in this study.

Hydrologic data assessed included distance to nearest 
hydrologic feature (U.S. Geological Survey, 2014a), 
precipitation (PRISM Climate Group at Oregon State 
University, 2006), and groundwater recharge (Wolock, 
2003), each of which can be correlated with hydrologic 
factors such as groundwater residence time in an aquifer 
or transmissive properties of the aquifer (Rogers, 1989; 
Daly and others, 2002). A study by Sharek (1998) also 
examined groundwater recharge rates as a contributor to 

Table 3.  Regional location differences between the Pennsylvania Drinking Water Information System (PADWIS) database and spatial 
data.

Region
Number of wells in 
region according to 
PADWIS database1

Number of wells 
not spatially 

located in region

Explanation regarding spatial location 
of wells

Number of wells in region 
according to spatial data2 

(percent in parentheses)

Northeast (NE) 4,350 8 4 in NC, 3 in SE, and 1 in SC 4,349 (36)
Northcentral (NC) 1,410 5 3 in NE, 1 in SC, and 1 in SW 1,417 (12)
Northwest (NW) 956 6 6 in SW 954 (8)
Southeast (SE) 1,885 12 8 in SC and 4 in NE 1,878 (15)

Southcentral (SC) 1,791 10 8 in NC and 2 in SE 1,793 (15)
Southwest (SW) 1,755 6 4 in NW and 2 in SC 1,756 (14)

1Pennsylvania Department of Environmental Protection, 2016
2Pennsylvania Department of Environmental Protection, 2000
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Table 4.  Major aquifer types in Pennsylvania and their geologic characteristics. 

[Numbers and percentages of various types of public water-supply system wells in each aquifer type from the Pennsylvania Drinking Water Information System (PADWIS) database]

Major aquifer type Primary rock types Dominant lithologies1

Number of PADWIS database wells

Total per major aquifer 
(percentage of wells 
per major aquifer in 

parentheses)

Community (percentage 
of community wells 
per major aquifer in 

parentheses)

Non-community (non-transient 
and transient) and other (retail 
water facility or bottled, bulk, 

or vended water; percentage of 
non-community and other wells 

per major aquifer in parentheses)

Carbonate Limestone and dolomite Argillaceous dolomite, argillaceous 
limestone, calcareous sandstone, 
calcareous shale, dolomite, 
graphitic marble, high-calcium 
limestone, limestone, limestone 
conglomerate, marble, sandstone2, 
shale3, shaly limestone, siliceous 
sandstone

1,098 (9) 513 (11) 585 (8)

Crystalline Igneous and metamorphic Albite-chlorite schist, andesite, 
anorthosite, chlorite-sericite 
schist, diabase, feldspathic 
quartzite, felsic gneiss, granitic 
gneiss, granitic pegmatite, 
graphitic felsic gneiss, graphitic 
gneiss, greenstone schist, mafic 
gneiss, metabasalt, metadiabase, 
metagabbro, metarhyolite, 
oligoclase-mica schist, phyllite, 
quartzite, serpentinite, slate

1,139 (9) 470 (10) 669 (9)

Siliciclastic Sandstone, siltstone, conglomerate, 
and shale

Argillaceous sandstone, argillaceous 
shale, argillite, arkosic sandstone, 
black shale, graywacke, 
limestone4, mudstone, quartz 
conglomerate, quartzite, 
sandstone, shale, siltstone, silty 
mudstone

8,764 (72) 3,090 (69) 5,674 (74)

Surficial Unconsolidated material, such as 
sand and gravel

Feldspathic quartz sand, ferruginous 
clay, gravelly sand, sand

1,146 (10) 427 (10) 719 (9)

1Miles and Whitfield, 2001.
2Lower members of Gatesburg Formation, undivided (Cgl)—dominant lithology is sandstone but contains cyclic repetitions of dolomite and limestone throughout its members; Ridgeley Formation through 

Coeymans Formation, undivided (Drc)—dominant lithology is sandstone but contains siliceous sandstone, calcareous siltstone, and limestones in its formations.
3Kinzers Formation (Ck)—dominant lithology is shale but contains limestone and marble throughout; Onondaga Formation through Poxono Island Formation, undivided (DSop)—dominant lithology is shale 

but contains calcareous shale, limestone, dolomite, calcareous sandstone, shaly limestone, and calcareous and dolomitic shale in its formations.
4Monongahela Group (Pm)—Dominant lithology is limestone but also contains cyclic sequences of shale, sandstone, and coal.



22    Compilation and Evaluation of Data Used to Identify Groundwater Sources Under the Direct Influence of Surface Water

well vulnerability to moderate and high-risk MPA results. 
Distance to nearest hydrologic feature was calculated using 
data on flowlines, water features, and water bodies from the 
National Hydrography Dataset (U.S. Geological Survey, 
2014a). In addition to being expressed as distance in feet to 
the nearest hydrologic feature, a binary variable was created 
to describe the data in terms of a well located within 200 feet 
of a hydrologic feature to better describe part of PADEP’s 
surface water separation review process, in which the 
hydrogeologist assesses the risk of groundwater contamination 
based on a well being within 200 feet of surface-water features 
(Pennsylvania Department of Environmental Protection, 
2002b). This discrete variable was coded as “one” if a well 
was within 200 feet of a hydrologic feature and coded as 
“zero” if the well was greater than 200 feet from the nearest 
hydrologic feature.

Variables describing soil characteristics, specifically 
available water capacity, texture, permeability, thickness, 
and land-surface slope (Wolock, 1997), from the State Soil 
Geographic database (U.S. Department of Agriculture, 1993) 
were also assessed because these soil features are factors that 
can influence the ability of bacteria to infiltrate groundwater 
and contribute to contamination (Lindsey and others, 2002; 
Makuch and Ward, 1986; Nnadi and Fulkerson, 2002). 
Available water capacity of soil describes the amount of water 
that the soil can store; soil texture describes the percentage 
of sand, silt, or clay that a soil contains; and soil permeability 
is a measure of the ability of water to flow through the soil. 
Saturated, highly permeable soils with large pore spaces, 
such as soils consisting of sand and gravel, may allow water 
to move through soil quickly without the opportunity to filter 
bacteria (Makuch and Ward, 1986). Conversely, porous sand 
and gravel aquifers sometimes provide sufficient natural 
filtration to significantly lower concentrations of pathogens 
in surface water infiltrating into groundwater (Gollnitz and 
others, 1997). Thickness of soil describes the distance from 
the surface of the soil to the underlying solid bedrock. Areas 
underlain by only a thin layer of soil may have insufficient 
capacity to absorb or filter bacteria from septic systems 
before they reach the water table (Makuch and Ward, 1986). 
Slope, or the percentage of soil land-surface slope, describes 
the potential of precipitation to either run off land surfaces 
or infiltrate into the subsurface. Higher percentages of 
soil land-surface slope can lead to a greater potential for 
precipitation to run off land surfaces rather than to infiltrate 
into soils. Data for these continuous variables were extracted 
for each well based on the well’s spatial coordinates.

Topographic data assessed include elevation, distance to 
karst features, and topographic position index (TPI). Elevation 
data were retrieved from the USGS (2009) 1-arc second 
National Elevation Dataset, a 25-meter digital elevation 
model. These data were used to compute a TPI with criteria 
reported by Llewellyn (2014). Wells were grouped into the 
following classes of topographic settings: (1) ridge, (2) upper 
slope, (3) steep slope, (4) gentle slope, (5) lower slope, or 

(6) valley. Geographic information system software was 
used to calculate distance to karst features such as sinkholes, 
surface depressions, surface mines, and caves that have been 
cataloged by the Pennsylvania Bureau of Topographic and 
Geologic Survey (2007) since 1985. The presence of karst 
features, which tend to be preferential flow pathways, have 
been found to be an indicator of GUDI, and wells in proximity 
to these features have been susceptible to higher risk MPA 
results (Nnadi and Sharek, 1999; Nnadi and Fulkerson, 
2002). Rapid flow of groundwater and contaminants through 
such preferential-flow pathways has been shown to create 
favorable conditions for the transport of pathogens by: 
(1) reducing groundwater travel time and the opportunity 
for microorganism die-off, and (2) resulting in large, 
interconnected openings that reduce the capability for filtration 
of microorganisms (Eberts and others, 2013).

Availability of Data Associated with the Surface 
Water Identification Protocol

Data attributes associated with the SWIP have varying 
availability in relation to the 4,018 wells in the PADWIS 
database subset. More information about the SWIP and how 
PADEP identifies GUDI sources can be found in PADEP 
documentation (Pennsylvania Department of Environmental 
Protection, 2001, 2002a, 2002b, and 2008). The initial 
screening evaluation performed by water-system operators of 
community wells consists of a review assessing site-specific 
hydrogeologic attributes (Pennsylvania Department of 
Environmental Protection, 2001), including:

Aquifer condition and well criteria
•	 Aquifer confinement: confined versus unconfined 

(available in PADWIS as CONFINED attribute; 
see table 1)

•	 Aquifer lithology: carbonate versus non-carbonate 
(not fully populated in PADWIS; populated for all 
wells from spatial data as CARB explanatory variable; 
see table 2)

•	 Source depth (or well depth; hereafter referred to as 
source depth): static water level (available in PADWIS 
as STATIC WATER LEVEL[FT] attribute; see table 1) 

•	 Aquifer depth: depth to major water-bearing zone 
(available in PADWIS as AQUIFER DEPTH [FT] 
attribute; see table 1)

Surface-water separation
•	 Documented surface-water recharge boundary (not 

available in PADWIS; would need to be populated on a 
case-by-case basis from file information or site visit)

•	 Proximity to surface-water bodies (not available in 
PADWIS; populated from spatial data as NHD200 
explanatory variable; see table 2)
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Integrity criteria
•	 Proximity to topographic features that expose the 

aquifer, such as a sinkhole, surface depression, or 
exposed bedrock (not available in PADWIS; populated 
from spatial data as KARST200 explanatory variable, 
but does not account for all exposed bedrock; 
see table 2)

•	 Proximity to man-made features that expose the 
aquifer, such as improperly constructed wells, 
abandoned wells, or road cuts (not available in 
PADWIS; spatial data not readily available; would 
need to be populated on a case-by-case basis from file 
information or site visit).

•	 Well-construction deficiencies leading to water-quality 
problems (not available in PADWIS; spatial data not 
readily available; would need to be populated on a 
case-by-case basis from file information or site visit)

Of nine site-specific hydrogeologic attributes potentially 
required for the initial screening process, six attributes 
(CONFINED, CARB, STATIC WATER LEVEL[FT], 
AQUIFER DEPTH[FT], NHD200, KARST200) were 
either already available in PADWIS or could be populated 
from spatial data. The other three attributes, which include 
presence of a documented surface-water recharge boundary, 
proximity to a man-made feature that exposes the aquifer, and 
well-construction deficiencies, would need to be populated on 
a case-by-case basis from file information or a site visit. Of 
the six available attributes, the three spatial attributes (CARB, 
NHD200, and KARST200; table 2) could be populated for 
all 4,018 wells in the PADWIS database subset. Of the three 
PADWIS attributes already available in PADWIS (table 1), 
the STATIC WATER LEVEL(FT) attribute was the most 
commonly populated for the PADWIS database subset, 
with 2,509 (62 percent) of 4,018 wells containing data. The 
CONFINED attribute was the least populated, with only  
1,575 (39 percent) of 4,018 wells from the PADWIS  
database subset containing these data (table 5). The  
three PADWIS attributes were most well populated in the 
PADEP’s Northcentral region, with between 73 and 95 percent 
of the 545 wells in the region containing data. Conversely, 
data for these three attributes were most poorly populated in 
the Northeast region, which is also the region containing the 
most wells, with between 2 and 51 percent of the region’s 
1,079 wells having data for the three PADWIS attributes.

 In addition to the previously discussed attributes that are 
considered in the decision to initiate the SWIP monitoring, 
seven relevant variables (hereafter referred to as criteria 
variables) associated with how conditions at a well meet, or 
do not meet, the criteria for wells to be monitored are listed 
in table 6. Attributes describing these seven criteria variables 
were assessed to determine how many wells had enough data 
to determine whether conditions at the well met the criteria 
or not; 2,855 (71 percent) of 4,018 wells had sufficient data 
to describe at least one of the seven criteria variables listed in 

table 6. For 1,163 (29 percent ) of 4,018 wells, there were not 
enough available data to determine if any of the criteria were 
met; therefore, it is infeasible to use the PADWIS database 
alone to attempt to deduce why these 1,163 wells would have 
been subject to the SWIP monitoring according to criteria 
defined by PADEP and would require review of individual 
information files for each well; 34 of these wells for which 
criteria variable data were not available were designated 
as GUDI. Of the total wells for which no criteria data were 
available, most of them (519 [45 percent] of 1,163) were in 
the Northeast region and the smallest number of such wells 
(21 [2 percent] of 1,163) were in the Northcentral region. 
Conversely, for 1,014 (25 percent) of 4,018 wells, data were 
able to be compiled regarding whether or not a well met each 
of the seven criteria; most of these wells (389 [38 percent] of 
1,014) were in the Southcentral region, while the least number 
of wells (14 [1 percent] of 1,014) with data for all seven 
criteria variables were in the Northeast region. Also,  
1,841 (46 percent) of 4,018 wells had enough available data 
to determine if between one and five of the criteria were 
met or not.

Of the total 2,855 wells with sufficient data to describe 
conditions at the well that met at least one of the seven criteria 
(table 6), 1,797 (63 percent) of 2,855 wells did not meet any of 
the criteria, 973 (34 percent) of 2,855 met one of the criteria, 
and 85 (3 percent) of 2,855 met two of the criteria. Non-GUDI 
wells accounted for most (1,746 [97 percent] of 1,797) of the 
wells not meeting any of the seven criteria, which means that 
these wells must have passed the initial screening process and 
been designated as non-GUDI. Conversely, 902 non-GUDI 
wells met one of the criteria, whereas 65 non-GUDI wells 
met 2 of the 7 criteria, which means 967 total non-GUDI 
wells (34 percent of the 2,855 wells with sufficient data) that 
met at least one of the criteria required further evaluation and 
passed SWIP monitoring and (or) MPA testing so as to be 
designated as non-GUDI. In addition, 51 GUDI-designated 
wells did not meet any of the 7 criteria, and it was unclear 
from data provided in the PADWIS database why these wells 
were determined to be GUDI and would require review of 
individual information files for these wells. Data describing 
the criteria listed in table 6, including the number of criteria 
met by each well, were included in further statistical analyses 
to determine if these criteria are a statistically significant 
measure of a well having been designated as GUDI.

Evaluation of Data
An exploratory evaluation of available data was 

performed to examine the relationships between a GUDI 
determination or a contaminated MPA and compiled variables. 
The determination of a community well as being a GUDI 
or the analysis of a community or non-community well 
resulting in a contaminated MPA can be affected by many 
factors related to the physical characteristics at or near a 
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Table 5.  Summary of data availability on a statewide basis and by Pennsylvania Department of Environmental Protection region for three Pennsylvania Drinking Water 
Information System database attributes.

Attribute Attribute description

Statewide
Region

Northcentral Northeast Northwest Southcentral Southeast Southwest

Number 
of wells

Percent of 
total wells 

in State

Number 
of wells

Percent of 
total wells 
in region

Number 
of wells

Percent of 
total wells 
in region

Number 
of wells

Percent of 
total wells 
in region

Number 
of wells

Percent of 
total wells 
in region

Number 
of wells

Percent of 
total wells 
in region

Number 
of wells

Percent of 
total wells 
in region

Confined Description of 
aquifer indicating 
if it is confined, 
semi-confined, or 
unconfined

1,575 39 516 95 21 2 94 25 213 29 518 67 213 43

Static water level Source static water level, 
in feet

2,509 62 399 73 554 51 221 58 551 74 517 67 267 54

Aquifer depth Aquifer depth (depth to 
major water-bearing 
zone), in feet

2,171 54 518 95 266 25 131 35 560 75 418 54 278 56

Table 6.  Criteria variables for wells based on the seven available attributes that could initiate six-month water-quality monitoring in the surface-water identification protocol.

[PADWIS, Pennsylvania Drinking Water Information System; GUDI, groundwater source under the direct influence of surface water; ft, feet; --, no spatial variables used]

Criteria variable name Criteria variable description
PADWIS attribute from 

table 1 used to create criteria 
variable

Spatial variables from 
table 2 used to create 

criteria variable

Total number of wells 
with data for criteria 

variable

Total number of wells with data for 
criteria variable and meet criteria 

(percent GUDI in parentheses)

Percent out of total 
wells with available 

data for criteria

CARBLE100 Carbonate aquifers with a static water level less than 
or equal to 100 feet below the land-surface

Static water level (ft) CARB 2,509 281 (11) 11.2

CARBNHD Carbonate aquifers with a static water level greater 
than 100 feet below the land-surface and located 
within 200 feet of a surface-water body

Static water level (ft) CARB; NHD200 2,509 2 (50) 0.1

UNC50 Unconfined aquifers with a static water level less than 
or equal to 50 feet below the land-surface

Confined; static water level (ft) -- 1,393 393 (16) 28.2

UNCNHD Unconfined aquifers with a static water level greater 
than 50 feet but less than or equal to 100 feet 
below the land-surface and located within 200 feet 
of a surface-water body

Confined; static water level (ft) NHD200 1,411 14 (7) 1.0

UNCKARST Unconfined aquifers with a static water level greater 
than 100 feet below the land-surface and located 
within 200 feet of a karst feature

Confined; static water level (ft) KARST200 1,411 12 (17) 0.9

CONFNHD Confined aquifers with an aquifer depth less than or 
equal to 50 feet below the land-surface and located 
within 200 feet of a surface-water body

Confined; aquifer depth (ft) NHD200 1,282 438 (3) 34.2

CONFKARST Confined aquifers with an aquifer depth greater than 
50 feet below the land-surface and located within 
200 feet of a karst feature

Confined; aquifer depth (ft) KARST200 1,282 3 (0) 0.2
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well, including the aquifer in which the well is completed 
and the characteristics of the construction of the well. Both 
the PADWIS database subset and MPA database subset 
are discussed in terms of geologic variables and well 
characteristics in relation to GUDI determination and MPA 
results using the Kruskal-Wallis test to evaluate differences 
among groups. Well-characteristic variables analyzed 
included construction year (CONSTRUCTION), casing length 
(CASING DEPTH[FT]), source depth (DEPTH[FT]), and 
static water level (STATIC WATER LEVEL[FT]) attributes 
(table 1).

Furthermore, the PADWIS database subset and MPA 
database subset were examined separately in relation to 
compiled data, which included ten selected well characteristics 
from the PADWIS database subset (table 1), all compiled 
spatial variables (table 2), and all created criteria variables 
(table 6). Ten well-characteristic variables included 
construction year (CONSTRUCTION), source depth 
(DEPTH[FT]), source diameter (DIAMETER[INCHES]), 
source surface elevation (SURFACE ELEVATION[FT]), 
aquifer description (CONFINED), static water level 
(STATIC WATER LEVEL[FT]), source average yield (AVG 
YIELD[GPD]), casing length (CASING DEPTH[FT]), 
aquifer thickness (AQUIFER THICKNESS), and aquifer 
depth (AQUIFER DEPTH [FT]) attributes (table 1). The 
seven criteria variables previously described in table 6 were 
analyzed, along with a variable indicating the number of 
criteria met by each well. Criteria variables were not analyzed 
for the MPA database subset, which contains both community 
and non-community wells, because these variables were 
created to describe the GUDI methodology for community 
wells and are not representative of non-community wells. In 
addition to these analyses, the relation among MPA results 
and associated bioindicator and water-quality data are 
explored for the MPA database subset. Data were analyzed 
using Spearman’s rank correlation coefficient (rho) (Helsel 
and Hirsch, 2002) to evaluate correlational significance 
between the described variables and a community well being 
designated as GUDI or resulting in a contaminated MPA, 
which could potentially result in a GUDI determination. 
Spearman’s rho is a monotonic correlation test in which a 
positive value of rho indicates that the response variable (Y) 
increases as the explanatory variable (X) increases, and a 
negative value of rho indicates that the response variable (Y) 
increases as the explanatory variable (X) decreases. High 
positive values (lower negative values) of rho indicate a strong 
monotonic correlation. Only variables that show statistically 
significant correlations (p <0.0001), with Spearman’s rho 
values of at least 0.1, are discussed in the report. 

Geologic Variables and Well Characteristics

The major aquifer and physiographic province (table 7; 
fig. 4) in which a public water-supply system well was 
located were major factors considered in the analysis of the 

susceptibility of the well to microbial contamination that 
would result in it being classified as GUDI or resulting in 
an MPA total risk-factor score exceeding zero. The highest 
percentages of both GUDI wells and wells with MPA total 
risk-factor scores exceeding zero were completed in a 
carbonate aquifer (table 7). The lowest percentages of GUDI 
wells and wells with MPA total risk-factor scores exceeding 
zero were completed in a crystalline aquifer.

Carbonate aquifers, which consist primarily of limestone 
and dolomite, occur most commonly in areas of low relief in 
the Piedmont and the Ridge and Valley Provinces in central 
and southeastern Pennsylvania (fig. 4). Of wells completed 
in carbonate aquifers, 57 (12 percent) out of 461 wells in the 
PADWIS database subset were GUDI and 63 (30 percent) 
out of 209 wells in the MPA database subset had a total 
risk-factor score exceeding zero (table 7). The highly soluble 
minerals that make up the carbonate rocks of these aquifers 
facilitate the enlargement of fractures along bedding planes as 
dissolution occurs, thus forming interconnected openings that 
enhance permeability (Lindsey and others, 2006). These large 
fractures can in turn lead to the formation of karst features, 
such as sinkholes and caves, through which groundwater can 
flow at high rates. Karst features, along with the overlying 
permeable soils commonly associated with carbonate rocks, 
have limited filtering capacity and permit rapid infiltration of 
water and contaminants from the land-surface to groundwater 
(Lindsey and others, 2006). In the Piedmont Province, Fishel 
and Lietman (1986) noted higher concentrations of pesticides 
and nitrate in wells completed in carbonate aquifers than in 
those completed in non-carbonate aquifers, and in a study 
of carbonate aquifers across the United States, Lindsey and 
others (2009) documented the highest concentrations of 
nitrate and the most pesticide detections in carbonate aquifers 
of the Piedmont and Ridge and Valley Provinces. Kozar 
and Paybins (2016) identified carbonate aquifers containing 
karst features in West Virginia’s Ridge and Valley Province 
as the most susceptible to contamination in the State, owing 
to the rapid ease with which precipitation and surface water 
carrying land-surface contaminants can infiltrate and provide 
recharge to the aquifer systems. Results from these studies 
demonstrate the potentially greater vulnerability of carbonate 
aquifers in the Piedmont and the Ridge and Valley Provinces 
to contamination from land-surface runoff. A study by 
Bickford and others (1996) reported that water from wells 
in areas underlain by carbonate aquifers in south-central 
Pennsylvania had higher concentrations of bacteria than 
water from wells in areas with other types of bedrock. 
Although water samples collected for this study were not 
analyzed for protozoan pathogens, the presence of fecal 
bacteria in the samples indicates the potential for protozoans, 
such as Cryptosporidium and Giardia lamblia, and other 
pathogens of fecal origin to occur in groundwater. In addition, 
Embrey and Runkle (2006) noted that the waters that most 
commonly tested positive for coliform bacteria were those 
in carbonate aquifers, including those within the Ridge and 
Valley Province, where samples from more than 50 percent of 
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Table 7.  Number of wells from the Pennsylvania Drinking Water Information System database subset and Microscopic Particulate Analysis (MPA) database subset in each 
major aquifer type and physiographic province, and number and percentage of wells in each aquifer type that are classified as groundwater under the direct influence of surface 
water or have MPA total risk-factor scores exceeding zero.

[PADWIS, Pennsylvania Drinking Water Information System; GUDI, groundwater under the direct influence of surface water; MPA, Microscopic Particulate Analysis]

Explanatory 
variable

Description
Total number of 

PADWIS database 
subset wells

Number of PADWIS database 
subset wells that are GUDI 
(percent of wells in major 

aquifer in parentheses)

Total number of MPA 
database subset wells

Number of MPA database subset wells 
with MPA total risk-factor scores 

exceeding zero (percent of wells in major 
aquifer in parentheses)

Major aquifer type: Carbonate (CARB)

PCARB Piedmont physiographic province 119 6 61 21
RVCARB Ridge and Valley physiographic 

province
342 51 148 42

Totals 461 57 (12) 209 63 (30)
Major aquifer type: Crystalline (CRYST)

NE New England physiographic province 38 0 7 0
PCRYST Piedmont physiographic province 343 1 52 15

RVCRYST Ridge and Valley physiographic 
province

31 0 6 0

Totals 412 1 (0) 65 15 (23)
Major aquifer type: Siliciclastic (SIL)

APP Appalachian Plateaus physiographic 
province

1,386 45 109 24

PSIL Piedmont physiographic province 714 1 60 21
RVSIL Ridge and Valley physiographic 

province
684 38 83 21

Major aquifer type: Surficial (SURF)

Total 361 34 (9) 105 25 (24)
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wells included in the study tested positive for these bacteria. 
Also, several studies (Kozar and Paybins, 2016; Nnadi 
and Fulkerson, 2002; Sharek, 1998) outside Pennsylvania 
identified carbonate aquifers containing karst features as those 
most susceptible to surface-water contamination. Sharek’s 
(1998) study in Florida revealed that wells with high- and 
moderate-risk MPA results were associated with karst features, 
such as sinkholes, and higher groundwater recharge rates. 
Wells with high- and moderate- risk MPAs in Florida were 
also located in areas with surficial geology consisting of 
exposed limestone, dolomite, and clayey sand (Nnadi and 
Fulkerson, 2002; Sharek, 1998).

Crystalline aquifers, consisting mainly of igneous and 
metamorphic rocks, are found within the New England, 
Piedmont, and Ridge and Valley Provinces in southeastern 
Pennsylvania (fig. 4; table 4). Of the wells completed in 
crystalline aquifers, just 1 well in the PADWIS database 
subset was GUDI, and 15 (23 percent) of 65 wells in the 
MPA database subset had a total risk-factor score exceeding 
zero (table 7). The crystalline aquifers in the New England 
Province in Pennsylvania are within the Reading Prong, 
which represents the southernmost extent of the province. 
The crystalline aquifers in the Piedmont Province consist of 
diabase intrusions of the Gettysburg-Newark Lowlands and 
crystalline rocks of the Piedmont Upland. Crystalline aquifers 
of the Ridge and Valley Province constitute South Mountain, 
which is the northernmost part of the Blue Ridge mountains 
and contains the oldest rock formations in the State. Lindsey 
and Bickford (1999) noted that in some cases, crystalline 
bedrock is as susceptible to contamination as areas underlain 
by carbonate bedrock.

Siliciclastic aquifers, which are made up primarily of 
sandstone, siltstone, conglomerate, and shale, comprise most 
Pennsylvania aquifers and are present in the Appalachian 
Plateaus, Piedmont, and Ridge and Valley provinces (fig. 4; 
table 4). Of the wells completed in siliciclastic aquifers,  
84 (3 percent) of 2,784 wells in the PADWIS database 
subset were GUDI and 66 (26 percent) of 252 wells in 
the MPA database subset had a total risk-factor score 
exceeding 0 (table 7). The Appalachian Plateaus Province 
is underlain by relatively flat-lying sedimentary rocks and 
some bituminous coal, whereas the sedimentary rocks in the 
Ridge and Valley Province are highly folded and fractured 
and contain anthracite coal-bearing units. A study by 
Johnson and others (2011) in the Ridge and Valley Province 
noted that bacteria detections in water samples from wells 
completed in siliciclastic-rock aquifers were less frequent 
than detections in wells completed in carbonate-rock 
aquifers, and in siliciclastic-rock aquifers, bacteria were 
detected only in samples from wells in agricultural areas, 
thus illustrating the role of agricultural practices and animals 
as sources of groundwater contamination. The Piedmont 
Province siliciclastic aquifers occur in the Gettysburg-Newark 
Lowlands and include sedimentary rocks interbedded with 
basalt flows or intruded by diabase dikes and sills (Trapp and 
Horn, 1997). Lindsey and Bickford (1999) noted that of the 

major aquifer types in Pennsylvania, siliciclastic aquifers 
generally have the least potential for leaching of contaminants 
into groundwater than aquifers consisting of other bedrock 
types. This is primarily due to the poor infiltration capacity 
of soils weathered from shale and the fact that siliciclastic 
aquifers generally have smaller fractures and more complex 
flow paths than other aquifer types found in Pennsylvania 
(Lindsey and Bickford, 1999).

Surficial aquifers consist of unconsolidated sand and 
gravel and are found primarily in the Appalachian Plateaus, 
Atlantic Coastal Plain, Central Lowlands, and Ridge and 
Valley provinces (fig. 4; table 4). In the Appalachian Plateaus, 
Central Lowlands, and Ridge and Valley provinces, these 
aquifers are mainly glacial outwash and alluvial deposits 
associated with prior glaciation of the northwestern and 
northeastern tiers of Pennsylvania and in the Susquehanna 
River valley (Braun, 2004). Also, river terrace deposits in the 
Appalachian Plateaus Province of western Pennsylvania form 
surficial aquifers that border the Allegheny-Monongahela 
River (Lindsey and Bickford, 1999). In the Central Lowland 
Province, which borders Lake Erie in northwestern 
Pennsylvania, beach deposits as well as glacial sand and 
gravel that overlie shale bedrock serve as surficial aquifers. 
The Atlantic Coastal Plain in southeastern Pennsylvania 
consists of unconsolidated sand, gravel, and clay material that 
overlies metamorphic rocks. Water quality in the unconfined 
aquifer of the Atlantic Coastal Plain is typically related 
directly to local land use and varies spatially depending 
on anthropogenic activities on the land-surface (Knobel 
and others, 1998). In an assessment of microbial quality 
of groundwater in the United States, Embrey and Runkle 
(2006) found that the lowest detection frequencies (less than 
5 percent) for coliform bacteria were in samples from wells 
completed in aquifers consisting primarily of unconsolidated 
sand, gravel, and clay materials. They determined that 
hydrogeologic characteristics, proximity of contaminating 
sources, interactions with surface water, or well-construction 
features (including the age of the well) were factors most 
likely controlling the presence and transport of coliform 
bacteria in the groundwater. Of wells completed in surficial 
aquifers in Pennsylvania, 34 (9 percent) out of 361 wells in the 
PADWIS database subset were GUDI, and 25 (24 percent) out 
of 105 wells in the MPA database subset had a total risk-factor 
score exceeding zero (table 7).

Differences in well-construction characteristics between 
GUDI and non-GUDI wells were analyzed for the PADWIS 
dataset subset. Well-construction characteristic differences 
were analyzed for the MPA database subset for wells with 
MPA total risk-factor scores exceeding zero and wells with 
MPAs classified as moderate or high risk. Data were also 
analyzed according to major aquifer types for wells specified 
in the PADWIS and MPA database subsets. Specifically, 
well construction year (CONSTRUCTION), casing length 
(CASING DEPTH[FT]), source depth (DEPTH[FT]), and 
static water level (STATIC WATER LEVEL[FT]) attributes 
(table 1) were analyzed. The non-parametric Kruskal-Wallis 
test was used to evaluate the statistical significance (alpha 
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level of 0.05) of differences in central tendency or, more 
specifically, differences in mean ranks. If the calculated 
probability (p-value) is less than a specified alpha value 
of 0.05, there is a 95-percent probability that groups are 
significantly different, which means there is only a 1 in 20 
chance that the observation is due to random variability. A 
p-value of less than 0.05 indicates the median rank value from 
observations in one category was statistically different from 
the other (Helsel and Hirsch, 2002).

Kruskal-Wallis test results showed median values for 
construction year, well depth, and static water level differ 
significantly between GUDI and non-GUDI wells  
(p <0.05), whereas median values for casing depth did not 
differ significantly between the two designations. Overall, 
GUDI wells had significantly older median construction years, 
had shallower source depths, and had static water levels closer 
to the land surface than non-GUDI wells (fig. 8). Analyzing 
GUDI and non-GUDI well-characteristic differences among 
carbonate and siliciclastic aquifers yielded nearly the same 
results as when all major aquifers were grouped together. The 
exception was that well casing length differed significantly 
between GUDI and non-GUDI wells (p <0.05) in carbonate 
aquifers, with GUDI wells having shorter casing lengths than 
non-GUDI wells. Well-characteristic data in crystalline and 
surficial aquifers were insufficient for analysis. Likewise, 
an analysis of GUDI wells completed in carbonate and 
siliciclastic aquifers showed significant differences in source 
depths; depths were shallower in carbonate aquifers than in 
siliciclastic aquifers. 

Kruskal-Wallis test results showed significant differences 
in median values for construction year and casing depth 
between wells with MPA total risk-factor scores exceeding 0 
and wells with MPA total risk-factor scores of zero (p <0.05); 
wells with MPA total risk-factor scores exceeding 0 had older 
median construction years and shallower casing depths (fig. 9). 
Similarly, Sharek (1998) examined well age as a contributor 
to high MPA risk indices, and the study concluded that newer 
wells use more improved materials than those available 
for construction of older wells and generally are subject to 
more stringent, modern construction standards. Therefore, 
deterioration associated with increased age of a well is also 
a factor that would contribute to a greater vulnerability and 
higher risk of contamination. Likewise, Nnadi and Sharek 
(1999) found that MPA total risk-factor scores generally 
increased with well age. Also, Sharek (1998) collected and 
analyzed samples and investigated characteristics of 62 wells 
in 7 Florida counties to determine contributors to high- and 
moderate-risk MPA results and found that wells with deeper 
casings had lower MPA risk indices, whereas wells with larger 
diameters had higher MPA risk indices due to the higher 
capacity of water that can be pumped from the well. Kozar 
and Paybins (2016) found that wells with casings deeper than 
45 feet below the land surface had less bacterial contamination 
than wells with shorter casings. 

Well construction characteristics did not differ 
significantly between wells that had moderate- or high-risk 
MPAs and wells that had low-risk MPAs. Also, data for 

well construction characteristics were insufficient to analyze 
wells in relation to categorical MPA total risk-factor scores 
according to major aquifer type, since only 53 wells had 
moderate- or high-risk MPAs, with that number decreasing 
further upon being divided according to four major aquifers. 
Differences in well-construction characteristics between 
wells with MPA total risk-factor scores exceeding zero and 
those with scores of zero were also analyzed according to 
carbonate and siliciclastic aquifers and yielded the same 
results discussed for all aquifer types. Differences in well 
characteristics were not analyzed for crystalline or surficial 
aquifers because each of these settings had less than  
30 wells with MPA total risk-factor scores exceeding zero. 
No significant differences were found for wells with MPA 
total risk-factor scores exceeding zero whether they were 
completed in carbonate or siliciclastic aquifers. 

Pennsylvania Drinking Water Information 
System Database Subset

Data from the PADWIS database subset, consisting of 
information for 4,018 wells, were analyzed using Spearman’s 
rho to evaluate the statistical significance of correlations 
between: (1) the designation of a community well as GUDI, 
and (2) well-characteristic (table 1), spatial (table 2), and 
criteria (table 6) variables. Correlations between variables that 
were statistically significant (p <0.0001) and with Spearman’s 
rho values greater than or equal to 0.1 or less than or equal 
to −0.1 are indicated in table 8. Of the 10 well-characteristic 
variables, a total of 3 had a statistically significant  
(p <0.0001) correlation with a well being designated as 
GUDI and had Spearman’s rho values greater than or equal 
to 0.1 or less than or equal to −0.1 (table 8). From the 
well-characteristic variables, aquifer confinement and average 
well yield had positive correlations for a well designated as 
GUDI, whereas static water level was negatively correlated 
with a well designated as GUDI. These findings indicate 
that wells designated as GUDI may be present in unconfined 
aquifers and have high average yield and shallow static water 
levels relative to the non-GUDI wells.

Six of the 37 spatial variables were statistically 
significant (p <0.0001) with Spearman’s rho values greater 
than or equal to 0.1 or less than or equal to −0.1 (table 8). The 
NE, SE, and SIL spatial variables had a negative relation with 
a well being designated as GUDI, which illustrates that wells 
assumed to be drilled in siliciclastic aquifers in the Northeast 
or Southeast PADEP regions have decreased potential of being 
designated as GUDI. This finding coincides with conclusions 
drawn by Lindsey and Bickford (1999), who noted that 
of the major aquifer types in Pennsylvania, siliciclastic 
aquifers generally have a lesser potential for leaching of 
contaminants into groundwater than do aquifers underlain 
by other bedrock types. In addition, the CARB, RVCARB, 
and NC spatial variables had positive correlations with a well 
being designated as GUDI, indicating that wells assumed to 
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Figure 8.  Comparison of public water-supply system well construction year, source depth, and static 
water level between wells classified as groundwater source under the direct influence of surface 
water (GUDI) and wells classified as non-GUDI.
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Table 8.  Spearman’s rho correlations for well-characteristic data and criteria variable data that have the best correlations with a well being designated as groundwater under 
the direct influence of surface water (GUDI).

[only includes results with p less than 0.0001 and rho greater than or equal to 0.10 or less than or equal to −0.10]

Variable Variable description Variable type
Number of 

wells
Spearman's 

rho

Positive correlation

NC Northcentral region (1 = in region, 0 = all other) Spatial 4,018 0.41
CONFINED Description of aquifer indicating if it is confined, semi-confined, or unconfined  

(confined = 1, semi-confined = 2, unconfined = 3)
Well characteristic 1,575 0.27

UNC50 Unconfined aquifers with a static water level less than or equal to 50 feet below the land 
surface

Criteria 1,393 0.16

RVCARB Carbonate major aquifer types in the Ridge and Valley physiographic province (1 = Ridge 
and Valley, 0 = all other)

Spatial 4,018 0.16

NUMCRITERIAMET Number of criteria met (between 0 and 7) from table 5 Criteria 2,855 0.14
CARB Carbonate major aquifer type (1 = carbonate, 0 = all other) Spatial 4,018 0.14

CARBLE100 Carbonate aquifers with a static water level less than or equal to 100 feet below the land 
surface

Criteria 2,509 0.13

AVG YIELD (GPD) Source average yield, in gallons per day Well characteristic 2,127 0.11
Negative correlation

CONFNHD Confined aquifers with an aquifer depth less than or equal to 50 feet below the land surface 
and located within 200 feet of a surface-water body

Criteria 1,282 −0.17

NE Northeast region (1 = in region, 0 = all other) Spatial 4,018 –0.10
SE Southeast region (1 = in region, 0 = all other) Spatial 4,018 –0.10

STATIC WATER LEVEL (FT) Source static water level, in feet Well characteristic 2,509 –0.10
SIL Siliciclastic major aquifer type (1 = carbonate, 0 = all other) Spatial 4,018 –0.10
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be drilled in carbonate aquifers are especially vulnerable to 
contamination from land-surface run-off (Bickford and others, 
1996; Embrey and Runkle, 2006; Fishel and Lietman, 1986; 
Lindsey and others, 2006; Lindsey and others, 2009). 

Also, four of the eight criteria variables were statistically 
significant (p <0.0001) with Spearman’s rho values of at least 
0.10 (table 8). Wells completed in unconfined aquifers with 
static water levels less than or equal to 50 feet below the land 
surface (UNC50; table 6) and wells completed in carbonate 
aquifers with static water levels less or equal to 100 feet 
below the land surface (CARBLE100; table 6) had positive 
correlations with a well being designated as GUDI, and wells 
in confined aquifers with an aquifer depth less than  
or equal to 50 feet below the land-surface and located within 
200 feet of a surface-water body (CONFNHD; table 6) had 
negative correlations with a well being designated as GUDI. 
Interestingly, the aquifer depth PADWIS attribute (AQUIFER 
DEPTH [FT]; table 1) used to create the statistically 
significant CONFNHD criteria variable (table 6) did not 
have a statistically significant correlation with a well being 
designated as GUDI. Also, the total number of the seven 
criteria (NumCriteriaMet; table 6) that are met by wells had 
a positive correlation with a well being designated as GUDI. 
Overall, these findings for the criteria variables are similar to 
those illustrated by the PADWIS attributes, which is expected 
because the criteria variables were created primarily on the 
basis of PADWIS attributes.

Microscopic Particulate Analysis Database 
Subset

The MPA database subset, consisting of 631 community 
and non-community wells, was examined to determine the 
significance of variables to the MPA total risk-factor score for 
each well. Ten well-characteristic variables (table 1),  
37 spatial variables (table 2), 13 water-quality parameters 
associated with MPA sample collection, and 23 bioindicator 
variables associated with MPA results were analyzed using 
Spearman’s rho to assess correlation significance between 
these variables and the MPA total risk-factor scores and 
assigned hazard-level score (1-low, 2-moderate, 3-high).

Spearman’s rho computation was performed on 
rank-transformed water-quality variables rather than on actual 
values because the computation of this nonparametric statistic 
can include concentrations reported as less than the minimum 
reporting level (MRL). This enabled the use of all the data in 
nonparametric statistical analyses without making assumptions 
about the distribution of values less than the MRL, below 
the lower limit, or above the upper limit for the explanatory 
variables further described here (Helsel and Hirsch, 2002). 
Analytical results for nitrate, sulfate, and turbidity had MRLs 
of 0.04 mg/L, 15 and 20 mg/L, and 0.3 and 0.5 Nephelometric 
Turbidity Units, respectively. Reported nitrate concentrations 
below the MRL, reported sulfate concentrations below the 
highest MRL, and turbidity values below the highest MRL 
were censored to the highest MRL associated with each 

constituent or property. This enabled the use of all the data in 
nonparametric statistical analyses without making assumptions 
about the distribution of the data below the MRL for nitrate, 
sulfate, or turbidity (Helsel and Hirsch, 2002). Results of 
analyses for E. coli and total coliform were quantified with 
both less-than and greater-than values, bounding the data at 
upper and lower limits, whereas results of analyses for fecal 
coliform were quantified with greater-than values, bounding 
the data at an upper limit. E. coli results were quantified with 
less-than values of 0 and 1 CFU/100 mL and a greater-than 
value of 200 CFU/100 mL; total coliform results were 
quantified with less-than values of 0 and 1 CFU/100 mL and 
6 greater-than values ranging from 80 to 2,400 CFU/100 mL; 
fecal coliform results were quantified with greater-than values 
of 60 and 200 CFU/100 mL. Analytical results for these three 
bacteria species were censored to the highest lower limit  
(1 CFU/100 mL for E. coli and total coliform) and the lowest 
upper limit (200, 80, and 60 CFU/100 mL for E. coli, total 
coliform, and fecal coliform, respectively) associated with 
each constituent. For MPA result bioindicator counts, counts 
of diatoms, coccidia, other algae, rotifers, and plant debris 
were quantified with greater-than values of 150, 300, 150, 
and 150 and 200, respectively, bounding the data at an upper 
count limit. Counts of bioindicators greater than these upper 
count limits were censored to the lowest associated value for 
each upper count limit for each parameter. Those variables that 
were statistically significant (p <0.0001) and had Spearman’s 
rho values greater than or equal to 0.1 or less than or equal to 
−0.1 are indicated in table 9.

Of the 10 well-characteristic variables, only one had 
a correlation with MPA total risk-factor score that was 
statistically significant (p <0.0001) with a Spearman’s rho 
value less than -0.10 (table 9). The aquifer depth variable, 
which describes the depth to the major water-bearing zone, 
had a negative correlation with MPA total risk-factor scores, 
suggesting that wells completed in aquifers with depths 
closer to the land-surface (shallower and relatively younger 
groundwater) had higher MPA total risk-factor scores than 
wells completed in aquifers with depths further from the 
land-surface (deeper and relatively older groundwater). Of 
the 37 spatial variables, two geologic variables (CARB and 
RVCARB; table 2) had statistically significant (p <0.0001) 
Spearman’s rho correlations. The statistical significance 
of wells completed in carbonate aquifers, especially in the 
Ridge and Valley Province, indicated that these aquifers are 
especially vulnerable to contamination and MPA samples with 
high total risk-factor and hazard-level scores.

Of the 13 water-quality parameters analyzed, fecal 
coliform and coliform had statistically significant positive 
correlations with both MPA total risk-factor scores and 
assigned hazard-level scores (table 9). Also, out of the  
23 bioindicator variables analyzed, 17 had statistically 
significant positive correlations with MPA total risk-factor 
scores, while 20 had statistically significant positive 
correlations with assigned hazard-level scores. Of the 
bioindicator variables, the risk-factor score, sample count,  
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Table 9.  Spearman’s rho correlations for well-characteristic, water-quality, spatial, and bioindicator data that have the best correlations with Microscopic Particulate Analysis 
(MPA) total risk-factor scores and assigned hazard-level scores.

[MPA, Microscopic Particulate Analysis; NS, not significant (p equal to or greater than 0.0001 and (or) rho less than 0.10 and greater than −0.10)] 

Variable Variable description Variable type Number of wells

Spearman's rho

MPA total 
risk-factor score

MPA hazard-level 
score

Positive correlation

OALGRF Risk-factor score for other algae Bioindicator 629 0.761 0.711

OALGC Sample count of other algae Bioindicator 627 0.631 0.541

ALGAE Presence (1) or absence (0) of algae Bioindicator 631 0.591 0.951

ROTRF Risk-factor score for rotifers Bioindicator 627 0.571 0.261

ROTC Sample count of rotifers Bioindicator 622 0.571 0.261

DIAC Sample count of diatoms Bioindicator 622 0.521 0.611

DIARF Risk-factor score for diatoms Bioindicator 624 0.511 0.811

DIATOMS Presence (1) or absence (0) of diatoms Bioindicator 631 0.501 0.811

FECAL Fecal coliform, in colony forming units per 100 milliliters Water-quality 367 0.481 0.431

INCRRF Risk-factor score for insects/crustacea Bioindicator 624 0.381 0.121

INCRC Sample count of insects/crustacea Bioindicator 623 0.381 NS

TCOL Coliform, in colony forming units per 100 milliliters Water-quality 417 0.381 0.271

ROTIFERS Presence (1) or absence (0) of rotifers Bioindicator 631 0.371 0.591

PDEBRF Risk-factor score for plant debris Bioindicator 628 0.251 NS

PDEBC Sample count of plant debris Bioindicator 623 0.221 NS

PLANTDEBR Presence (1) or absence (0) of plant debris Bioindicator 631 0.191 0.301

INSECTS Presence (1) or absence (0) of insects Bioindicator 631 0.181 0.301

GIAC Sample count of giardia Bioindicator 621 0.151 0.241

COCC Sample count of coccidia Bioindicator 621 0.131 0.191

CRUST Presence (1) or absence (0) of crustacea Bioindicator 631 NS 0.241

GIARDIA Presence (1) or absence (0) of giardia Bioindicator 631 NS 0.241

GIARF Risk-factor score for giardia Bioindicator 624 NS 0.241

COCCIDIAN Presence (1) or absence (0) of coccidia Bioindicator 631 NS 0.191

COCRF Risk-factor score for coccidia Bioindicator 624 NS 0.191

CARB Carbonate major aquifer type (1 = carbonate, 0 = all other) Spatial 631 NS 0.161

RVCARB Carbonate major aquifer types in the Ridge and Valley physiographic province (1 = Ridge and Valley, 0 = all 
other)

Spatial 631 NS 0.161

OTHER Presence (1) or absence (0) of all other particulates Bioindicator 620 NS 0.141

Negative correlation

AQUIFER DEPTH (FT) Aquifer depth (depth to major water-bearing zone), in feet Well characteristic 374 –0.211 NS

1significant (p less than 0.0001 and rho greater than or equal to 0.10 or less than or equal to −0.10)



34    Compilation and Evaluation of Data Used to Identify Groundwater Sources Under the Direct Influence of Surface Water

and presence or absence variables for algae, rotifers, and 
diatoms had the highest positive correlations with both MPA 
total risk-factor scores and assigned hazard-level scores, 
suggesting that these bioindicators are more commonly present 
in MPA samples with high risk-factor and hazard-level scores 
than bioindicators such as insects/crustacea, plant debris, 
giardia, or coccidia. These results highlight those bioindicators 
that are more commonly found in Pennsylvania groundwater 
as part of the SWIP and those bioindicator variables that best 
correspond with MPA samples with high total risk-factor and 
hazard-level scores and thus could influence the designation of 
a well as GUDI.

 Limitations of the Data
 Based on the analyses of data described in this report, 

broad conclusions are drawn regarding site-specific well 
characteristics and anthropogenic and naturogenic factors that 
were responsible for a well being designated as GUDI, but 
the accuracy of these analyses is dependent on the quality of 
the data. As previously explained, detailed case-file review 
showed the SWIP steps were typically utilized to generate data 
needed to evaluate wells, but for some wells the evaluation 
approach was based on other factors such as complex 
physical setting or other available data that could not be easily 
summarized in a database such as PADWIS.

In addition, analysis of the PADWIS database showed 
differences among regions in compiling data describing 
well characteristics and site-specific attributes. Some of 
the PADWIS database attributes were poorly populated 
(table 1). Other site-specific well characteristics used in the 
initial screening assessment, including: (1) presence of a 
documented surface-water recharge boundary, (2) proximity 
to a man-made feature that exposed the aquifer, and (3) 
well-construction deficiencies, were either not available or 
populated in the PADWIS database. The PADWIS database 
also did not provide important data attributes used in making 
GUDI determinations, such as distance from a well to the 
nearest hydrologic feature, Pearson-correlation coefficients 
calculated from 5-day averages of data collected during SWIP 
monitoring, and MPA results. Including Pearson-correlation 
coefficients calculated by PADEP during the SWIP as 
an attribute in the PADWIS database could be useful for 
understanding why a well was classified as GUDI. The 
correlation could be included as a categorical variable with 
designations, such as “none,” “low,” “moderate,” or “high,” 
indicating the strength of the correlation. Alternatively, the 
r-square value describing the correlation could be included 
with a note indicating the two variables that the correlation is 
describing. Results associated with MPA were an important, 
and often determinate, part of the SWIP because these results 
indicated how prevalent contaminants were and how easy 
it was for them to migrate into the water source. Therefore, 
it would be useful to include the numerical score and (or) 
risk classification resulting from a collected MPA sample as 
attribute(s) in the PADWIS database.

Detailed review of the files for specific wells indicated 
there were some differences between well files and the 
corresponding well record in the PADWIS database, which 
might have contributed to an inaccurate transfer of data. For 
example, investigation of files for wells in the Southcentral 
region indicated that well and casing depth records were 
sometimes inconsistent with the data values stored in the 
PADWIS database. In addition, spatial coordinates for 9 out of 
11 wells further examined in the Southcentral region differed 
from spatial coordinates provided in the PADWIS database 
from 130 to 14,800 feet. Determination of well attributes 
using spatial data (such as computing distance to the nearest 
surface-water feature) relies on the accuracy of the spatial 
coordinates associated with the well in the PADWIS database. 
This introduces a major limitation in the usage of spatial 
data for GUDI determination and analysis of geographic 
characteristics compiled for wells because they were not 
available in the PADWIS database and could contribute to 
inaccuracy in significance of the Spearman’s rho correlation.

Summary
Several approaches were followed to evaluate the data 

and methodology used to identify groundwater sources in 
Pennsylvania that are under the direct influence of surface 
water (GUDI). The evaluation included file review, database 
quality control (QC), creation of database subsets, and 
statistical analyses of the data in those subsets. Most of 
the data were provided by the Pennsylvania Department of 
Environmental Protection (PADEP), including source data 
derived from PADEP case files, a source-information database 
for public water-supply systems, and Microscopic Particulate 
Analysis (MPA) results and associated water-quality data for 
public water-supply wells.

PADEP case files for 43 wells from the Department’s 
Northcentral and Southcentral regions were reviewed to gain 
a better understanding of how the surface-water identification 
protocol (SWIP) used by PADEP was applied in practice, 
to verify and compile missing data, and to find additional 
attributes not previously available that might explain a 
well's susceptibility to surface-water influence. Review of 
file information from these 43 wells showed that, for some 
sources, the GUDI determination is too complex to be easily 
summarized in a database. File review also showed that 
complex physical setting and available site-specific data may 
influence all three steps of the SWIP, but the effect on GUDI 
determination is difficult to quantify. 

The PADWIS database, which consists of PADEP 
source-information data for public water-supply systems, 
contains files for 12,147 wells, 335 of which are classified 
as GUDI and 11,812 as non-GUDI. A subset of the PADWIS 
database consisting of 4,018 wells—176 GUDI wells and 
3,842 non-GUDI wells—was created for analysis. The 
PADWIS database subset included only community wells 
for which the SWIP was used by PADEP to make GUDI 
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determinations. MPA results for 631 community and 
non-community wells were compiled, along with data for 
associated water-quality constituents and properties (including 
alkalinity, chloride, Escherichia coli, fecal coliform, nitrate, 
pH, sodium, specific conductance, sulfate, total coliform, 
total dissolved solids, total residue, and turbidity) populated 
from the PADEP Bureau of Laboratories, Sample Information 
System. Data describing associated water-quality constituents 
and properties were available for varying amounts (between 
49 to 367) of the 631 wells that had MPA results. Data 
obtained from sources other than PADEP include spatial 
data, both naturogenic (for example, average precipitation or 
distance to closest hydrologic feature) and anthropogenic (for 
example, percentage of developed or agricultural land cover 
within a specific vicinity of a well).

 Data describing the major aquifer type in which a well is 
completed, the physiographic province in which it is located, 
and construction data for wells in the PADWIS database 
subset and MPA database subset were analyzed using the 
Kruskal-Wallis test to evaluate differences among groups. For 
the PADWIS dataset subset, GUDI wells had significantly 
older median construction years, shallower well depths, and 
static water levels closer to the land surface than non-GUDI 
wells. Assessment of the MPA database subset showed wells 
with MPA total risk-factor scores exceeding zero had older 
median construction years and shallower depths to the bottom 
of the casing than wells with MPA total risk-factor scores of 
zero. The highest percentages of wells designated as GUDI 
(12 percent) and with MPA total risk-factor scores exceeding 
0 (30 percent) were completed in carbonate aquifers, whereas 
the least number of wells designated as GUDI (1 well) and 
with MPA total risk-factor scores exceeding zero (23 wells) 
were completed in crystalline aquifers.

Spearman’s rank correlation coefficient (rho) was used to 
characterize available data that best identify a community well 
as being GUDI or a community or non-community well with a 
contaminated MPA result, which could potentially be the cause 
of a GUDI determination. Analysis of the PADWIS database 
subset using Spearman’s rho illustrated that community wells 
designated as GUDI occur in unconfined aquifers and have 
high average yield and shallow static water levels. Wells 
completed in unconfined aquifers with static water levels less 
than or equal to 50 feet below the land surface and wells in 
carbonate aquifers with static water levels less than or equal 
to 100 feet below the land surface were positively correlated 
with a GUDI well designation. Wells completed in confined 
aquifers at depths less than or equal to 50 feet below the 
land surface and located within 200 feet of a surface-water 
body had negative correlations with a well being designated 
as GUDI. Also, wells drilled in siliciclastic major aquifers 
(SIL) and within PADEP’s Northeast (NE) or Southeast (SE) 
regions had a negative relation with a GUDI designation. 
Results indicated that wells in PADEP’s Northcentral (NC) 
region and that are completed in carbonate aquifers (CARB), 
especially within the Ridge and Valley Province (RVCARB), 
have increased probability of being designated as GUDI. 
The PADEP region variables illustrate potential affects that a 

complex physical setting and available site-specific data can 
have on the implementation of a uniform evaluation approach 
for GUDI across the state.

The MPA database subset was also examined to 
determine the significance of associated well-characteristic 
variables, spatial variables, bioindicator counts and scores, 
and water-quality results in relation to resulting MPA total 
risk-factor scores and assigned hazard-level scores (1-low, 
2-moderate, 3-high). Spearman’s rho correlations showed 
that wells completed in carbonate aquifers, especially within 
the Ridge and Valley Province and with depths closer to the 
land-surface, had higher total risk-factor scores resulting from 
MPA samples. Fecal coliform and coliform had statistically 
significant positive correlations with both MPA total 
risk-factor scores and assigned hazard-level scores. Of the 
bioindicator variables, the risk-factor score, sample count, and 
presence or absence variables for algae, rotifers, and diatoms 
had the highest positive correlations with both MPA total 
risk-factor scores and assigned hazard-level scores, suggesting 
that these bioindicators are more commonly present in MPA 
samples with high risk-factor and hazard-level scores than 
bioindicators such as insects/crustacea, plant debris, giardia, or 
coccidia.

 Based on the results of the analyses described in this 
report, broad conclusions can be drawn regarding site-specific 
well characteristics and anthropogenic and naturogenic factors 
that could be responsible for a well being designated as GUDI, 
but the accuracy of these results is dependent on the quality 
of the data being analyzed. Detailed review of well files 
showed that the SWIP steps are usually followed, but for some 
sources, the GUDI determination in practice is more complex 
than what can be easily summarized in the PADWIS database. 
Some critical site-specific well characteristics used in the 
SWIP either are not available or not populated in the PADWIS 
database. Detailed file review for specific wells showed data 
discrepancies between well files and the corresponding well 
record in the PADWIS database, including discrepancies 
between critical attributes such as well depth, well casing 
depth, and well spatial coordinates. These inaccuracies have 
the potential to cause major limitations in the usage of spatial 
data for population and analysis of geographic characteristics 
not available in the PADWIS database and could contribute 
to inaccuracy in the statistical correlations. These results, 
however, still serve to highlight statewide complexities related 
to determining a representative source classification and the 
need for further field-scale investigation.
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https://pubs.er.usgs.gov/publication/cir1139
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https://water.usgs.gov/GIS/metadata/usgswrd/XML/muid.xml
https://water.usgs.gov/GIS/metadata/usgswrd/XML/rech48grd.xml
https://water.usgs.gov/GIS/metadata/usgswrd/XML/rech48grd.xml
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