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Abstract

Background, Aims and Scope. The Rocky Mountain Arsenal
(RMA) is a US Army facility located northeast of Denver, Colo-
rado that has been listed on the National Priorities List (NPL).
It is currently being re-mediated under the authority of the Com-
prehensive Environmental Response, Compensation, and Liabil-
ity Act of 1980 (CERCLA) and the Superfund Amendments and
Reauthorization Act of 1986 (SARA). As part of the remediation
activities at RMA, indications were found that a source of
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs) had existed on the RMA. As a result,
investigations were undertaken to assess the possible nature and
extent of any potential sources of PCDDs and PCDFs on the
RMA site. In addition, other studies were conducted that exam-
ined PCDD/PCDF contamination in the Denver area. The goal
of these studies was to examine nature and extent of PCDD/
PCDF contamination both on the RMA as well as in the sur-
rounding Denver area. The intent of this study was to charac-
terize sources of dioxins (PCDDs) and dibenzofurans (PCDFs)
at low environmental concentrations which might have origi-
nated from diffuse sources in the Denver Colorado area and in
particular, the Rocky Mountain Arsenal (RMA) using Principal
Component Analysis (PCA).

Methods. Over 200 soil samples were collected from the RMA
and the Denver area. From the RMA, soil was collected as part
of three studies that included a (1) random site-wide sampling
of the RMA, (2) soils from the Western Tier Parcel (WTP), and
(3) soils from Historic Use areas. Denver area soil samples were
collected from five different land use categories: Residential,
Agricultural, Open Space, Commercial, and Industrial. PCA was
conducted on concentrations of 17 2,3,7,8-substuituted PCDD
and PCDF congeners in 220 soil samples collected from the RMA
and the Denver Front Range region.

source of these contaminants on-site. Indeed, the relatively dif-
fuse nature of the sample clusters would argue strongly against
the presence of a single large source. Instead, the predominance
of the PCDF congeners probably indicates the mixed industrial
activities that took place on and near the site.

Conclusion. PCA results indicate that PCDD/PCDF profiles in
soils collected from the RMA differed from those collected from
the outlying Denver areas but that a major source of these con-
taminants was not present. Rather, the diffuse nature of sample
clusters from the PCA indicated that the congener profile of
RMA samples was most likely a result of the mixed industrial
activities that historically have taken place on and near the site.
PCA also indicated that many of the 'open area' (peripheral
site-wide) RMA soils samples did not differ from Denver are
reference congener profiles. This finding was also true for sam-
ples collected from the WTP that were essentially indistinguish-
able from Off-RMA reference samples. In addition, total TEQ
concentrations in soils collected from WTP were similar to those
measured in soils collected from the Denver Front Range areas
indicating that lack of a major source of PCDD/PCDF within
the WTP zones of the RMA.

Recommendation and Outlook. Analytical as well as statistical
results of the soil congener data indicate that the WTP soils are
indistinguishable from soils collected from non-industrial areas
in the Denver area. This finding would support the recent 'de-
listing' of the WTP from the other RMA areas and its transfer
to other authorities in the Denver area.

Keywords: Diffuse dioxin; distribution of PCDDs and PCDFs in
soils; national priorities list (NPL); polychlorinated dibenzo-p-
dioxins (PCDDs); polychlorinated dibenzofurans (PCDFs); prin-
cipal component analysis (PCA); Rocky Mountain Arsenal (RMA);
soils; superfund amendments and reauthorization act (SARA)

Introduction

The Rocky Mountain Arsenal (RMA) is a 70 km2 US Army
facility located northeast of Denver, Colorado (Fig. 1). The
RMA was established in 1942 during World War II to manu-
facture war materials (Banton et al. 1996). The manufactur-
ing plants and associated facilities were located in the center
of the site, surrounded by buffer zones. Following World
War II, portions of RMA were leased to private industry,

Results and Discussion. PCA demonstrated the presence of pos-
sible minor sources of dioxins on the RMA. Current remediation
efforts on RMA will result in the removal of these sources. Sam-
ples from the RMA were identified by the presence of a conge-
ner profile containing higher chlorinated PCDFs while the Denver
Front Range areas were characterized by the presence of higher
chlorinated PCDD congeners. The presence of a PCDF signa-
ture for the RMA samples does not necessarily indicate a major
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Fig. 1: Sampling locations on the Rocky Mountain Arsenal (RMA) and along the Denver Front Range. Symbols on the lower map indicate locations of
sampling in the greater Denver area (Triangles = agricultural; squares = commercial; stars = industrial; circles = open space; pentagons = residential).
Symbols on the upper map indicate where samples were collected for the 'site wide' sampling. Historic use samples were collected in the South Plants
area (blue squares); WTP samples were collected in the WTP area (green squares)

primarily for the production of pesticides including the manu-
facture of the chlorinated pesticides aldrin, dieldrin, and
chlordane. Organophosphate insecticides, carbamate insec-
ticides, herbicides, and soil fumigants were also produced
on the site. Chemical by-products from these activities were
introduced into the environment primarily through the burial
or surface disposal of solid wastes, discharge of wastewater
to unlined or asphalt-lined basins, and leakage of wastewater
and industrial effluents through demilitarization activities,
routine application of pesticides, and accidental chemical
spills and releases. In 1987, RMA was placed on the Na-
tional Priorities List (NPL) and is currently being re-medi-
ated under the authority of the Comprehensive Environmen-
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tal Response, Compensation, and Liability Act of 1980
(CERCLA) and the Superfund Amendments and Reauthori-
zation Act of 1986 (SARA). During remediation activities
at RMA, principally to remove organochlorine pesticide con-
tamination, indications were found that a source of poly-
chlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs) had existed on the RMA. As a re-
sult, investigations were undertaken to assess the possible
nature and extent of any potential sources of PCDDs and
PCDFs and to determine whether additional specific activi-
ties would be required to remediate possible PCDD/PCDF
contamination. One study examined the contamination of
PCDD/PCDFs in the tissues of American kestrels (Falco spar-

ESPR - Environ Sci & Pollut Res 12 (4) 2005



Research Articles

PCDDs/PCDFs in Soils

verius), common carp (Cyprinus carpio) and great horned
owls (Bubo virginianus) collected from the RMA and from
offsite (Coady et al. 2001). In addition, a second set of stud-
ies was undertaken to evaluate PCDD/PCDF concentrations
in soils as part of a series of opportunistic and targeted moni-
toring programs from locations within the RMA and in the
Denver Front Range areas surrounding area. The goal of
these studies was to evaluate the nature and extent of PCDD/
PCDF contamination within the RMA and in the surround-
ing area and to identify potential sources of these contami-
nants. An issue of particular importance was whether cer-
tain areas of the RMA could be 'de-listed' and used for
residential or commercial projects. However, analyses had
not yet been conducted that examine the nature of PCDD/
PCDF congener distributions at these locations relative to
potential de-listing of certain RMA areas including the West-
ern Tier Parcel. The objectives of this study were to: (1) Evalu-
ate the differences in TCDD-Toxicity Equivalents in soils
from the RMA and in the surrounding Denver area, (2)
Evaluate PCDD/PCDF congener patterns in soils from the
RMA site, (3) Evaluate PCDD/PCDF congener patterns in
soils from the Denver Area, and (4) Compare and contrast
PCDD/PCDF congener patterns in soils collected from both
the RMA and the Denver Front Range area.

The use of pattern recognition techniques and particularly
Principal Components Analysis (PCA) has been widely ap-
plied to the analysis of multi-component chemical contami-
nant mixtures (Meglen 1992, Wenning et al. 1993, Wenning
et al. 1999). In particular this type of analysis has proven
useful in the identification and apportionment of multiple
sources of multi-component mixtures such as PCBs and
dioxins (Dunn et al. 1984, Erickson 1997). These chemical
groups are particularly amenable to the use of PCA because
they consist of well defined mixtures of a large (~200 com-
ponents) but finite number of individual components. In
addition, the source mixtures of these chemicals have rela-
tively distinct and well-defined chemical profiles (Manninen
et al. 1996). While the source apportionment of combina-
tions of technical mixtures can be relatively easily achieved
using pattern recognition techniques or multiple linear re-
gression (Rappe 1994, Ikonomou et al. 2002), there has been
more variable success in the analysis of environmentally
'weathered' or sorted mixtures.

1 Materials and Methods
1.1 Sampling areas
1.1.1 Denver Front Range soil samples

The area selected for investigation encompassed the Denver
Front Range area that is defined as a square that is approxi-
mately 48 km on a side, centered approximately in Denver,
Colorado (see Fig. 1). This area encompasses approximately
2600 km2, and includes a variety of land uses. All soil sam-
ple locations in this study were on governmental (public)
lands, including properties controlled by Federal, State,
County, or other regional agencies. The study area was di-
vided into four quadrants, and efforts were made to distrib-
ute sampling locations evenly between the quadrants. Ini-
tially, five different land use categories were considered:
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Residential — Land within 60 m of, or adjacent to, residen-
tial development, but not within private yards. This included
public parks, neighborhood greenbelts and trails, and street
medians. Schools and playgrounds were not included in this
category.

Agricultural — Land currently, or had been within the past
40-50 yr, tilled and used for crop production.

Open space — Land greater than 0.08 km? in area that has
not been developed or improved, land essentially in its natural
state with the exception of minor changes. Modifications
include hiking trails or dirt access roads and some lands
used for grazing of livestock.

Commercial — Land developed and used for commercial
purposes, such as shopping centers, restaurants, office build-
ings, RMA offices, etc.

Industrial — Land used for manufacturing, refining, ware-
housing, or transportation purposes (e.g., garages, railroads,
etc.). Approximately 30 samples were collected from each
of the different land uses, for a total of 150 samples (USEPA
2001a). Samples were distributed across the study area (see
Fig. 1), helping to ensure that the data were representative
of the local area. Soil samples were not collected from loca-
tions that were known to have been covered with fill or used
for 'borrow' material within the last 10 years, since the dioxin
content of such recently disturbed areas might not be repre-
sentative of surrounding undisturbed background areas.

1.1.2 RMA 'site wide' soil samples

The RMA was divided into 28 Sections and one grab sam-
ple was collected from the center of each section at a ran-
domly selected location (see Fig. 1) (USEPA 2001b).

1.1.3 Western tier parcel soil samples (WTP)

The Western Tier Parcel (WTP) is a special administrative
area of the RMA that has been designated to be transferred
to the authority of the neighboring Commerce City. For the
purpose of evaluating the potential health risks from dioxins
in surface soils, the WTP was subdivided into 10 sub-par-
cels of approximately 0.4 km?2 each (see Fig. 1). Within each
sub-parcel, sets of five surface soil samples were collected
using a stratified random sampling scheme to ensure spatial
representativeness of the samples (USEPA 2001c¢). Exact sam-
pling locations were selected where soil appeared to be un-
disturbed and that were judged to be ‘characteristic’ of the
sub-parcel.

1.1.4 Historic use samples

The area of chief potential concern on RMA was the South
Plants area, located in the south-center of the site (USEPA
2001d). In the past, this area was the chief location of pesti-
cide and chemical manufacturing activities. In order to plan
the collection of samples in this area, a 12-section grid was
laid out over the South Plants area. Within each grid, sets of
five grab samples were collected from random sampling lo-
cations (see Fig. 1). These five grab samples were combined
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into a single composite sample — one for each grid. In addi-
tion to South Plants, there are a number of other areas at
RMA where historic land uses or waste disposal activities
might have resulted in increased levels of dioxins in soil.
One composite sample (prepared from five randomly located
grab samples, as described above) were collected from each
of these 10 'Purposeful' sampling locations

1.2 Sample collection and storage

Soil samples collected for this study were grab samples col-
lected at 0—5 cm in depth. Samples were collected using clean
techniques that included use of disposable stainless steel trow-
els and plastic gloves. A ruler was used to ensure that the
actual depth to which soil was collected was within 1.25 cm
of the target depth. Loose debris and most gravel or pebbles
were removed from the sampling site. The surface soil was
placed directly into a clean 16-ounce amber glass jar, filled
to capacity (approximately 500 g soil), sealed with a teflon-
lined lid. Samples were stored in these bottles at room tem-
perature in the dark until shipped for preparation and analy-
sis. Samples were air-dried and weighed, followed by
coarse-sieving through a 2 mm stainless steel screen. The
fraction passing the coarse screen was referred to as the 'bulk’
fraction. A potion of the bulk fraction was stored for possi-
ble future use. The remainder of the bulk fraction was sieved
through a 250 pm stainless steel screen to isolate the 'fine'
fraction. The fine fraction was thoroughly mixed and placed
in sample bottles for storage and shipping.

1.3 Sample analysis

Samples were submitted to Midwest Research Institute (Kan-
sas City, MO) for congener specific PCDD/F analysis. Con-
gener concentrations were determined using an isotope di-
lution method with high-resolution gas chromatography/
mass spectrometry (HRGC/HRMS). Samples were fortified
with known quantities of 3C-labeled PCDD/PCDF before
extraction with organic solvents and clean-up using column
chromatography procedures. Detailed analytical methods are
provided elsewhere (USEPA 1999). The Method Detection
Limit (MDL) for the study-specific analytical method was
defined as an analyte signal that was 2.5 times the average
background signal. MDL values varied among samples and
among analytes. The Method Quantitation Limit (MQL)
was based partly on the lowest calibration standard used,
and was defined as a signal that was 10-times the average
signal/noise. Because the noise level varied among samples and
analytes, MDLs and MQLs also varied. MQL values for most
PCDD/PCDF congeners were between 0.5 and 2.5 ng/kg dry
weight. The final data set consisted of concentration data
220 soil samples. Values less than MDL were set to half the
MDL and other flag-specific adjustments were applied (Sly-
men and de Peyster 1994).

1.4 TCDD-equivalents in soil

TCDD-equivalents (TEQ) in soils were calculated as the TEF-
weighted sum of each of the 17 PCDD and PCDF congeners
quantified in soil:
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17
TEQ,; = Z(Ci *TEE)

i=1

Where TEQs are measured in soils are in units of ng TEQ/kg
dry weight, TEF is toxicity equivalency factor for congener;
(van den Berg 1998), C. is the concentration of congener; in
soil as ng/kg dry weight. For samples where congener con-
centrations were less than their method detection limit
(MDL), half the MDL was used to calculate the TEQ.

1.5 Statistical analysis

All statistical procedures were conducted using SYSTAT Ver-
sion 10 (SPSS Inc., Chicago, IL). Data sets were tested for
normality using visual assessment of probability plots and us-
ing a one sample Kolmogorov-Smirnov Test (Filliben 19735,
Looney and Gulledge 1985). For these tests samples were
grouped by land-use type. Significantly non-normal data was
log-transformed and re-tested for normality. Distributions of
TEQ values for each land use category were compared using
Kruskal-Wallis one way analysis of variance (ANOVA) using
ranks. Multiple pair-wise comparisons of TEQs were made
with Mann-Whitney Rank Sum tests. Prior to conducting the
Principal Component Analysis (PCA), soil congener data were
scaled (converted to 'Z' scores, mean = 0 s.d. =1) to minimize
bias associated with the order of magnitude differences in
congener concentrations (Schwartz and Stalling 1991, de Wit
et al. 1992). Principal component analysis was performed
with log-transformed data, using the correlation matrix with
pair-wise deletion and '"Varimax' rotation (Jackson 1991).

2 Results and Discussion
2.1 TEQs in soil

Soil TEQ concentration in samples from the Denver Front
Range varied from a minimum of less than 0.1 ng TEQ/kg
up to a maximum of 155 ng TEQ/kg dry weight (Table 1).
While most of the TEQ values were relatively low, samples
collected from land uses categorized as Agricultural or Open
Space tended to have TEQ values that were lower than those
measured from Commercial or Industrial areas. Multiple
pair-wise comparisons of the TEQ data indicated that land
use data was separated into two groups. The first group in-
cluded Open Space and Agricultural lands while the second
group consisted of Industrial, Commercial, and Residential
data. While TEQ concentrations based on land used did not
differ with these two groups, TEQ concentrations between
these two groups were statistically different (p <0.01). A
comparison of TEQ concentrations between these two groups
indicated that average TEQ concentration for the Agricul-
tural and Open Space samples was 1.6 = 2.0 ng TEQ/kg dry
weight while for the Commercial, Industrial and Residen-
tial samples the average was 7.7 = 11.8 ng TEQ/kg dry
weight. These values are generally similar to TEQ concen-
trations measured in soils from rural and urban areas re-
ported in other studies (USEPA 2001a). To evaluate the con-
tribution of congeners that were below their quantification
limit relative to the calculated TEQs, a second calculation
of TEQs was performed only using congeners that were
greater than the method quantification limit (MQL). For
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Table 1: Average concentration of 2,3,7,8-tetrachlorodibenzo-p-dioxins equivalents (TEQs) in soils from the Rocky Mountain Arsenal and Denver Colo-

rado area 2
Land Use Sample Size (N) TEQ (ng/kg, dw; ppt)
Mean Range
On-Site (RMA)
Historic Use 22 12.4 1.2-93.6
RMA Site Wide 28 2.04 0.14-25.4
WTP 10 217 1.0-7.2
Off-Site (Denver area)
Open Spaces 37 1.6 0.1-9.1
Agricultural 27 1.6 0.1-7.7
Residential ° 37 7.1 0.2-43
Commercial © 30 6.4 0.4-57
Industrial 29 9.8 0.2-54

@ TEQs based on 17 PCDD and PCDF congeners measured in soils, reported on a dry weight basis. TEQs includes congeners concentrations less
than the detection limit (< LOQ). These were assigned a value of ¥ the LOQ

® One outlier value (155 ng TEQ/kg, dw) excluded (see USEPA 2001a)
¢ One outlier value (140 ng TEQ/kg, dw) excluded (see USEPA 2001a)

Off-RMA samples, the average contribution of congeners
that were below the MQL was 19% of the total TEQ. For
On-RMA samples the average contribution to the total TEQ
was 28%, 25%, and 36% for Historical Use, Random Site-
Wide, and WTP samples, respectively. Thus, while the con-
tribution of congeners below the MQL may introduce some
uncertainty into the calculation of the TEQ values, this would
not be expected to significantly alter the overall conclusions
of statistical analyses that evaluate the differences of soil
TEQ values between the different land use areas.

TEQ concentrations in soil collected On-RMA ranged from
0.14 to approximately 94 ng TEQ/kg dry weight with con-
centrations from the RMA Historic Use areas being some-
what greater than either the Random Site-Wide or WTP soil
samples (see Table 1). Pair-wise comparisons with the His-
torical Use data showed that South Plants values were not
statistically different from Off-RMA industrial areas (p=0.258)
but were greater than the other Off-RMA and On-RMA ar-
eas (p <0.05). Purposeful samples were greater than the On-
RMA random site wide samples and Off-RMA agricultural
and open space samples (p <0.01) but did not differ from Off-

RMA industrial (p=0.923), commercial (p=0.109) or residen-
tial (p=0.247) land use areas. In contrast, On-RMA site wide
samples did not differ from Off-RMA open space (p=0.53)
and agricultural (p=0.900) lands but were statistically less than
samples collected from the Off-RMA commercial, industrial,
and residential areas (p <0.01). Overall, these data indicate
that except for areas in the immediate vicinity of the former
manufacturing areas at RMA, there was no detectable release
of dioxins to RMA soils from a site-specific source. Further-
more, it is important to note that the TEQ concentrations in
the soils from the Off-RMA locations are far below the USEPA
established default concentration value of 1,000 ng TEQ/kg
dry weight in surface soils based on human health concerns
(USPEA 1998). In addition, of the samples classified as resi-
dential only one exceeded the ATSDR 'screening level' of 50 ng
TEQ/kg and none approached the ATSDR 'action level' of
1000 ng TEQ/kg (De Rosa et al. 1997).

An evaluation of PCDD/PCDF TEQ congener patterns by
land use indicated that there were differences between On-
RMA and Off-RMA soil samples (Fig. 2). For Off-site RMA
land use categories, the dominant congeners based on TEQ
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Fig. 2: Contribution of individual PCDD/PCDF congeners to total TEQs in soils collected from the Rocky Mountain Arsenal (RMA) and the Denver Front Range
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concentration were 2,3,7,8-TeD (~3-18% of total), 1,2,3,7,8-
PeD (~15-18% of total), 1,2,3,4,6,7,8-HpD (~14-27% of
total), and 2,3,4,7,8-PeF (~10-19% of total). For WTP sam-
ples collected On-site, the relative contribution to these con-
geners to the total TEQ in soils was similar to that observed
for samples collected from areas in the Denver Front Range.
This would indicate that the sources of PCDD/PCDFs in these
areas are similar. In contrast, the dominant congeners from
the Historic Use areas were 1,2,3,7,8-PeF (~41%), 1,2,3,4,7,8-
HxF (~15%), and 1,2,3,6,7,8-HxF (~8%). This pattern was
also observed in samples collected as part of the Site wide
RMA samples indicating that soils from these areas shared a
similar TEQ congener pattern that differed from that observed
in the Denver area and Western Tier Parcel. However, addi-
tional analyses are needed to better define the patterns of
PCDD/PCDF congeners between the land use categories.

2.2 PCA of Off-RMA samples

Mean concentrations of 17 2,3,7,8-substituted PCDD and
PCDF congeners in soils collected from the Denver Front
Range areas ranged from 219 to 2110 ng/kg dry weight
(Table 2). An evaluation of the untransformed data indi-
cated that concentrations of many of the PCDD/PCDF con-
geners were not normally distributed. After log transforma-
tion, most of the distributions more closely approximated a
normal distribution except for congeners that had a signifi-
cant number of results < MDL such as 2,3,7,8-TCDD. This
was expected since the distribution of these congeners was
essentially truncated at the MDL and resulted in the accu-
mulation or 'stacking' of values at the MDL or MDL proxy
value. Thus, for industrial land-use samples, the distribu-
tions of all but one congener were lognormal since very few
values were < MDL whereas for the open space samples
most of the congeners were not normally distributed due to
the greater incidence of < MDL values. Of the congeners
evaluated at each location, only 2,3,7,8-TeD was not
lognormal due to the large number of < MDL values.

Results from the PCA analysis showed that approximately
87% of the variation in the Off-RMA dataset were accounted
for by the first three Factors. Of this variation, Factor 1
accounted for approximately 41% of the variation while
Factors 2 and 3 accounted for approximately 35% and 11%
of the variation, respectively. 'Loading' values calculated
during the PCA were used to examine the contribution of
the congeners to each of the Factors. The magnitude of the
loading values for each congener are indicative of the sig-
nificance to the final Factor value and can be used to iden-
tify potential congener patterns for each of the designated
land use areas. The most significant loadings (r >0.70) to
Factor 1 were associated with the more highly chlorinated
PCDD and PCDF congeners including 1,2,3,4,7,8-HxD,
1,2,3,7,8,9-HxD, 1,2,3,6,7,8-HxD, 1,2,3,4,6,7,8-HpD,
OCDD, 1,2,3,4,6,7,8-HpF, and OCDF. In contrast, the most
significant loadings to Factor 2 were from chlorinated PCDF
congeners including 2,3,4,7,8-PeF, 1,2,3,7,8-PeF, 1,2,3,7,8,9-
HxF, and 2,3,4,6,7,8-HxF. The only congeners that were
relatively well segregated into Factor 3 were 2,3,7,8-TeD
and 2,3,7,8-TeF. However, only TED2378 had a loading
value greater than 0.7 while 2,3,7,8-TeF had a value of 0.518
indicating that while 2,3,7,8-TeD was strongly associated
with this factor than 2,3,7,8-TeF.

A scatter plot of PCA results revealed a relatively diffuse
grouping of Off-RMA samples with the presence of numer-
ous outliers (Fig. 3a). The magnitude of differences of these
‘outliers” was evaluated by plotting a sample confidence el-
lipse based on each of the land-use types (Gnanadesikav and
Kettenring, 1972). Any sample lying outside the ellipse is
greater than 2 standard deviations from the land-use means
for each of the respective factors. Based on this analysis,
approximately 20% of Off-RMA samples are 'outliers' from
their respective land use groups (31 of 160 samples). Such a
relatively great number of 'outliers' suggests that the data
sets are relatively 'diffuse’ with no strong land-use specific
congener profiles. The close overlap of the sample centroids

Table 2: Concentration of PCDD/PCDF congeners in soils collected from the Rocky Mountain Arsenal study area @

Congener On-Site RMA Off-Site RMA (Denver Front Range)

Historic Use Site Wide WTP Agricultural Commercial Industrial Open Space Residential
2,3,7,8-TeD 0.29 + 0.33 0.13+3.0 0.11 £ 0.037 0.13+0.32 1.2+3.8 0.32 + 0.45 0.08 + 0.06 1.2+37
1,2,3,7,8-PeD 1217 0.20 £ 0.20 0.43 +0.33 0.32 +0.30 11+1.6 1.9x29 0.39 +0.43 1.1+1.3
1,2,3,4,7,8-HxD 1.7+27 0.29 + 0.25 0.75 + 0.56 0.64+1.0 1.8+3.3 35+5.6 0.52 + 0.60 21+3.0
1,2,3,6,7,8-HxD 3.0+44 0.58 + 0.55 1.3+0.80 1217 45+9.0 93+ 17 1.1+£1.9 52+77
1,2,3,7,8,9-HxD 22+3.0 0.56 + 0.52 0.98 + 0.45 0.84+1.2 3.1+57 6.1+10 0.78 1.2 3.3+4.7
1,2,3,4,6,7,8-HpD 70 + 120 13+ 16 34 + 21 25+ 44 130 + 280 280 + 500 27 + 56 190 + 380
OCDD 480 + 830 110 £ 150 330 + 160 170 + 220 670 + 1040 1600 + 2100 171 + 280 1100 + 1700
2,3,7,8-TeF 1.9+25 0.19 + 0.20 0.27 + 0.13 0.16 + 0.22 0.39 + 0.87 0.66 + 1.6 0.15+0.19 0.46 +1.2
1,2,3,7,8-PeF 16 + 30 1.8+4.4 0.73 +0.93 0.35+0.71 095+24 0.92+1.2 0.29 +0.32 0.71+1.2
2,3,4,7,8-PeF 3.8+58 0.43 + 0.62 0.84 + 0.96 0.51 + 0.64 1.3+2.8 26+35 0.67 1.8 1527
1,2,3,4,7,8-HxF 29 + 54 41+13.0 1.3+1.7 0.62+1.1 29+95 33+44 0.49 + 0.80 1.8+22
1,2,3,6,7,8-HxF 16 + 28 1951 0.90 +1.1 0.64 + 0.95 1.6+3.7 19+22 0.54 + 0.89 1.3+1.5
1,2,3,7,8,9-HxF 6.7+ 13 1441 0.59 + 0.54 0.66 + 1.1 0.70 £ 0.75 1111 0.48 +0.44 0.69 + 0.58
2,3,4,6,7,8-HxF 78+13 0.99 +2.3 11+1.3 1127 1.9+3.0 3.7+5.1 0.70+1.2 2.8+ 6.1
1,2,3,4,6,7,8-HpF 30 + 36 22 + 86 6.6+ 15 48+57 29+ 73 40 + 83 3.2+49 27 + 44
1,2,3,4,7,8,9-HpF 32 + 66 11+47 1.4+23 0.90 + 2.6 25+5.3 34+57 0.47 + 0.57 1926
OCDF 440 + 700 370 + 1800 40 + 50 12+ 13 62 + 140 150 + 270 9.1+0.8 85 + 160
Sum® 1140 540 416 219 917 2110 220 1430

& Congener data presented as means and standard deviations. All soil concentration data given as ng/kg on a dry weight basis

® Values are based on the sum of the average concentration for each congener measured in soil. For congeners <LOQ, %> MDL was used to calculate the sum
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Fig 3: Principal Component Analysis (PCA) of Off-RMA soil samples. (a)
PCA results with original land use identifiers. (b) PCA results with modi-
fied land use identifiers. Principal Component (Factor) 2 is plotted against
Principal Component (Factor) 1

for the open space and agricultural land use types as well as
the overlap of commercial and residential land use groups
(Fig. 3b), indicated that PCDD/PCDF congener patterns were
similar within each of these groups. This is in agreement
with the statistical results obtained with soil TEQ concen-
trations where the different Off-RMA land use categories
were separated into the same two groups. Furthermore, when
the PCA data are plotted based on land use with spatial
identifiers indicated, no clustering of samples relative to sam-
pling region (NE, SE, NW, SW) in the Denver Front Range
was observed (data not shown). Based on these results, the
Off-site RMA land use categories were combined and re-
classified from five to three designations:

e Rural land-use = combined Agricultural and Open Space land uses

¢ Urban land-use = combined Residential and Commercial land-uses
¢ Industrial land-use = remained as originally classified

Re-plotting the PCA results of the Off-RMA samples using
the new sample identifiers produced little change in the oc-
currence of samples that fell outside their respective land
use ellipses (see Fig. 3b). The spatial distribution of the
outliers from the three consolidated land-uses was also ex-
amined to determine whether the outliers represented a sig-
nificant area-specific cluster within any specific land-use.
The clustering of such outliers in a single geographic loca-
tion would indicate the possible presence of a point source
of PCDD/Fs at that location. For the 'Industrial' and 'Ur-
ban' land-uses the outliers were fairly evenly scattered over
the entire geographic range of the collected samples. A simi-
lar distribution of outliers was observed for the 'Rural' sam-
ples except for the presence of a small group of outliers in
the eastern region study area. It can be concluded from this
overall evidence that the occurrence of outliers in the Off-
RMA sample groups is mostly a result of the relatively diffuse
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clustering of these samples and the lack of distinguishable pro-
files which define and discern the various sample groups. As
such, it was not justifiable to remove any of these outliers
(none were extreme) before performing subsequent analyses.

2.3 PCA of On-RMA samples

Mean concentrations of the 17 2,3,7,8-substituted PCDD
and PCDF congeners in soils collected from within the RMA
ranged from 416 to 1140 ng/kg dry weight (see Table 2). As
was observed with the Off-RMA samples, the congener data
were not normally distributed. As a result, all subsequent
analyses were conducted with log transformed data. PCA
analysis with the On-RMA data resulted in a total of three
Factors that explained approximately 92% of the total varia-
tion. Factor 1 accounted for approximately 47% of the vari-
ability while Factors 2 and 3 accounted for 36% and 9% of
the variability, respectively. An evaluation of the loading val-
ues indicated that PCDF congeners were more strongly segre-
gated into Factor 1 with loading values all greater than 0.7. In
contrast PCDD congeners were more strongly associated with
Factor 2 with loading values greater than 0.7 with the excep-
tion of 2,3,7,8-TeD. 2,3,7,8-TeD was most strongly associ-
ated with Factor 3 (r > 0.7) while the contribution of the re-
maining PCDD and PCDF congeners was minor (< 0.5).

The On-site RMA soil congener data separated into three
distinct elliptical centroids (Fig. 4a). The clustering was most
pronounced for the WTP samples and less for the RMA site
wide samples while the Historic Use samples seem to be
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Fig. 4: Plot of principal component analysis (PCA) factors of PCDD/PCDF
congeners in soils collected from On-RMA. Ellipses are sample based two
standard deviation Gaussian confidence intervals. (a) PCA analysis was
conducted with all soil samples. (b) PCA analysis conducted after deletion
of 'outliers' from the dataset. Principal Component (Factor) 2 is plotted
against Principal Component (Factor) 1
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relatively dispersed. This clustering may be, to some extent,
indicative of the sampling design and procedures used in the
different studies. For instance, the WTP and Historic Use
samples were collected as 5-point composites while the RMA
Site Wide samples were collected from stratified random grab
samples. In addition, the Historic Use samples were pur-
poseful biased collections used to identify potential source
areas of PCDD/PCDFs within the RMA. In viewing the el-
liptical centroids (see Fig. 4a) it is readily apparent that WTP
and Site Wide samples overlap when comparing Factor 1
(PCDFs) to Factor 2 (PCDDs). The elliptical centroids for
WTP and RMA Site Wide samples become more distinct
when Factors 2 and Factor 3 (2,3,7,8-TeD) were contrasted
(Fig. 4b) indicating that 2,3,7,8-TeD has some influence on
the segregation of these samples based on congener profiles.
Particularly noteworthy were the samples collected in the
'‘South Plants' (SP) and 'Purposeful sampling' (P) studies
which comprise the Historic Use dataset (see Fig. 4a). These
samples show considerably more variability than the WTP
and RMA Site Wide samples. This variability results in a
greater apparent number of outliers (seven samples) in the
Historical Use samples. However, on closer examination,
this result appears to be related to the relatively diffuse na-
ture of the Historic Use cluster. Essentially, this greater
number of outliers may simply be indicative of the fact that
there was greater variability in the Historic Use cluster than
in the other studies. This may be due to the fact that the
purposeful samples consisted of biased 5-point composite
samples that were collected from a variety of historic point
sources. They would therefore be expected to demonstrate
increased variability due to the potential for collection from
distinct point source areas.

Four samples in the RMA Site Wide sample set were identi-
fied as outliers, S1, S2, S5, and S25 (see Fig. 4a). All of these
samples were collected from 'core' or 'contaminated' loca-
tions (the six central sections of the RMA; sections 1, 2, 25,
26, 35 and 36 in Fig. 1). Only S5 was from an open space
area on the eastern boundary of the RMA. Of these sam-
ples, S1 and S2 come from relatively central areas of RMA
within the bounds of South Plants sample collection. S25 is
from the northern central region of the arsenal close to sam-
ples P4 and PS5, however these three samples do not form a
‘cluster' in the analysis. For the Historic Use group, seven
samples were identified as outliers (i.e. P3, P4, P6, P7, SP1,
SP3 and SP7). However, while several of the data points for
the South Plants area were outside the confidence ellipse,
these samples (P3, P7, and SP3) were not removed for the
subsequent analysis. In general the samples in this Historic
Use group show a more diffuse distribution which would be
expected for samples collected from an area where several
minor potential PCDD/PCDF might have existed. For the
WTP group, only the B-zone sample was identified as an
outlier. Again, this result concurs with the soil TEQ data in
that the average TEQ concentration in B-Zone was 7 ng
TEQ/kg dry weight whereas the average TEQ concentra-
tions in the other WTP zones ranged from 1 to 2 ng TEQ/kg
dry weight. However, the source of this added contamina-
tion has not yet been identified (USEPA 2001c¢).
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2.4 Comparison of On- and Off-RMA samples

The initial analysis of the On-RMA and Off-RMA samples
indicated that there were significant differences in the rela-
tive concentrations of PCDDs and PCDFs between the sam-
ple groups. As a result it was determined that the use of one
data-set as a training set for the other would not be a viable
approach to compare the two sample groups. While this
approach can be used to compare environmental samples to
complex mixtures, it is necessary that the environmental
samples contain some combination of the mixtures used in
the training set. As a result, On-RMA to Off-RMA data sets
were combined and a new PCA was performed. The initial
PCA analysis returned two Factors that accounted for 84.5%
of the variation in the data set. When the algorithm was
forced to retain four Factors, 90.8% of all the variation in
the dataset was explained. However, the fourth factor only
explained an additional 2.7% of the total variation. In addi-
tion, the maximum loading for any congener in Factor 4
was 0.350 indicating that this Factor had little power to
segregate samples. As a result, a final PCA was conducted
that retained three factors accounted for approximately
88.3% variability in the data set. An evaluation of the con-
gener loadings to each of the three Factors was similar to
that observed for the On-Site RMA samples. For Factor 1,
only PCDFs had loading values > 0.7 while PCDD had load-
ing values that ranged from 0.22 to 0.67. In contrast, except
for 2,3,7,8-TeD the congeners that had the greatest loading
values relative to Factor 2 were PCDDs. This result indi-
cated that there were significant differences in the PCDD/F
congener profiles between the on-post and off-post sites. The
greatest loading for Factor 3 was on 2,3,7,8-TeD with only
minor loadings (r <0.300) for the other congeners.

Samples that were collected from the On-RMA locations
were generally separated from the Off-RMA samples along
Factor 1, whereas the Off-RMA samples were generally ar-
ranged along Factor 2 (Fig. 5). Since the more chlorinated
PCDF congeners segregated into Factor 1 while Factor 2 is
representative of the more chlorinated PCDDs it can be con-
cluded that the 'signature' profile for the On-RMA samples
is one that is dominated by PCDF congeners although all
the clusters are not distinct. The presence of the relatively
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FACTOR (2)

m Rural
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FACTOR (1)

Fig. 5: Plot of principal component analysis (PCA) Factors of the patterns
of relative concentrations of PCDD/PCDF congeners in soils collected from
all On-RMA and Off-RMA land types. Principal Component (Factor) 2 is
plotted against Principal Component (Factor) 1
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greater PCDF signature at RMA is also apparent in some of
the RMA Site Wide and Historic Use samples, as well as
one of the WTP samples (B-zone). While the majority of
samples from these groups clustered with the Off-RMA sam-
ples, the few outliers that were present are generally sepa-
rated along the Factor 1 axis. This indicates that the pres-
ence of the RMA PCDF signature in these samples distin-
guishes them from the corresponding Off-RMA samples. In
particular, this is the case for the RMA Site Wide samples
that extend most completely into the RMA Historic Use
centroid (see Fig. 5). In contrast, while the WTP samples
were more closely associated with the Off-RMA samples,
one outlier in this group (B-zone) was within the centroid
for the Historic Use samples. This sample was collected near
one of the public access points to the RMA and so is likely
to have received treatment with chlorinated herbicides and
pesticides that commonly contained PCDD/PCDF congeners.

A comparison of the Off-RMA 'Industrial' samples to On-
RMA 'Historic Use' samples show two distinct profiles
(Fig. 6a). The main axes for the sample centroids are close
to orthogonal (at right angles), as would be expected for
PCA analysis of data with differing congener profiles. The
RMA samples were ordinated against Factor 1 that is repre-
sented by the more chlorinated PCDFs, while the Off-RMA
'Industrial' samples were ordinated against Factor 2 that is
represented by the more chlorinated PCDDs. When On-
RMA WTP and RMA Site Wide samples were compared to
the modified Off-RMA 'Rural' samples, the majority of the
WTP samples clustered more closely to the 'Rural' Off-RMA
soil samples except for one outlier sample was more similar

to the profile for the RMA Site Wide samples (Fig. 6b). The
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Fig. 6: Plot of principal component analysis (PCA) Factors of PCDD/PCDF
congener patterns in soils from On-RMA and Off-RMA. (a) Comparison of
Off-RMA 'Industrial' soils to On-RMA 'Historical Use' soils, (b) Compari-
son of On-RMA 'WTP' and 'Site Wide' soils to Off-RMA 'Rural' soils sam-
ples. Principal Component (Factor) 2 is plotted against Principal Compo-
nent (Factor) 1
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Fig. 7: Plot of principal component analysis (PCA) Factors of PCDD/PCDF
congener patterns On-site 'WTP' soils to the modified Off-RMA sample
land types. Principal Component (Factor) 2 is plotted against Principal
Component (Factor) 1

RMA Site Wide samples that were separated from the Off-
site 'Rural' cluster were separated by Factor 1 that was in-
dicative of the presence of the On-Site RMA PCDF signa-
ture in these samples. Many of these samples were collected
from either the 'Core' or on the boundary of the RMA core
area. The core being that area of the RMA most influenced
by historic uses of the site. These samples include S1, S2,
S25, 826, S35, S36 that are located in the core area and S6
and S31 which border the South Plants area. It is therefore
not surprising that these samples should be similar to those
collected in the purposeful sampling of the more industrial-
ized areas of the RMA. The majority of the WTP samples
clustered with the 'Rural' Off-RMA samples except for the
one outlier (B-zone) that was more similar to the RMA Site
Wide samples (Fig. 7). When the WTP samples were com-
pared to the modified Off-RMA land uses, it was apparent
that all the points except the B-zone outlier lie within the
centroids for these land-uses. This result indicates that the WTP
samples are essentially indistinguishable from the 'Rural' land-
use types as well as from the current Residential/Commercial
lands in the Denver area. The exception to this general obser-
vation was seen for a small group of six samples collected
from the combined 'Urban' human activity land-use group.
These samples were separated from the other samples of the
Urban group along Factor 3. Three of these samples were from
commercial sites in the NW sector, one was from a residential
area in the NW sector, one was from a commercial site in the
SW sector, and the last sample was collected from a commer-
cial site in the SE quadrant of the study area (see Fig. 1). The
separation of these samples by Factor 3 suggests some influ-
ence from the tetra-chlorinated congeners that was not present
in other samples from this land use type.

3 Concluding Remarks

In soils collected from On-site of the RMA, PCA identified
a signature PCDD/PCDF profile that was dominated by the
more highly chlorinated PCDF congeners. In contrast, sam-
ples from Off-RMA reference areas had congener profiles
that were characterized by the presence of more highly chlo-
rinated PCDD congeners which would be expected for sam-
ples influenced by a range of general human activities such
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as traffic and light industrial applications. However, the pres-
ence of a PCDF signature for many of the RMA soil sam-
ples does not necessarily indicate a major source of these
contaminants On-site. Rather, the relatively diffuse nature
of the sample clusters would argue strongly against the pres-
ence of a single dominant source. Instead, the predominance
of the PCDF congeners On-RMA is most likely indicative of
the mixed industrial activities that historically have taken
place on and near the site.

The conclusions drawn from this analysis are also supported
other lines of evidence that indicate a relatively small source
of PCDD/PCDF congeners located within the core area of
RMA. The relatively small concentrations of PCDD/PCDFs
in soil and biota samples make it difficult to categorically
identify this source without additional analysis (Coady et
al. 2001). By conducting the PCA described here it was pos-
sible to identify the congeners most indicative of the source
and use this information to confirm the localization of the
source. Based on the relatively small magnitude of the source
it is anticipated that current remediation activities will re-
sult in removal of the source. This analysis also indicated
that many of the 'open area' (peripheral site-wide) samples
collected on the RMA are indistinguishable from the Off-
RMA reference congener profiles. This finding was also true
for samples collected from the WTP that were essentially
indistinguishable from Off-RMA reference samples. In ad-
dition, total TEQ concentrations in soils collected from WTP
were similar to those measured in soils collected from the
Denver Front Range areas indicating that lack of a major
source of PCDD/PCDF within the WTP zones of the RMA.
In total, this evidence supports the contention that the WTP
areas could be 'de-listed' from the other RMA areas and
could be transferred to other authorities.
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