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ABSTRACT

Real-time laser induced fluorescence (LIF) in situ measurements of soil samples provide a
reliable and cost-effective screening tool for hydrocarbon site assessments. The site characterization
and analysis penetrometer system (SCAPS), is a truck-mounted cone penetrometer probe modified
with a sapphire window and connected to a laser by fiber optics. The pulsed nitrogen laser 337-nm
excitation source induces fluorescence in polynuclear aromatic hydrocarbons (PAHs), which are
present in petroleum products. The fluorescence response of these compounds is measured with a
fluorometer. The SCAPS can provide continuous hydrocarbon screening measurements to soil depths
greater than 100 feet.

Discrete soil samples collected from the SCAPS boreholes were extracted and analyzed for
total petroleum hydrocarbons (TPH), by gas chromatography with flame ionization detection
(GC/FID), and 16 parent and over 100 alkyl substituted PAH compounds by gas chromatography
with mass spectrometry detection (GC/MS). This method provides a basis for evaluating the
relationship between TPH and PAH concentrations in the soil samples and laser induced fluorescence
measurements from the soil borings.

We have used principal component analysis (PCA) to evaluate the spectral fluorescence
wavelengths that were useful for resolving product types in the soil sample data set. Wavelengths
377 nm, 409 nm, 460 nm, 524 nm, and 625 nm proved to be most useful. PCA analysis of the
fluorescence output provided enough resolution to identify product similarities and differences in the
data set (e.g., light end products versus heavy products) which were validated by the chemical data
(e.g., GC/FID chromatogram). These five wavelengths were added to the PAH soil data set for PCA.
The scores and loadings results for principal component #1 (PC1) indicate that heavy product
separation is influenced by C,- and C;-chrysenes and wavelengths 524 nm and 625 nm, whereas




light product separation is influenced by C,- and C;-naphthalenes and fluorescence wavelengths 377
nm and 409 nm. )

Although TPH was strongly correlated with total PAH (TPAH) for all samples, the relative
fluorescence intensity was not linearly related to TPH or TPAH at this site. However, when the
relative fluorescence intensity was normalized to TPAH and plotted versus the total
naphthalenes/total chrysenes ratio, a strong correllation was observed (R%= 0.84). These results
suggest that that the relative-fluorescence-intensity/TPAH ratio is dependent on product type and
degree of degradation (e.g., weathering and biodegradation) and must be considered when evaluating
quantitative data from soil LIF analyses.

INTRODUCTION

Fluorescence has been used as a hydrocarbon screening tool in soil, water, and oil samples for
the last three decades (Katz et al., 1991, Kennicutt and Brooks 1983). Most of these measurements
are carried out on samples collected in the field and analyzed later in the laboratory, although some
fluorescence measurements in water samples have been performed in situ and in real-time (Katz et
al,, 1991). The use of in-situ fiber optical measurements to provide continuous real-time
hydrocarbon contamination data in soils is a recent development (Lieberman et al., 1992). A fiber-
optic-pulsed-laser system has been developed through a joint Army-Navy-Air Force program to
provide in situ continuous fluorescence measurements in soils at depths exceeding 100 feet. The
measurements are made through a sapphire window on a cone penetrometer probe mounted on a
truck (Inman et al.,, 1990, Lieberman et al, 1991, Lieberman et al., 1992). Continuous soil
measurements are preferred for hydrocarbon site assessments due to the heterogeneous nature of
hydrocarbon distributions in soils. The ability to rapidly evaluate hydrocarbon contamination is a
dramatic advantage over the time-consuming and costly discrete sampling/analysis methods
traditionally used for placing site monitoring wells, monitoring remediation countermeasures, or -
tracking hydrocarbon contamination sources. .

The SCAPS currently provides fluorescence measurements that are calibrated with
hydrocarbon product types to provide a screening measurement of soil hydrocarbon concentration.
The spectral distribution and intensity of PAH fluorescence in soil systems is complex and may be
affected by moisture, soil type, hydrocarbon product type (Apitz et al,, 1992), degree of weathering
and biodegradation. Unfortunately, laboratory studies, although useful for the understanding of basic
principals, cannot reproduce the complex nature of field environments. Calibrating the fluorescence
based screening tool with a laboratory-based measurement technique can provide more detailed
information concerning the fate and transport of hydrocarbons in the environment (Katz et al., 1991).
The purpose of this study is to increase our current understanding of the factors that effect LIF
response in petroleum-contaminated soils so that quantitative and: qualitative information derived
from the SCAPS may be optimized for hydrocarbon site assessment surveys. This study will focus
on the complete soil system (e.g., contaminated soil sample from the field), and use detailed
chemical TPH and PAH analyses to 1) determine if the LIF spectral fingerprint can reliably classify
the petroleum products in the data set, and 2) evaluate the LIF/PAH relationship for the purpose of
improving LIF quantitation accuracy. -

METHODS

Field Methods

Real-time soil petroleum hydrocarbon measurements were made using laser (337 nm
excitation) induced fluorescence through a sapphire window of a probe that was pushed into the soil
from a cone penetrometer test system. The field sampling methods are described in Lieberman et al.
(1991) and Lieberman et al., (1992). After removal of the soil probe, a split spoon coring system
was used to collect discrete soil samples from the push hole. The core was then sent to the
laboratory for processing and analysis.

2




Analytical Methods

The soil sample from each core tube was extruded and homogenized in a precleaned class
200 jar. The samples were then transferred to 500-mL wide mouth jars and stored frozen until
analysis. The PAH target analytes that were used for this study, are presented in Table 1. The
analytical methods used to measure aromatic and total petroleum hydrocarbons in o0il and sediment
samples are described in Douglas et al., 1994, Page et al. 1995, Douglas et al., 1992, and Sauer and
Boehm 1991. .

In summary, the soil samples were spiked with the surrogate internal standard compounds
ortho-terphenyl, naphthalene-dg, fluorene-d,, and chrysene-d;,, mixed with equal amounts or more
of sodium sulfate until the mixture was free flowing, then serially extracted three times with
methylene chloride using a combined shaker table sonication (EPA Method 3550, USEPA 1986)
technique. The combined extracts were then filtered through a 293-mm Gelman Type A/E glass-
fiber filter and sodium sulfate to remove any additional water and concentrated to approximately 1
mL. Residue weights were determined on a small aliquot of the soil extracts, then the extract was
passed through an alumina cleanup-column using USEPA Method 3611 (USEPA, 1986) to remove
polar interferences, and the F; (saturated) and F, (unsaturated aromatic) hydrocarbon fractions were
combined. The combined aliphatic/aromatic hydrocarbon fraction was then concentrated using
Kudemna-Danish and nitrogen evaporation techniques to the appropriate pre-injection volume (PIV).
The extract was then spiked with the quantitation internal standards So-androstane, acenaphthene-d,,
phenanthrene-d,q, and benzo(a)pyrene-d;,, and analyzed by capillary gas chromatography with flame
ionization detection (GC/FID) and capillary gas chromatography with mass spectrometry (GC/MS)
operated in the selected ion mode (SIM) to improve analyte sensitivity.

Quality control for the GC/FID and GC/MS methods included the analysis of a procedural
blank, a laboratory reference oil, a matrix spike, and a matrix spike duplicate. Surrogate compound
recoveries were also examined for acceptability in each sample (surrogate and matrix spike criteria is
40% to 120% recovery). High precision and low detection limits were required to resolve
hydrocarbon relationships in environmental samples. This was achieved through (1) the use of a
single analyst and instrument for each method, (2) analysis of a standard quality control oil sample
with each analytical batch, (3) use of SIM, increased samples sizes, and reduced final extract
volumes to improve analytical sensitivity (sediment and water samples), and (4) the manual
integration of all multi-component alkyl-PAH analytes.

Approximate GC/FID TPH method detection limits for soil samples (50 g dry weight) are 2
mg/kg for PHC. Approximate method detection limits for PAHs and dibenzothiophenes in soils are
1 pg/kg. Method detection limit studies were based on the EPA protocol entitled "Definition and
Procedure for the Determination of the Method Detection Limit" Code of Federal Regulations 40
CER Part 136. For this study, seven sediment replicates were prepared by spiking 0.1mg topped
crude oil into each clean sediment replicate and analyzed for the target analytes in Table 1. -

Interpretive Methods

Principal component analysis of fluorescence wavelength and PAH data was used to capture
important chemical information in complex data matrices and transform it into two smaller matrices
that are linear combinations of the original data set. The new scores matrix contains information
about "sample patterns” in the data, while the new loadings matrix reflects the influence each
variable has in the sample patterns. These new matrices or principal components (PC) are created in
order of decreasing variance, so the first PC accounts for most of the variance of the data, the second
PC less, and so on. For hydrocarbon fingerprinting studies, the first PC is often related to
weathering of the sample, and source indices are often the second and/or third PC. This technique is
used to 1) minimize analyst bias when defining source relationships in large data sets, 2) explore the
data set to determine how samples are related and what are the characteristics that make them similar
or different, 3) reduce large complex data sets to detect relationships and patterns that may have been




missed or misinterpreted, and 4) classify samples into related groups. For this study, the Sirius for
Windows Version 1.2 software was used on normalized wavelength and PAH data.

RESULTS AND DISCUSSION

Sample Screening

Figure 1 shows the results of a SCAPS push at station 44. - The vertical profile information
includes cone pressure, sleeve friction, soil classification, raw fluorescence and wavelength at peak.
Cone pressure, sleeve friction and soil classification are physical measurement used to determine soil
physical characteristics and are discussed elsewhere (Lieberman et al., 1992). Soil samples were
collected at the following intervals in this boring 2 to 2.5 ft (sample 44-1), 3.5 to 4 ft (sample 44-2),
6 to 6.5 ft (sample 44-3), 8.5 to 9 ft (sample 44-4), 11.5 to 12 ft (sample 44-5), and 13.5 to 14 ft
(sample 44-6). The TPH measurements confirmed the raw fluorescence data and were used to screen
the samples prior to PAH analysis. Based on the screening protocol only samples 44-2 (TPH= 11000
ppm), 44-3 (TPH=480 ppm), and 44-4 (TPH=990 ppm) were analyzed for PAH in this boring. Only
those samples that were analyzed for PAH were evaluated for this study (Table 2).

Sample Chemical Distributions

The GC/FID chromatograms provide a general indication of product type. The GC/FID data
for samples 44-4 and 44-2 are presented in Figures 2a and 2b respectively. The data indicate that
sample 44-4 is a biodegraded diesel fuel and sample 44-2 is a biodegraded mid-range fuel oil. The
PAH concentration data for both samples are presented in Figures 3a and 3b respectively and have
distributions that are characteristic of the two product types with the lighter diesel product exhibiting
petrogenic (petroleum related) PAH distributions from naphthalenes through dibenzothiophenes and
the heavier biodegraded mid-range fuel oil exhibiting petrogenic PAH from naphthalenes through-
chrysenes and (Douglas et al., 1992, Douglas 1991, Page et al., 1995). The relative fluorescence
spectra for the same two samples are presented in Figures 4a and 4b respectively. These spectra are
also characteristic of each fuel type with a narrow spectral width and maximum in the 409-nm range
for the diesel product and a broader spectral width and maximum in the 500-nm range for the fuel
oil. We focus on these two samples because they exhibit the largest chemical variance for all three
analyses, and LIF/PAH variations would be expected to exhibit the largest differences between these
two contaminated soils.

Fluorescence Product Signatures

The detection of PAH/fluorescence chemical trends is dependent on the ability to reliably
measure fluorescent spectral differences between soils contaminated with different product types
(e.g., diesel versus residual fuel). If spectral patterns are not resolvable then it will be difficult to
determine which PAH grouping is responsible for the observed fluorescence. As noted above, there
is a large difference in the fluorescence spectra for samples 44-2 and 44-4, however resolution of
fluorescence spectra for the other samples in the data set is not as resolved. To improve the ability
to detect spectral differences between samples, exploratory principal component analysis (PCA) was
used to evaluate if samples with different types of oil contamination could be separated, and which
fluorescence spectral wavelengths were most important for sample resolution. This approach could
be useful to determine chemical linkages between samples in the field and increase our understanding
of soil transport pathways.

The PCA results for the fluorescence spectral analysis are presented in Figure 5 and the
associated PC1 and PC2 loadings presented in Figure 6a and 6b respectively. PC1 accounts for 86%
of the variance and PC2 accounts for 11% of the variance in the sample data set. Samples 444 and
44-2 are easily resolved using this approach. In addition samples that are similar are clustered
together (e.g., 45-1, 45-2, 45-3, and 45-4). In most cases the GC/FID results agreed with the PCA
analysis in terms of similarity or differences. The wavelengths that received the most weight in the




sample resolution analysis are presented in the loadings data. For example, in PC1 sample 44-4
(degraded diesel fuel) is enriched in the spectral area with a maximum at 409 nm and depleted in the
spectral area with a maximum 524 nm, where the opposite is true for sample 44-2 (degraded fuel oil)
resulting in a clear separation between the two samples. PC2 keys on three wavelengths for sample
resolution 377 nm, 460 nm, and 625 nm. These five wavelengths were then used with the PAH data
to examine fluorescence PAH trends in the soil samples. ’

The PCA scores and loadings results for the PAH concentration data and the relative
fluorescence intensities for the five wavelengths identified by the PCA loadings is presented in
Figure 7. The sample separations are driven primarily by an enrichment in C,-naphthalenes (N4) and
C;-naphthalenes (N3) PAHs and 377 nm and 409 nm wavelengths (e.g., sample 44-4) in products
with lighter hydrocarbons and a corresponding depletion in C;-chrysenes (C1), C,-chrysenes (C2),
C;-chrysenes (C3), pyrene (Py) and fluoranthene (Fl). Separation of samples 44-2, 42-4, and 42-7
was based on an enrichment in C1, C2, C3, Py ,Fl, and 524 nm and 625 nm wavelengths in products
with heavier hydrocarbons and a corresponding depletion of N4 and N3. Some products appear to
have both heavy and light hydrocarbons and PC2 separation demonstrates enrichment in N1 and N2
(e.g., 45-1 and 45-4). The important information gained from this analysis is the fact that the N4
and N3 are associated with wavelengths 377 nm and 409 nm, and the chrysenes and pyrenes and
fluoranthenes are associated with wavelengths 524 nm and 625 nm.

The intensity of laser induced fluorescence in soils is a function of many variables including
soil moisture, soil type, surface effects, level of contamination, type and weathering state of the
contaminants. For this study equilibrium is assumed and the major influence on fluorescence is
assumed to be concentration of petroleum product contamination, product type (i.e., PAH distribution
in the sample), and degree of weathering, which effects distribution of PAH in the sample
(Elmendorf et al., 1994, Douglas et al., 1994). )

As expected, the relationship between TPH and TPAH is linear with an R? = 0.98 (Figure 8).
Regression analysis of fluorescence versus TPAH (and PHC) however does not provide a linear
relationship for the samples within this data set (Figure 9a and b). The general trend for most of the
samples suggests that relative-fluorescence-intensity/TPAH ratio is greater in the samples containing
"light-end" petroleum products (e.g., sample 44-4 diesel) than in heavier petroleum products (e.g.,
sample 44-2 residual fuel). This will have an impact on the estimation of TPH from fluorescence in
the samples from this site due to the variety of petroleum product types. This would probably not be
a problem for sites with only one product type (e..g., jet fuel bulk storage facility).

To understand which PAH compbund classes influence fluorescence intensity, and to address
weathering of the sample, a double ratio plot of relative-fluorescence-intensity/TPAH versus total
naphthalenes/total chrysenes (N/C) was examined. This type of plot would quantify the observations
made from Figure 9 and compare those observations to a combination product type/weathering ratio.
The PCA analysis indicated that naphthalenes (particularly C,-napthalenes) and lower fluorescence
wavelengths (e.g., 377 nm, and 409 nm) were associated with products with light hydrocarbon
fractions in the gasoline (GRO)/diesel (DRO) boiling point range. PCA analysis also indicated that
heavy boiling range hydrocarbons (e.g., asphalt, residual oils) were separated based on the
enrichment of 3- and 4-ring PAHs (primarily the 4-ring chrysenes). Therefore a ratio of N/C could
be used to characterize this chemical separation of the product types. This ratio is also sensitive to
PAH weathering (Bence and Burns, 1994) with a decrease in the ratio as the oil degrades in the
environment due to biodegradation. Therefore a plot of relative-fluorescence-intensity/TPAH versus
N/C would include the major factors responsible for the fluorescence output (Figure 10). Linear
regression analysis of this double ratio plot indicate a relationship between the variables (R? = 0.84)
suggesting that for this sample data set, the fluorescence intensity is not only a function of the
concentration of the contaminants, but of the product type and weathering state of the product as




well. And finally that naphthalenes and chrysenes are two classes of PAH that are most highly
correlated with the fluorescence output of the SCAPS.

CONCLUSIONS

Fluorescence response in soils can vary by several orders of magnitude due to soil type,
moisture, presence of other fluorescing or fluorescence-quenching organic compounds, oil type,
degree of biodegradation, and concentration of contamination. This study has assumed that
equilibrium between the soil and oil has been reached due to the age of the contamination at the site
and that the major factors influencing fluorescence are concentration, product type, and degree of
biodegradation. As expected, TPAH was highly correlated with PHC (R? = 0.98), however for the
diverse product types and levels of oil degradation at this site, TPAH and PHC were not linearly
related to SCAPS fluorescence. This is because of variations in PAH distribution and fluorescence
response. Two different product types (e.g., diesel fuel and residual fuel) with orders of magnitude
different TPAH concentrations may yield the same soil fluorescence outputs, with heavier products
having lower relative-fluorescence-intensity/TPAH ratios (e.g., residual fuels) than lighter petroleum
products (jet fuels, and diesel fuels). Heavier residual fuel products and biodegraded oils contain
asphaltenes and polar compounds which are not present in substantial amounts in lighter fuels.
When fluorescence is normalized for TPAH, LIF can be related to the relative proportion of total
naphthalenes and total chrysenes in the sample. This ratio may represent the major chromophores in
the sample based on relative compound fluorescence and concentration in the samples, or may
simply be defining product type and weathering state which may act to quench some unidentified
chromophore class present in heavy petroleum products. The SCAPS fluorescence spectral outputs
can be used to identify wavelength ranges for product class separations. These separations are
similar to PCA separations based on PAH distributions in the samples. Lower wavelength
fluorescence (377 nm and 409 nm) are associated with naphthalenes and higher wavelength
fluorescence (524 nm and 625 nm) appear to be associated with chrysenes, fluoranthenes, and
pyrenes. '

Laser induced fluorescence provides valuable real-time and continuous data for hydrocarbons
site assessment studies. Quantitative precision at each site will vary depending on the diversity and
biodegradation of product types. Sites involving one fuel type (e.g., bulk fuel storage facility of
diesel) will have higher quantitative precision relative to TPH and TPAH measurements than sites
where several product types have been spilled (e.g., refinery). For improved product resolution and
quantitative accuracy, the laser induced fluorescence analysis should be intercalibrated with a detailed
PAH analysis and TPH analysis to define LIF/TPAH and LIF/TPH relationships at each individual
site. This information, combined with the spectral data may be used to develop a simple model that
could correct the TPH concentrations based on the spectral distribution (e.g., product class).
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Table 1. Target analyte list.

Polycyclic Aromatic

Hydrocarbons (PAH)

naphthalene® N 2 128 127
C,-naphthalenes N1 2 142 141
C,-naphthalenes N2 2 156 141
C,-naphthalenes N3 2 170 155
C,-naphthalenes N4 2 184 169
biphenyl B1 2 154 152
acenaphthylene® AE 3 152 153
Dibenzofuran D1 3 168 169
acenaphthene® AC 3 154 153
fluorene® F 3 166 165
C,-fluorenes F1 3 180 165
C,-fluorenes F2 3 194 179
C;-fluorenes F3 3 208 193
anthracene® A 3 178 176
phenanthrene® P 3 178 176
C,-phenanthrenes/anthracenes P1 3 192 191 .
C,-phenanthrenes/anthracenes P2 3 206 191 o
C;-phenanthrenes/anthracenes P3 3 220 203
C,-phenanthrenes/anthracenes P4 3 234 219
dibenzothiophene D. 3 184 152
C,-dibenzothiophenes D1 3 198 184
C,-dibenzothiophenes D2 3 212 197
C,-dibenzothiophenes " D3 3 226 211
fluoranthene® . EFL 4 202 101
pyrene® PY 4 202 101
C,-fluoranthene/pyrenes FP1 4 216 215
benz[a)anthracene® B 4 228 226
chrysene® C 4 228 226
C,-chrysenes C1 4 242 241
C,-chrysenes C2 4 256 241
C;-chrysenes C3 4 270 256
C,-chrysenes C4 4 284 269
benzo[b]fluoranthene® BB 5 252 253
benzo[k]fluoranthene® BK 5 252 253
benzo[e]pyrene BE S 252 253
benzo[a]pyrene® BA 5 252 253
perylene PER 5 252 253
indenof{1,2,3-c,dlpyrene® P 6 276 2717
dibenz([a,h]anthracene® DA 5 278 279
benzo{g,h,iperylene® BP 6 276 271




Table 1. Target analyte list (continued).

PAH Surrogate and

Quantitation Internal

Standards

naphthalene-dg (SIS) Nd, 2 136 134
fluorene-d, , (SIS) Fd,, 3 176 174
chrysene-d,, (SIS) Cdy, 4 240 236
acenaphthene-d,, (QIS) Ady, 3 164 162
phenanthrene-d, , (QIS) Pd,, 3 188 184
benzo[s]pyrene-d;, (QIS) BAPd,, 5 264 260
PHC Surrogate and

Quantitation Internal

Standards

ortho-terphenyl® (SIS) NA 0 230 NA
Sa-androstane® (QIS) NA 0 245 NA
QA/QC Standards

crude oil control samples

Reporting Limits (soils)
PHC, 10 mg/kg
PAH, 0.001 mg/kg

® Target analyte is a priority pollutant PAH

® Not applicable -

¢ Target analyte concentration determined by GC/FID analysis (GC/MS M/z is generic for saturated
hydrocarbon type)




Table 2.

Sample information.

414
41-6
422
424
42-6
42-7
432
44-2
44-3
44-4
45-1
454
41-5

8-9.5’
9-9.5’

. 5.5-6

7.5-8
12.5-13°
16-16.5"
9.5-10°
3.54°
6-6.5°
8.5-9°
6.5-7
14-14.5°
8.5-9

13000
48000
18000
1200
5700
110
690
11000
480
988
11000
470
646

300000
1400000
550000
32000
120000
4900
11000
320000
4700
4400
200000
8800
7600

92273
86169
203232
174340
79970
18116
9205
23488
11047
44022
256909
10626
70992

DHFO
DHFO
GRO/DMFO
GRO/DRO
GRO/DRO/DMFO
GRO/DRO
GRO/DRO/DMFO
DMFO

DHFO

DRO
GRO/DRO/DHFO
GRO/DRO/DHFO -
DHFO T

v

GRO - Gasoline range product ]

DRO - Diesel range product
DMGO - Degraded mid-range fuel oil

DHFO - Degraded heavy fuel oil




"y uonelg 103 INdino 9OUIVSAION[] PUB UOIBZLINOLIBYD [10S §JVIS SWN-[eay ‘1 am3yy

G6'0 (UOISIBA
$661-90-p0 :81€Q
CEIL0:L0 W}

IVO'WAAHJ VYO0V LYQ\L 2D1::v8\:D uoneiqe)
84d 11380Hd\VLYO\L LOi . va\!D 18qold
HSd bdELVINIVLIVALLOIM i ¥E\D iysnd

s1a3tewouey

ysed jo

(100J-058nbs/suoy) sj

(100}-81enbs/suo)) ob

. . ____ S . MRS TR
4 192 [ 002 : . 002 . 002 . . . [ 002
t oal ot O e 081 “Tosl
i “0'91 foot B T S S0'91 091
B e opl ovi 0vl
= ............ “Fo.s ozl - 021, - 021
QO .
2 .
< .
Q. el L
a : o0 e L. (L
2 ” 1 0ol ool 0’0t
. ﬂ ............ “Fon 08 08 - 08
....... S - 0'9 - 0'9 Fo9e
....... ro- o' o'y "0
...... ot fo0'2 Fo2 Fo'2
. . N " . - A — Emmnts Rt RERaatEt S
U elze T szpy 0 T 50005z | oaoosz ! 00 oo gout | eus oo
0022 0'5€S 005¢ 0'000004 0°00005 0'0 00 1’562 St 00
jead e 80oUB0s8.I0N|] uoneoydseln uoloH einssald
NTEIEYN:IV mey 1102, oA00|g euo0) .




00'00L
]

Ty didweg (q pue p-pp ojdureg (e 105 SuIe1301BWOIYO UONBZIUOT SRy YIim Aydes3orewroryo sen

0008
_

(‘utw) swiy, uonusioy

0009

000v
_

060°0¢e

‘g 2

000

o
]

R
—T

INVISOHONY

v 9rdureg

dlo

iﬁwééﬁi_

_
rE-P/L0VQY

|

|

—(00°0

—000l

—000¢

—(00'0E

[eusis

__00'0p
0005
0009

—00°0L




‘T-vy odweg (q pue p-pp ojdureg (e 10y sweiSorewonys uoneziuor swrey ynm Aydeidojeworyo sen  -qg sy

(‘utur) swy, uonusley

00°00L 0008 0009 00°0F 00de 000
_ _ | _ _

|
vy odwes  CE-F/0F0b

FYTT
- | | 000

—00'G

k l | —00'Gl

N

Teusrg

.

dl0

—(00'Ge

—00 0E

INYLSOHANY

—00'GE




‘- Siduieg (q pue p-pp oidwes (e 10§ SUOLERUIOUOD UOQIEd0IPAY onewWOore J1joK9A[04

‘B¢ 2Ind1y

(HVd) SNOSHYOOHAAH OILYWOHY OIMOAOATOd
db di vadg oz
Q3-8 ad €0

L A L

y
g

llvnnlntnupnnnl.lnulnnnlnnnunlnnvluvu,u..rp;,. - - - - - - - ... .B

llllllllllllllllllllllllllllllllllllllllllllllllllllllllll

|o|-Dl'|1n9|vl|-llllln.lllnlu..lcvav..ln..lulvnbtu.-.-||-p....ntn

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

-+ oos

O01ldd742a d €d ld ¥V 24 4 OV 19 €N IN
1O 8 Ad€Q 1A vded d €4 14 1 IY PN SN N

<-4 002

<-- -1 00F

.-+ 009

----1 000}

00ct

TI0S DXY/9N NOILYHINIONOD HVd




‘T-pp o1dureg (q pue p-pp sjdweg (v 103 suonenuIOUOd u0QqIe00IpAY dHEWOorR o1

9hdfjod  ‘qg oSy

(HYd) SNOGHVYOOUAAH OILYWOHY DITOADATOd
d8 dl va8M8+¥020 O1d4142a0 A €d kd V 24 4 OV Ig N LN
V3889896010 9 Aded 1Abdad d €4 14 1d IV INZN N 5
B . A BEAE a B B E H HE B
o)
>
I
eeee-- gl 00001 §
=
O
m
pd
. -
20
REEEEEEEREEPERTY | EEEEETEEPRppoy § § - S + 00002 >
O
prd
-
@
e . R | 0000€ B
w
@)
N —
_ 0000%




"T-bp o1dweg (q pue p-pp ojdweg (e 103 Y1Susjorem snsioa A31SUdUT 9OUVISAION]J IANB[IY ‘Bp 21nJ1yg

28'02L 99'289 g'vv9 v€'909 81°'89S ¢0'0es 98’16 L'eSP L8134 8e'LLe
bL'10L 89°€99 eb'Ge9 92'L8S 1'6b3 $601G 8L'ely 29'peEP 9b'96€ £'8G€
NN Y S S Y S T v T T S O T S U T 5 O X M M Y Y O D 0

I
-
o
<

ALISN3LNI HONBOSOE]HOH'H JAILV13H

- S0'0

900

p-pi o|dwes




'T-vb o1dweg (q pue p-pp odweg (e 10§ ySusjoaem snsioa Ansusur 90U90SAION[J AANR[OY ‘qp 21n31yg

(WN) HLONITIAVM

¢8'02. 99'289 S'vr9 $€'909 81'89g 20'0es 98°'L6p Lesy 18134 8e'L48
bL10L 85'€99 eb's29 92’88 L'6vs b6'ols 8L'2LY (28414 gp'g6e €°'85¢
N T T S T T 1 I I o T N e Y O N A I I R I A I I 0

.l L1 |

i

-
o
<]

ALISN3LNI 30N30§3800'H JALLVI3H

900

-t ajdwes




‘T 91qeL ur sajdues 10§ viep YPIUS[IALM SNSIOA 9DUDDSAION] SANBIAI AU 10§ 31005 7O SNSIeA [Dd JO 10[d ‘¢ 23y

(%5°88)1 - "dwod

o 00t | 050 000 05°0- 00°}-
“ “ _ m h \ : op-
: : e-ct ”
......... T T TR Ry )
L _ : 4 _
_ | o ze _
. | L2 ”
1 ' + , “. I~
' ' mva : [
“ il 9T ” £
............ SO A \ _ vst 3
: g2y . iy T regf T 00 I
: g-28 _ &Y =
_ . | ” b
_ _ “ Tm.mf L
” ; “ evit |
............ S L' K4
e d o ”
_ ” ” b
_ | . _ o'

20




"7Od (q pue 1Dd (B "YOd YISUS[oABM/30USISAION]] J0J STUIPRO] JISUS[OABA

o¢e-

4= O-N..

Foe O.—.l

- O-Ou

- 0’}

—..OPQ

0C

‘89 2Ind1g

(69°68)) "dwop




Tod An pue 1Dd A.n ‘VOd Em:o~o>m3\00c00wvhonz I0] wwcmﬁan: 5&:0~o>&3

"q9 a3y

o'v-

(%gL1)Z "dwoyn

w-o _vc

o'y




Ok

‘T QIqe, ut sopdures oy 10y wIRp
JISUS[IABM DOUSDSION]J PUR Y PAUIQUIOD 10] SUIPEO] PUB $31005 7DJ SNSIAA [Dd JO 1014

(%1 o)1 *dwod

oY 0¢ 00~ o¢- o'p- 09~ 0'8-
u e 2N “ “ ” ”
“ ot “ ” A S
e-v _ | | | _ .
........ 2
L et N | o “
. ) “ “ K.Nf o E+.
_ 28 gzit “ “ R4 “
A o T . :
“ ” +%i e ” 3
” R &\ o) “ “ b-vh .
_ ' oh m%l__. mu%t.mr ! .
! . e i ! ”
........ SR 4 b movi
_ SR “ ” “
! S5 A _ _ “
o) | | m ” |
ST A i

—.o—.i

‘L 2ndrg

0°9-

0b-

A
0
[}
3
i

oo- R
o
5}
2
£

02

oy

09




'T 91qe], ut pas| sodwes {108 oY1 J0J HYJL SNSI9A HJL JO 10[d 'g 2131y
LM AHA OM/ON Hd.L
31 931} g3l 1=l g3l
At HHH———— HA -t — HH-+g+—+—— =]
L-cY
—
® ®
& ety S
...................................... 0.....N.%%v.........;wmmr L
| v-vv -
p-cb
2
A
)
mcwv : 5
Omu.._.- | M
2-2h T
®
-y 1
=L




T 91qe), ut pasi] sordwes oy1 10§ H4L (q pPue HydL (8 snsioa 20Ud0$2I0N]J JO SI0[g

‘26 I3y

LM AHQ DM/9N HYdL

/31 931 63l =l €31
A ———— HH———— - —— HH A ———f 31
............................................. e e Pl

m@mvmmv
e VA AY
A
®
v-p
® °.. 9% 61y 53
........... O-ly Ty 9Ty @2 6T
. e
e v-2t
- o
A% 2
. - 931

ALISNILNI 3ONIDSIHONTH IAILYIIY




'T AIq¥L ut pasy] sarduwres ay1 103 H4 L, (9 Pue HYJL (8 Sns19A 90ua0satonyy Jo si1o0q

'q6 2131y

LM AHAQ DOH/ON Hd L

G3l vl edl =1
-t e —— et —— €3l
............................................ Q@ F Pl

S5y .
d L-g
4% 1
. .
vy o
® .. .. ................ = 1% 7
..... 91y by 9Ty kv 3l
. ®
° -2y
- o
NNV -G¥
~ 931

ALISNILINI 3ON30S3IHON T JAILY13H




"(1D) sauas1y)/(N) souseyideN snsioa HVd1/99us0sa1on(j jo 10[d

‘01 21mn3ry

SANISAHHO TVLOL/SANTIVHLHAVYN TVLOL

0001} 00!} O} 3 0
A ————r HH————o HH it HH———— 100
e
®
........................................... @-_..angul L0
e
152
o ommv
......................... g@uN.VN...m.V...i—.
[P .
® ey
T % !
....................................................... ®........1 .
bpp , oL 0t
, £ 001

34

HVJI/ALISNILINI 3ONIOSIHONTH ALY

—




|

Key Words

Laser fluorescence

Cone penetrometer

Aromatic hydrocarbons

Petroleum hydrocarbons

Site investigation

In situ




