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Introduction

NAPLs present in the subsur-
face are recognized as long-term
sources of ground water pollution
(Mackay and Cherry 1989). The
effectiveness of any attempt to
remediate these contaminated sites
is limited by our ability to first iden-
tify the distribution of NAPLs in
the subsurface, a problem that is
particularly complex at sites with
multiple contaminant sources, or
when the NAPL has a density
higher than that of water
({DNAPL). When the geologic
strata include even small changes in
permeability, DNAPLs undergo a
significant amount of lateral spread-
ing as they migrate (Kueper et al.
1993), making it extremely difficult
to predict their distribution in the
subsurface.

Extensive ground water data are
collected at most hazardous waste
sites during remedial investigations.
These data can provide consider-
able insight into the nature and
extent of site contamination if thor-
oughly analyzed and used in con-
junction with adequate knowledge
of the site history. The U.S. EPA
(1993} and Cohen et al. (1993) pro-
vide guidelines to infer the presence
of a NAPL source based on ground
water dafa. Itis now a common prac-
tice to use ground water concen-
trations that are greater than 1 per-
cent of the effective solubility of a
species to suggest that a NAPL is
present. These guidelines offer a
rudimentary means of interpreting
ground water data to provide addi-
tional information regarding the
source characteristics. There are




numerous advantages of this “inverse” approach as an
alternative to direct observation of subsurface NAPL
contamination. By focusing on the ground water plume,
there is less risk of increasing the extent of DNAPL
contamination during drilling activities. In addition;-the
collection and analysis of aqueous phase samples is
often easier and cheaper than direct characterization of
the source material.

One common attribute among many contaminated
sites is the presence of NAPLs composed of a complex
mixture of many organic species. The resulting concen-
trations of multiple chemical species in ground water
contaminated by these NAPL mixtures depend on the
chemical composition of the contaminant source, prox-
imity of the sampling location to the source, and trans-
formation processes that occur in the subsurface,
Patterns, or chemical “signatures,” emerge among the
contaminant concentrations in the ground water that
are directly related to the source of contamination and
subsequent transformation processes.

Ground water in the vicinity of a NAPL becomes
contaminated following the leaching of components
from the organic phase into the water. In many cases,
there are classes of NAPLs—such as gasolines—present
in the subsurface that have similar compositions.
Although there are variations in the chemical composi-
tion among brands and grades of gasoline, there are
some commonalities among all gasolines, including the
presence and relative proportions of BTEX (benzene,
toluene, ethyl benzene, xylenes) species.

The aqueous phase concentration of species equili--

brated with an ideal NAPL is estimated by Raoult’s law
{Feenstra 1992):

e = XiC) M)

where Cf is the equilibrium concentration of species iin
the aqueous phase; X! is the mole fraction of species iin
the organic phase; and C;'¥ is the aqueous phase solubil-
ity of i in its pure liquid state. The absolute concentra-
tion of species found in the subsurface may be signifi-
cantly less than predicted by this equilibrium equation
due to dilution or rate-limited mass transfer processes
(Mackay and Cherry 1989). However, the relative pro-
portions of an individual chemical in ground water in
the vicinity of a NAPL source should be directly related
to its solubility and mole fraction in the organic phase.
This implies that the relative ground water concentra-
tions of species leached from NAPLs of similar compo-
sition should also be similar. In addition, since the mole
fractions of common contaminants vary among differ-
ent types of petroleum products, ground water samples
exposed to different types of NAPLs will have their
own unique chemical signatures. With increasing dis-
tance from a NAPL source, however, chemical signa-
tures will change as differences in biodegradation rates
and sorption capacities result in the reduction of certain
chemical species.

The identification of patterns in chemical concentra-
tions among ground water samples requires the use of

multivariatc analyses to determine correlations among
variables within a data set. The multivariate data from
each monitoring well at suspected NAPL sites typically
include concentrations of a wide variety of organic and
itorganic contaminants, properties such as pH and
redox potential, time of sampling, and well location.
The patterns or signatures identified by the multivariate
analysis depend on the chemical composition of the
contaminani source, proximity of the sampling location
to the source, and sorption or biodegradation
processes. Interpretation of these patterns to infer the
specific factors contributing to the observed spatial and
temporal distribution of the ground water contaminants
is critical to the successful application of the multivari-
ate techniques.

Multivariate analysis techniques have been widely
used in the field of geochemistry to determine the
sources of inorganic ground water constituents, air pol-
jutants, and contaminated marine sediments (e.g.,
Novak and Eckstein 1988; Hopke 1991; Shine et al.
1995). Recently, a few multivariate techniques have
been employed to evaluate gasoline contamination
(Lesage and Lapcevic 1990; Anderson et al. 1992).
Neither researchers nor practitioners, however, have
developed these techniques sufficiently for their appli-
cation to ground water contamination at a wider range
of NAPL. sites.

The objectives of this work were to develop and
llustrate the application of multivariate data analysis
tools for identifying patterns or chemical signatures in
ground water contaminant data at suspected NAPL
sites. It is hypothesized that with identification and
interpretation of specific chemical patterns that emerge
in samples collected from complex NAPL spill sites, our
understanding of the nature and extent of these con-
taminant sources can be improved.

Approach

Two specific multivariate techniques were applied to
ground water data from a former manufactured gas
plant (MGP) site in Iowa to evaluate the potential con-
tribution of these methods to the overall site characteri-
zation process. The Iowa site is contaminated with dis-
tinct gasoline and coal tar sources, providing a good
example to develop and illustrate the vse of multivari-
ate analyses to differentiate between these NAPL
sources. .

The first technique considered here involved the use
of multivariate plots representing complex data sets to
enable comparison of chemical signatures between actual
ground water samples and those of known contaminants.
Initially, a literature review was conducted to compile a
database of chemical signatures for comparative pur-
poses. Representative data collected during this review
are included in Table 1. Data from both field studies.
and laboratory-scale experiments quantifying the con-
centration of solutes in aqueous phase samples exposed
to NAPL sources were included. Due to the nature of
contamination at the MGP site considered here and the
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Table 1
Composition of Water Equilibrated with NAPL Sources
Concentyations (mg/L)
NAPL Source Benzene  Toluene EB-!-X},;I* Naphthalene Acenaphihylene Phenanthrene Reference
Gasolines:
*# gummer 30.7 34.8 10.8 0 NA NA Shiu et al. 1990
** umleaded 24.2 36.3 23.9 02 NA NA Shiu et al. 1990
' unleaded 587 33.4 26.6 G 0 0 API 1985
super unleaded 670 1074 246 NA NA NA API1989
weathered 58 63.0 36.9 NA NA NA Hinchee and Reisinger 1987
Amoco 324 343 6.6 NA NA NA Bruce et al. 1991
**+ 89 oct. 412 40.8 1722 NA NA NA Luhrs and Pyott 1992
** 89 oct., weathered 9.8 391 247 NA NA NA Luhrs and Pyott 1992
Heavier Hydrocarbons:
Fuel oil #2 0.14 0.44 0.7 0.11 NA NA Shiu et al. 1990
Fuel oil #4 022 1.01 0.73 0 NA NA Shiu et al. 1990
Fuel oil #2 0.646 1.68 8.89 NA NA 0.29 Heath et al, 1993
#% diesel oil 02 0.5 0.86 0.09 NA NA Shiu et al. 1990
lube oil - used 1 0.2 02 0.01 NA NA Shiu et al. 1990
Coal-derived NAFLs:
*# wood preserving chemicals 017 0.23 048 10.4 104 2 Goerlitz 1992
wood preserving chemicals  0.033 0.048 0.133 3.312 0.059 1.825 - Rosenfeld and Plumb 1991
** gverage coal tar 001 0.005 0.016 0.028 0.02 0007  GRI1987
*% Stroudsburg coal tar 2.4 1.1 2.99 39 0.7 0.16 Peters and Lathy 1993
NA— Not available
*Ethyl benzene + xylenes
**$amples used for representative star plots (Figure 3)

extent of data available from the literature, this review
was limited to organic phases originating from petro-
leum or other fossil fuel sources. Thus, the primary con-
stituents measured in these studies were aromatic
hydrocarbons (BTEX) and polycyclic aromatic hydro-
carbons (PAHs).

The second technique considered relied on mathe-
matical interpretation of correlations among chemical
species present in ground water samples from this site.
Application of this method does not require a priori
knowledge of representative chemical signatures.
Instead, correlation patterns within the data set were
identified mathematically and interpreted based on
knowledge of the site history and physical, chemical,
- and biological processes affecting contaminant concen-
o trations.

- Site Description ,
o0 Inivestigation of the subsurface contamination at the
. site in Towa was initiated following the 1987 discovery
that gasoline had leaked from an underground storage
: tank:-Subsequent field activities and review of histori-
-cal documents showed that an MGP facility also used
~this property from the mid-1850s to the late 1940s
- (Figure 1) A four-phase remedial investigation con-
.ducted at this site from 1989 to 1991 included an evalua-
_tion of the ground water hydrology and an extensive
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coliection of soil, water, and air samples from borings,
test pits, monitoring wells, and an array of soil gas sam-
pling locations (Atlantic 1991).

The cross-sectional plot presented in Figure 2 identi-
fies the primary aquifer as an outwash sand and gravel
unit overlain by a clayey silt layer. Piezometric head
contours shown in Figure 1 indicate that ground water
flow is generally in a southeasterly direction across this
site with a seepage velocity of approximately 66 m/year
(Atlantic 1991). Thirty-six ground water samples from
both the upper and lower portion of the sandy aquifer
were collected from a total of 24 wells during the RI. In
many cases, the wells were drilled in pairs with one
screened in the shallow portion of the sand and gravel

* unit and the other screened near the base of this aquifer
(Figure 2). During different phases of the RI, samples
were analyzed for volatile aromatics, PAHSs, cyanide,
phenol, and RCRA metals. Ground water samples
from downgradient wells (all except Wells 1, 3, and 14)
contained elevated concentrations of organic contami-
nants with naphthalene, acenaphthylene, benzene, and
xylenes detected in more than 95 percent of the down-
gradient ground water wells. _

Both gasoline and coal tar were detected in the sub-
surface during the RI. The gasoline was detected at the
capillary fringe in the immediate vicinity of the former
underground storage tank (Wells 9, 10, 11). Coal tar was
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Figure 1: Base map for the former MGP site summarizing
results of the Rl {Atlantic 1991). Shaded areas indicate regions
of suspected NAPL contamination based on test pit and sofl
boring samples, and an understanding of the site stratigraphy
and ground water hydrology.

found in samples collected from surficial soils in the
region of many of the former MGP structures, in sev-
etal boreholes drilled directly into gas holders and coal
tar wells, and at the bottom of the sandy aquifer in
Wells 12b, 13b, 15, and 19 (Figure 1). Four coal tar sam-
ples were analyzed by infrared spectral analysis. Based
on their composition, tar samples from deep Well 19,
the shallow Well 7 drilled directly into a tar well, and a
borehole in the southernmost gas holder were identi-
fied as carburetted water gas tars. The sample collected
from deep Well 13b was identified as a heavier coal tar
residue based on its lack of BTEX species (Atlantic
1991},

Questions regarding the distribution and original
sources of coal tar in the subsurface remained unan-
swered following completion of the RI. Based on lim-
ited data defining the elevation of the bottom of the
aquifer and analysis of site stratigraphy and ground
water hydrology, the distribution of DNAPL presented
in Figure 1 was inferred. The high concentrations of
total PAH (average ~ 4000 pg/L) measured in ground

(fect aboye arbitrary datum):

v gasoline detected:
—de-coal tar detected
© % plezometiic head:

. Bowell screen: . .

Figure 2: Subsurface stratigraphy along cross section A-A/

{Figure 1).

water samples from Well 2 were not well understood.
Coupled with the dilution expected in this fully pene-
trating well and the relative immobility of most PAHs
in ground water, these results suggested the presence of
coal tar in the immediate vicinity of this well. The eleva-
tion of the bottom of the aquifer at this well is lower
than that at either Well 15b or 13b, indicating that there
could be DNAPL migration toward Well 2 from either
of these areas.

Multivariate Plots

Chemical Signatures for Known NAPL Contaminants

The application of multivariate plots was based on
comparison of ground water concentration data at the
Towa site to those found associated with common
NAPLs (Table 1). A type of multivariate plot called a
“star” or “radar” plot was used to illustrate the chemi-
cal signatures for these aqueous phase data. These plots
use polar coordinates with the number of axes equal to
the number of variables (Figure 3). Either the absolute
or relative concentration of each species is plotted as a
datum on its axis and the points are connected to form a
polygon. The shape of the polygon is the “signature”
for a particular pollutant source (Lesage and lLapcevic
1990; Anderson et al. 1992).

Star plots for different sets of chemical species
included in Table 1 were initially generated to deter-
mine the best representation of these data. It was
desired Lo use a maximum amount of available data to
produce star plots that have consistent shapes for aque-
ous phase samples exposed to the same type of NAPL,
yet are unique between NAPLs. In order to generate
plots of similar size, all concentrations were normalized
by dividing the absolute concentration of each individ-
ual species by the sum of all constituents used in the
plots. The best results for identifying unique signatures
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for different NAPL sources were four-axis star dia-
grams generated with agueous phase concentrations of
benzene, toluene, combined ethyl benzene and xylenes,
and naphthalene (Figure 3). These contaminants were
most widely occurring, enabling the use of the largest
possible subset of data presented in Tabie 1. Ethyl ben-
zene and xylenes have the same molecular weight and
were summed to create one axis on the star plots.
Efforts to include additional PAH species lead to incon-
sistencies in the shapes of star plots for aqueous phase
samples exposed to the same type of NAPL source.
These inconsistencies could stem from higher levels of
uncertainty in analysis of low concentrations of PAHs or
greater variability in the mole fractions of these species
between different samples of the same type of NAPL.
Differences in the chemical signature of ground
water contaminated with a variety of fossil-fuel-derived
NAPLs are clearly apparent based on the different
shapes of the polygons presented in Figure 3. Four
gasoline and two coal tar sources are included to pro-
vide an indication of the consistency in the polygon
shapes for each of these NAPLs. The inclusion of naph-
thalene concentrations provides an indicator chemical

to differentiate between coal-derived NAPLs and

heavy petroleum products. Star plots for the two coal
tars illustrate the consistency in shape between samples
collected from field (GRI 1987) and laboratory (Peters
and Luthy 1993) studies. The chemical signatures of
these two samples are the same, although absolute con-
cenftrations vary by nearly two orders of magnitude
{Table 1).

All of the data presented in Table 1 and Figure 3 are
for aqueous phase samples directly impacted by an
organic phase. An increase in the distance between the
ground water sample and the NAPL source, or changes
in the NAPL composition over time, will affect the
chemical signatures. This can be illustrated by compar-
ing star plots of “weathered” and fresh gasoline sam-
ples (Figure 3). Benzene, the most soluble aromatic
hydrocarbon in gasoline, is preferentially leached from
the source, resulting in a reduction of both the mole
fraction of this component in the gasoline and concen-
tration in the nearby aqueous phase. The shape of the
star plot resulting from the weathering process is appar-
ent from the shorter length of the polygon along the
benzene axis for the weathered gasoline relative to the
fresh gasolines.

Analysis of Chemical Signatures

Ground water contamination data from the former
MGP site in towa were initially analyzed by comparing
star plots for sample data to those associated with
known NAPLs. For comparative purposes, star plots
with the same format as shown in Figure 3 were gener-
ated for ground water samples with detectable concen-
trations of BTEX and naphthalene and are included on
a base map in Figure 4. In general, and as expected, the
deep wells show elevated relative concentrations of
naphthalene indicating contamination from a coal tar

source, while the shallower wells generally have much |
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Figure 3: Four-axis star plots of chemical constituents in water
near NAPL pollutants. Axes include normalized concentrations
of benzene (B), toluene (T), the sum of ethylbenzene plus
xylenes (EB+X), and naphthalene {N). Differences in the charac-
teristic shapes of these plots among different types of NAPL
provide clearly unigue chemical signatures.

lower relative concentrations of this constituent. Wells 9
through 12a have a triangular shape, similar to that of
weathered gasoline shown in Figure 3, indicating that
each of these wells is in the close proximity to pooled or
entrapped gasoline in the capillary fringe.

A comparison of the shapes of star plots in shallow
wells downgradient from the gasoline source illustrates
the change in chemical signatures due to subsurface
sorption and transformation processes. Wells 13a and
17a both have much higher relative concentrations of
benzene than in the wells immediately adjacent to the
gasoline storage tank location. When considering the
potential for sorption, benzene has the highest solubil-
ity and lowest organic carbon partitioning coefficient.
These characteristics indicate that this species would be




17th Street

general direction of
groundwater flow

‘ 17b
I 17a b

= 16th Street
19 o p w
0 5 18
[y
T ™ —
©
= 0 100 ft
General form of star plots;
T iypical weathered gasoline
EBX B v typical coal tar
N

Figure 4: Four-axis star plots for ground water samples are
plotted on the hase map in the vicinity of their sampling loca-
tions. Axes are the same as depicted in Figure 3 but are
removed for the purposes of this figure. Comparison of shapes
with those from “typical” NAPLs illustrates that samples from the
shallower regions of the aquifer are contaminated primarily with
gasolines while the deeper wells are affected by coal tars.

the most mobile in a subsurface system and, thus, would
be observed in the highest relative concentrations as the
distance from the NAPL source is increased. Ethyl ben-
zene, however, would be transported at a rate that is
much slower than benzene due to its order-of-magni-
tude higher organic carbon partitioning coefficient and
the moderate organic carbon fraction of the soil (£, ~
0.003). The decreased length of the axis for ethyl ben-
zene plus xylenes on the star plots from the generally
downgradient Wells 13a and 17a is consistent with the
anticipated effect of sorption on the overall chemical
signature.

Analysis of the shape of star plots for downgradient
Wells 13a and 17a also shows a significant reduction in
the relative concentration of toluene in these wells.
Toluene, which has a mobility intermediate between
benzene and ethyl benzene, was found in these wells at
concenfrations of only a few pg/L. There is limited evi-
dence to suggest that toluene is degraded at a faster rate
than other BTEX species under both aerobic and
anaerobic conditions at petroleum spill sites (Wilson et
al. 1991; 1994). Thus, the reduction in the relative con-
centration of this species could be due to a combination

of greater retardation and biodegradation in compari-
son with benzene.

Coal tar was directly observed in several wells (12b,
13h, 15b, and 19} penetrating the deeper portion of the
sandy aquifer (Figure 1). Star plots for the agueous
phase samples from these wells (Figure 4) generally
have the same shape as for the known coal tar sources
presented in Figure 3. Variability in the polygon shapes
among these wells could indicate different ages or types
of MGP wastes. The infrared spectral analysis of the
sample collected from Well 19 was identified as a carbu-
retted water gas tar or fraction thereof, while the analy-
sis of a sample collected from Well 13b indicated a
much heavier coal tar residual with low concentrations
of BTEX (Atlantic 1991}. The shapes of the star plots
describing the ground water concentrations in the vicin-
ity of these two wells are consistent with the measured
DNAPL compositions. That is, the plot for Well 19
shows much higher relative concentrations of benzene
and toluene than the plot for Well 13b.

Incorporating the information provided by analysis
of the star plots with analysis by more standard
approaches (absolute concentrations, elevations of
aquifer bottom, etc.) allows interpretation of the origi-
nal sources of coal tar and the spatial distribution of
coal tar throughout the subsurface with a higher level of
confidence. Specific inferences for this site that differ
from the original assessment presented in Figure 1
include the following; ‘ :

® There is 2 coal tar source close to Well 2, This is sup-
ported by the lack of change in chemical signature
between Well 13b and Well 2 that would have been
expected due to differences in the relative mobility
of naphthalene vs. benzene.

® There is probably not significant DNAPL contami-
nation outside of the suspected leaking tar well (Well
7). Greater influence of naphthalene in the star plot
from Well 11 would have been expected if this were
not the case.

# Based on similarities in the shape of star plots
between Wells 12b, 13b, and 2, the same coal tar
source is in close proximity to each of these wells.

¢ Low relative concentrations of the mobile benzene
and toluene species at Well 2 relative to those at Well
15b indicate that Well 2 has not directly impacted the
carburetted water gas tar found at Wells 15b and 19.

While the first two of these inferences could also
have been made based on absolute concentrations of
contaminants in ground water samples from Wells 2 and
11, confidence in these conclusions is strengthened by
the added analysis of multivariate plots. The second
two conclusions could not have been made without
analysis of the chemical signatures.

Mathematical Techniques

Although the graphical techniques provide an easy
means of increasing the ievel of insight obtained from
ground water data, there are some instances where the
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complexities of a site may limit the utility of these meth-
ods. For example, ground water from a site with multi-
ple spills and overlapping contaminant plumes might
not have a characteristic fingerprint of any one of the
individual sources. Sorption or biological transforma-
tions of the NAPL may also confound interpretation of
graphical representations of the data: In many of these
complex situations, techniques that rely on more quan-
titative methods can be employed to analyze correla-
tions among chemical concentration data.

Factor analysis (FA) is a multivariate tool that can
be used to identify recurring patterns in data. With this

method, correlated species are grouped into a few “fac-

tors” that describe most of the variability among the
samples, effectively reducing the number of variables
that need to be considered (Davis 1986). Each factor
could include several related chemical species that
would ideally represent a unique poHutant source.
Unlike the graphical methods that identify the source
by comparing environmental concentrations to known
chemical signatures, factor analysis designates a num-
ber of significant factors and the variables contributing
to each of those factors based on mathematical manipu-
lation of the data. The scientist/engineer must then
interpret these factors to identify the type of pollutant
source or transformation processes associated with
each, This assessment is based on an understanding of
the physical and chemical processes in the environment
and the nature of the possible pollutant sources.
Therefore, knowledge of chemical characteristics and
the history of spills at a site is required.

Application of factor analysis and other receptor
modeling techniques in environmental site assessments
. has increased in the recent past. Early use of these tech-
nigues included the determination of the source of
chemical constituents in ground water from basic geo-
chemical parameters (e.g., Dalton and Upchurch 1978;
Lawrence and Upchurch 1982; Usunoff and Guzman-
Guzman 1989). Others have used various forms of fac-
tor analysis to differentiate between natural and
anthropogenic sources with similar chemical composi-
tions {Barker et al. 1988; Olmez et al. 1994). The appli-
cation of these multivariate techniques to sites with soil
or sediments pofluted by a complex array of industrial
sources has only recently been considered (Baum 1993;
Wenning et al. 1993; Shine et al. 1995).

. Although multivariate mathematical methods have
rarely been applied to NAPL spill sites, there is ample
evidence from related studies to suggest that these tech-
niques are potentially useful. For example, Baum
(1993) identified potential NAPL source locations at a
Superfund site contaminated with several chlorinated
solvenis by using nonlinear multivariate methods to
minimize the errors associated with physical, chemical,
and biological processes.

Application of Principal Components Analysis

Data from the former MGP site considered in this
work were analyzed with a type of factor analysis

termed principal components analysis (PCA). This type
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of analysis can provide additional insight, especially in
situations where patterns in the chemical fingerprints
are not known a priori or when graphical techniques
produce ambiguous results. PCA is readily accessible
through statistical software packages written for per-
sonal computers (e.g., SYSTAT, Statgraphics). As with
other forms of factor analysis, principal components
(loosely termed “factors™) are identified that group
chemical species which are correlated. These principal
components are the eigenvectors of the variance-
covariance or correlation matrix (Davis 1986).

The 26 ground water samples from 20 wells with
detectable concentrations of at least a few ground water
solutes were considered in the PCA. Since BTEX and
PAHs were the only species common in all four rounds
of sampling, the PCA was initially limited to these com-
pounds. Ten chemical species, including BTEX and six
PAH compounds, were detected in more than half of
the samples. A log-transformation of these data was
used to generate normally distributed data as suggested
for PCA implementation (Davis 1986).

As with the mathematical or statistical analysis of
any ground water data, some method of dealing with
concentrations below detection limits was required.
Two approaches were used in the analysis presented
here to provide a numerical value for samples with non-
detectable concentrations: (1) a concentration of one-
half of the reported detection limit was assigned; or (2)
for each nondetectable chemical species in each sample,
a random number from a uniform distribution of values
between 0.0 and 1.0 was generated and multiplied by
the detection limit (Hopke 1991). Although the factor
loadings were somewhat affected by the value used for
nondetectable concentrations, the conclusions drawn
from the PCA were not sensitive to this choice, For all
results presented in this paper, nondetectable concen-
trations were assigned a value of one-half of their detec-
tion limit.

SYSTAT for Windows (version 5.0) was used to cal-
culate the correlation matrix and its eigenvectors for the
ground water data. The Varimax rotation option within
this statistical package was used to maximize interpreta-
tion of the data (Wilkinson et al. 1992). By rotating the
orthogonal factors so that they are aligned with the pri-
mary source of variability among the samples, it is often
easier to interpret the physical or chemical source of
variability contributing to each of the principal compo-
nents (Roscoe et al. 1982), This rotation is analogous to
the rotation of a ceordinate system in a ground water
flow problem so that the axes are aligned with the prin-
cipal directions of anisotropy (e.g., Bear 1979).

Interpretation of Results from PCA

Table 2 presents the cigenvalues and component
loadings for four of the 10 factors identified by the
PCA. Bvaluation of the magnitude of each eigenvalue
is one method to determine which of these factors are
significant, The first two factors presented in Table 2
are clearly significant. They both have eigenvalues
greater than 1.0 and jointly explain nearly 70 percent of




Table 2
Resuits from Initial Application of PCA to the
Former MGP Site Data
Factor1 ¥actor2 Factor3 Factord

Eigenvalues 52 31 (.90 0.31
Component Loadings*:

Benzene ' 0.13 8.91 0.13 011

Toluene 0.09 0.98 0.02 -0.03

Ethyl Benzene 0.02 0.88 0.02 -0.48

Xylenes 0.18 0.93 0.20 0.11

Naphthaiene 0.86 0.33 0.23 0.03

Acenaphthene 091 -0.08 0.33 0.01

Acenaphthalene 0.95 0.15 022 0.00

Fluorere 071 016 0.51 -G08

Phenanthrene 048 0.02 0.85 (.00

Anthracene 0.26 0.02 0.96 0.00
% Total Variance Explained  33.3 358 217 2.5
Probable Source coal far gasoline- sampling  none

or analytical

eITorsS

*Chemical specics considered significant {loading » 0.5} in each faclor are highlighted.

the total variance among sample concentrations. The
third factor also appears to be significant. Its eigenvalue
is 0.90 and the relatively high fraction of the total vari-
ance explained by this factor (21.7 percent) suggests
that it should be considered further.

The component loadings included in Table 2 are
essentially correlation coefficients between the chemi-
cal species of concern and the factor (Olmez et al.
1994). Thus, component loadings of 1.0 indicate a per-
fect correlation between the species and factor. In other
studies, component loading values greater than 0.70
(Roscoe et al. 1982), 0.50 (Kerndorff et al. 1992), and
0.25 (Olmez ¢t al. 1994) have been used to identily sig-
nificant species within a factor. In this study, chemical
species with loadings greater than 0.5 were considered
significant to a particular factor. Hence, the presernce
and concentrations of many of the PAH compounds are
closely correlated as evidenced by their high factor
loadings associated with Factors 1 and 3 (Table 2). The
monoaromatic species (BTEX) are also correlated and
combined in Factor 2. These types of factors were
expected based on knowledge of the site history and
chemical composition of the NAPLs present at this site.
. The last step in the PCA involves the interpretation
of factor scores calculated by the SYSTAT software.
Factor scores for each of the samples indicate the
importance of a given factor to that sample and can be
used to cluster samples that are influenced by similar
factors or combinations of factors (Davis 1986). The
log-transformed data used in this analysis generated
normally distributed factor scores with a mean of 0.0
and a range of about *+3 standard deviations. Thus,
samples with positive factor scores are correlated to the
particular factor, and factor scores greater than about +1

reflect an intense response to the processes or source

associated with that factor (Dalton and Upchurch 1978).
Review of factor loadings and factor scores was used
to further evaluate the significance of the third factor.

Phenanthrene, anthracene, and fluorene have high
loadings in the third factor (Table 2), and samples from
Wells 12b, 13b, 2, and 6 had scores for Factor 3 greater
than 1.0. Coal tar was found in Wells 12b and 13b, and
the analysis of star plots also indicated a high probabil-
ity of coal tar near Well 2. From this information and
the high scores for Factor 3 in these wells, it could be
concluded that this coal tar was of different composi-
tion than in wells farther to the south. Further review of
the factor scores, however, show that the elevated
Factor 3 scores for Samples 12b, 13b, and 2 were only
calculated for the third sampling round. Careful analy-
sis of the raw data revealed that, in fact, almost all sam-
ples collected during this phase of the investigation had
between three and 15 times higher concentrations of
anthracene and phenanthrene than samples collected
from the same wells at other times. Given that the
DNAPL entered the subsurface decades ago and that
the ground water processes are typically slow, it is
unlikely that these major changes in concentration can

- be attributed to physical, chemical, or biological

processes in the subsurface. Therefore, it was con-
cluded that the third factor was probably the result of
variability in sample analysis and that thls factor should
not be considered further,

With the conclusion that the third. factor was not,
related to NAPL composition or distribution, the PCA
was repeated with the exclusion of anthracene and
phenanthrene, and was limited to two factors. This
analysis indicated that there are two distinct factors
associated with BTEX species (Factor 1) and the
remaining PAH species (Factor 2). These two factors
account for 91 percent of the variance among the log-
transformed concentrations. The inclusion of eight
species in the PCA vs. four variables with the star plots
increases the possibility of differentiating sources based
on PAH compositions.

By plotting scores for Factor 1 against F actor 2, sam-
ples with similar chemical compositions can be grouped
by their location on the plot indicating they have similar
influences from each of the factors. Factor scores are
shown in Figure 5 with three groupings identified.
Samples outside these grouping generally show low
scores for both factors indicating a lower degree of cor-
relation between the chemical signatures of these wells
and those in the immediate vicinity of the three pre-
dominant NAPT, sources.

The first (“a” group) has high values for Factor 1
(high in BTEX species} and includes most of the shal-
low wells contaminated primarily by gasoline. The fac-
tor scores for these samples cover a considerable range
of Factor 2 scores, with almost no influence of this fac-
tor in the two most northerly wells (10 and 11). This
low influence of PAHs on the ground water sample col-
lected from Well 11 adds confidence to the conclusion
that there is minimal coal tar contamination of the.
aquifer in the vicinity of the nearby tar well (Well 7).

The second distinct grouping (“b” group) has ele-
vated scores for both factors and includes deep Wells
15b and 19. As described previously, a DNAPL was
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Figure 5: Factor scores are plotted for each ground water sam-

. ple. Clusters of wells associated with the different poliutant
sources are identified: (a) gasoline; {b) carburetted water gas
tar {or fraction thereof); and {c) heavy coal tar. Note that in the
final PCA, the factors associated with BTEX vs. PAHs are
switched relative to those included in Table 2.

detected in both of these wells. Infrared analysis of the
coal tar from Well 19 showed a sitmilar composition to
that collected from the southernmost gas holder.
Results of the PCA, coupled with similarities in the star
plots for these two wells and knowledge of the eleva-
tions of the bottom of the aquifer, can be used to con-
clude that the coal tar at both of these wells is a carbu-
retted water gas tar from the nearby gas holder.

A third grouping (“c” group), including Wells 12b

and 13b, and one of the Well 2 samples, is also identi-
fied in Figure 5. The spread in the area of this grouping
illustrates the impact of variability in concentrations
between sampling rounds. This group was drawn to
include both Well 13b samples since both of these are
clearly influenced by the same coal tar source.
Concentrations for all analytes used in the PCA in the
Well 13b sample during the third round of sampling
were significantly less than during the fourth sampling
round. With coal tar DNAPL at the base of this well,
however, there are no chemical or physical explanations
for a substantial drop in ground water concentrations.
This trend in variability between the third and fourth
sampling rounds was also observed between samples
from a few other wells, but not for all wells sampled at
both times. These inconsistencies suggest possible vari-
ability in sample collection techniques.

The range of factor scores calculated for Well 2 are
also identified in Figure 5. There is significant variation

in the factor scores for the four samples from this well.
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Yet, based on the location of these samples on the fac-
tor score plot, it can be concluded that the chemical sig-
natures of ground water samples from this well are
much closer to that of Wells 12b and 13b than Wells 15b
and 19. These results increase our confidence in the
conclusion that Well 2 is not influenced by the carburet-
ted water gas tar and that the actual areal extent of the
heavier coal tar contamination extends from Well 12b
to close to Well 2.

Summary and Conclusions

In this work, it was proposed that a thorough analy-
sis of the chemical patterns imbedded in data from
ground water sampling efforts can improve our overall
understanding of the nature and extent of subsurface
NAPL sources, thereby increasing the effectiveness of
any attempts to minimize risk associated with the site.
Multivariate plots and principal components analyses
were used to identify and interpret chemical signatures
or patterns in the composition of ground water data
from an MGP site in lowa. Both techniques substanti-
ated field evidence that there are three distinct NAPL
sources at this site. Through analysis of the chemical
signatures associated with ground water samples, how-
ever, greater confidence in the interpretation of the
extent of each NAPL source was gained. Figure 6 iden-
tifies the wells with common chemical signatures and
the suspected original NAPL sources. In comparison
with the interpretation of NAPL contamination follow-
ing more conventional approaches (Figure 1), the
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Figure 6: Revised interpretation of probable coal tar source
areas resulting from graphical and mathematical multivariate
analyses shows a greater number of wells affected by the heav-

"ier coal tar DNAPL relative to results of the more traditional

interpretation [Figure 1).




added benefit of multivariate analyses of ground water
samples includes the interpretations that:

e (Coal tar contained in the tar well at Well 7 has nof
migrated to the aquifer

e The heavier coal tar has migrated to within a close
proximity of Well 2

® The heavier coal tar at Wells 13b, 12b, and close to
Well 2 probably leaked from the tar tanks south of
Well 12b, not the tar well to the northwest nor the
gas holder west of Well 2.

The work presented here illustrates that multivari-
ate analyses can be used as an additional tool in an
overall site assessment to increase our confidence and
understanding regarding the type and location of
DNAPL sources. Although the multivariate techniques
do not provide a quantitative assessment of the pre-
dominant mechanisms affecting the spatial and tempo-
ral distribution of ground water contaminants, chemical
patterns emerge which clearly show differences
between the source and downgradient areas. The con-
clusions reached from both techniques used at this site
were the same. The incorporation of additional PAH
species in the PCA, however, provided even greater
confidence that critical differences among the chemical
fingerprints were identified.

Application of PCA to this data set also helped to
reveal inconsistencies in measured concentrations
between sampling rounds. The fact that there was sig-
nificant variability in these data was evident from view-
ing the raw data. Through the PCA, however, specific
analytes with the most significant variations were iden-
tified. As with any statistical or mathematical interpre-

tation of environmental data, the quality of the infer- -

ences drawn from application of these methods are
directly correlated to the quality of data available.

The example used here was meant to illustrate some
of the capabilities of multivariate data analysis iech-
niques. Application of these techniques could also be
used to ensure optimal placement of additional wells or
borings during the iterative process of designing sam-
pling efforts, or could reduce the need for disturbing,
and possibly increasing, the extent of DNAPL contami-
nation during drilling. At sites without direct physical
evidence of NAPL contamination, the use of multivari-
ate plots could identify ground water samples with
chemical signatures indicative of a nearby NAPL
SOuLCe.
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