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1.0 ABSTRACT

An ultraviolet (UV) epifluorescence microscopy technique was used to determine the presence of residual
hydrocarbons and the potential formation of oil-mineral aggregates (OMA) in samples of sediments
recovered from the Kalamazoo River impacted by the Enbridge Pipeline. Laboratory experiments with
weathered KEB source oil and a sediment sample designated as a reference unoiled sample (based on
AECOM data that were provided) verified oil fluorescence under UV illumination and the formation of
OMA following agitation. The field samples were subsequently observed to contain what could be the
fluorescent mineral aragonite, as well as other sources of organic material including petroleum
hydrocarbons.

To support the interpretation of the UV-epifluorescence results, the field samples were also analyzed for
petroleum hydrocarbons using a variety of qualitative and semi-quantitative analytical techniques. The
results revealed that there were potentially other sources of petroleum in addition to the diluted bitumen
product released into the Kalamazoo River from the Line 6B Enbridge pipeline spill. In comparison to the
weathered source oil sample provided, the hydrocarbon profiles from gas chromatograph flame ionization
detection (GC-FID) for many of the field samples was characteristic of advanced stages of weathering.
latroscan thin-layer chromatography (TLC) analysis was also conducted to determine the percent-
contribution of the major components typically detected in crude oil: saturates, aromatics, resins, and
asphaltenes. The results confirmed the presence of contaminant petroleum hydrocarbons from multiple
sources within the sediments and provided an indication of their extent of weathering. These results
supported the work by Alpha Labs that used gas chromatography-mass spectroscopy (GC-MS) analysis
of biomarkers (e.g., hopanes and steranes) to enable the identification and quantification of Line 6B oil
from other sources of petroleum hydrocarbons within the sediment samples.

Due to the limited numbers of samples (scored positive for oil under UV-epifluorescence microscopy) and
the relatively low level of oil fluorescence observed as oil droplets within OMA (as a result of mobilization
and dilution of the petroleum hydrocarbons within the sediments from the spill response measures), a
correlation could not be made with oil detected by GC-FID, latroscan TLC and GC-MS analysis as total
petroleum hydrocarbons or individual classes of constituents. Furthermore, UV fluorescence analysis of
the weathered KEB source oil and contaminated sediment samples suggested that quenching inhibited
the effectiveness of the UV-fluorescence monitoring techniques that might be used. This hypothesis was
subsequently proven by analysis of sample extracts following silica gel solid phase extraction. As a result
of quenching, it is recommended that methods based on image analysis of UV-fluorescence in sediments
(with the exception of bulk oil) are not a reliable means of identifying and quantifying time-series changes
in residual hydrocarbons within the sediments.

2.0 INTRODUCTION

In the summer of 2010, Line 6B of the Enbridge pipeline ruptured, spreading 800,000 gallons of a diluted
bitumen product over a 30 mile stretch of the Kalamazoo River in Michigan, USA. Extensive dredging has
been required in an attempt to remediate the site.

During the initial phases of the spill response operation, sediment cores were collected and split to collect
samples for contaminant hydrocarbon analysis. When the split cores were observed under UV
illumination, an estimate of the level of oil contamination could be made by image analysis (Fig. X.
Thomas Graan to add in example photographs). As oil spill response operations proceeded, largely
based on the agitation of sediments to mobilize the oil for physical recovery, it was noted that oil was no
longer observed in the analysis of split cores under UV illumination. It was hypothesized that this could
be due to: 1) physical removal of oil from the sediments by the remedial operations, 2) the
emission/excitation wavelengths for analysis were no longer within the optimal ranges for detection as
natural weathering of the oil might have altered its fluorescence characteristics, 3) the oil formed oil-
mineral aggregates (OMA) that were distributed and diluted throughout the core to concentrations below
the detection limits for the whole core image analysis system. To address this issue, the Centre for
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Offshore Qil, Gas and Energy Research (COOGER) offered its in-kind services to the US EPA to conduct
analysis of representative sediment cores by UV-epifluorescence microscopy and chemical analysis to: 1)
determine if the Line 6B source oil would form OMA in the presence of Kalamazoo River sediments when
agitated, 2) to conduct 3D fluorescence spectra analysis of the source oil and field sediments known to be
heavily weathered so that optimal excitation/emission wavelengths for UV analysis of the residual oil in
sediments could be identified, and 3) to verify the effectiveness of UV fluorescence as a means of
identifying and quantifying residual oil concentrations in sediments during spill response operations.

Laboratory examination of the interaction of oil and minerals, and their formation into particulates, began
in the late 1980s (Delvigne et al., 1987; Payne et al., 1989). In laboratory studies that followed the Exxon
Valdez spill, it was observed that an emulsion of micron-sized droplets of oil interacted with mineral fines
in the presence of seawater in a process termed “clay-oil flocculation” that reduced the adhesion of oil to
sediments, and enabled it to be readily transported away from an oiled shoreline by gentle wave action
(Bragg and Yang, 1995; Owens et al., 1994). This process provided an explanation for the unexpected
high levels of natural cleansing that occurred on very sheltered, low wave-energy shorelines in Prince
William Sound from 1989-1990. These particles, also described as “oil-suspended-particulate-matter
aggregates” (Sun and Zheng, 2009) among other names, have now been widely recognized under the
term “oil-mineral aggregates” (OMA) by COOGER, which has done much of the pioneering research and
development on the use of OMA as an oil spill countermeasure.

Studies of OMA formation have demonstrated that both mineral fines and organic particles can stabilize
oil droplets within the water column. Various types of aggregates can be formed depending on the
physicochemical properties of the particles, the type of oil, and the environmental conditions (Lee et al.,
1998; Muschenheim and Lee, 2002; Stoffyn-Egli and Lee, 2002). Both controlled laboratory experiments
(Cloutier et al., 2002; Omotoso et al., 2002; Stoffyn-Egli and Lee, 2002) and shoreline field trials (Lunel et
al., 1997; Owens et al., 2003a; Prince et al., 2003) have demonstrated that OMA enhances the natural
dispersion of oil spilled in the environment and reduces its environmental persistence. Thus, OMA
formation is an integral part of natural attenuation processes, and is a potential process to enhance
cleanup techniques used in the remediation of the sea surface and shorelines contaminated by oil
(Kepkay et al., 2002; Lee, 2002; Stoffyn-Egli and Lee, 2002; Venosa et al., 2002b). The oil droplets that
are incorporated in OMA are easily transported into the water column by wave energy (Payne et al.,
2003), and more nutrients, dissolved oxygen, and oil-degrading microorganisms can reach the oil due to
the reduced size and increased surface area of the droplets, which in turn can accelerate biodegradation
(Lee et al., 1997; Owens and Lee, 2003; Owens et al., 2003b; Weise et al., 1999).

OMA formation has been observed at numerous field sites that have ranged from the rivers of Bolivia
(Lee et al., 2001) to the shores of Svalbard Island in the high Arctic (Guénette et al., 2003; Sergy et al.,
1998). Numerical models support the hypothesis that OMA can form rapidly (Hill et al., 2002; Khelifa et
al., 2003), as long as sufficient mixing-energy is available. Detailed chemical analysis of samples
recovered from coastal waters following surf-washing operations after the Sea Empress spill in the United
Kingdom conclusively demonstrated that OMA formation enhanced the biodegradation rates of the
residual oil (Colcomb et al., 1997; Lee et al., 1997), because the stabilization of oil droplets by mineral
fines increased the oil-water interface where microbial activity primarily occurs. Thus, this remediation
process may not only effectively dilute oil spilled into the environment to concentrations below toxicity
threshold limits, but also effectively eliminate many of the components of environmental concern.

COOGER has been evaluating the feasibility of an oil spill countermeasure technique that is based on the
enhanced formation and dispersion of OMA in marine oil spill incidents (Lee et al., 2009a). The
advantages of this technology include: 1) enhanced dispersion of oil slicks and stabilization of dispersed
oil droplets in the water column, 2) reduction of oil concentrations below toxic threshold limits, 3) reduced
recoalescence of droplets and adhesion properties of oil, and 4) enhanced oil biodegradation rates.

Studies have suggested that turbulent energy, dispersant type, mineral type and salinity influence the
amount of oil incorporated into the mineral phase to form OMA (Ajijolaiya et al., 2006; Guyomarch et al.,
2002; Khelifa et al., 2005b; Stoffyn-Egli and Lee, 2002). Recent studies by Ma et al. (2008) showed that
higher levels of turbulent energy enhanced the interaction between oil and minerals (Ma et al., 2008).
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Based on this supporting evidence, it is hypothesized that the agitation procedure used in the spill
cleanup operations in the Kalamazoo River following the Line 6B spill resulted in a significant amount of
OMA formation in addition to the mobilization of bulk oil.

On 16 August 2012, the Centre for Offshore Oil, Gas and Energy Research received a number of
sediment samples from AECOM to evaluate for the presence of petroleum hydrocarbon residues using
UV epifluorescence microscopy. The samples came from coring sites in the Kalamazoo River that had
been impacted by the Line B MP 608 Marshall pipeline release. The purpose of the study was to
evaluate the onsite use of fluorescence to detect either bitumen or other sources of contaminant
hydrocarbons in the sediments. A number of standard chemical assays were conducted to validate the
presence of hydrocarbons detected by UV-epifluorescence microscopy. These additional analyses
included the detection of total petroleum hydrocarbons by gas chromatograph flame ionization detection
(GC-FID), percent chemical group composition using thin-layer chromatography with flame ionization
detection (latroscan TLC), and 3D oil fluorescence spectra analysis.

Fourteen of the forty-one sample jars containing sediments from AECOM were broken during transit. A
portion of the sample in these containers had leaked; however, most of the sediments were intact. When

received, the ice packs surrounding the samples had completely thawed. A sample of reference
weathered oil labelled “KEB source oil” was also received along with the sample shipments.

3.0 MATERIALS AND METHODS

3.1 Sample coding and information

Two sample shipments were received on 16 August 2012 along with documentation for chain of custody
(Appendix A). A second batch of samples was received later the same day, and a copy of the chain of
custody is also given in Appendix A. COOGER and AECOM'’s sample code identifiers along with sample
descriptions and their condition of their arrival following shipment were recorded (Table 1).

Table 1. COOGER laboratory sample coding, with field descriptions provided by AECOM.

COOGER | Site ID Mile | Geomorphic | Client/Field Sample ID UEngEl Actual
Sample ID | (SSCG) Post Strata Target Oiling i Paliing
Level Result

STRATIFIED- 20.00 - | Anthro

EB-1 003 20.25 Channel SEKR2025C702S5072412DX Heavy Heavy

EB-2 SEKR2025C7025072412D005 Heavy Heavy
STRATIFIED- 18.75 - | Anthro

EB-36 061 19.00 Channel SEKR1900C701S072512DX None None

EB-41 SEKR1900C701S072512D005 | None None

EB-35 SEKR1900C701S072512D009 None None

EB-3 STRATIFIED- | 35.25 - Backwater SEKR3650C701S072512DX Heavy No Poling
081 35.50

EB-4 SEKR3650C701S072512D006 | Heavy No Poling

EB-28 SEKR3650C7015072512D010 Heavy No Poling

EB-5 STRATIFIED- | 37.25 - Backwater SEKR3750C701S072512DX Heavy No Poling
082 37.50

EB-6 SEKR3750C701S072512D006 Heavy No Poling
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EB-33 SEKR3750C701S072512D010 Heavy No Poling
EB-38 sz?ATIFIED_ 25(5) i Backwater SEKR0425C701S072512DX Light Light
EB-20 SEKR0425C701S072512D007 | Light Light
EB-7 STRATIFIED- g;?g ; 822225' SEKR3775C7025072712DX Heavy Moderate
EB-8 SEKR3775C702S072712D005 Heavy Moderate
EB-26 SEKR3775C702S072712D009 Heavy Moderate
EB-32 ST RATIFIED- gg:?g " | CutofflOxbow | SEKR2850C7015072412DX None None
EB-34 SEKR2850C701S072412D003 None None
EB-9 f;lRATIFIED_ g?g " | Impoundment | SEKR1575C701S072612DX Heavy Heavy
EB-16 SEKR1575C701S072612D007 Heavy Heavy
EB-24 25;(R157507018072612D007 Heavy Heavy
EB-15 SEKR1575C701S072612D013 Heavy Heavy
EB-23 SE;(R1575C7018072612D013 Heavy Heavy
EB-18 SEKR1575C701S072612D019 Heavy Heavy
EB-25 SE§R157507018072612D019 Heavy Heavy
EB-10 ggsRATIFIED' E?g " | Impoundment | SEKR1575C702S072612DX Moderate Heavy
EB-14 SEKR1575C702S072612D005 Moderate Heavy
EB-19 SEKR1575C702S072612D010 Moderate Heavy
EB-39 ?;sRAT'F'ED' gg:ég " | Lake SEKR3950C701S072612DX None None
EB-17 SEKR3950C701S072612D007 None None
EB-27 SEKR3950C701S072612D013 None None
EB-37 dSE;(R3950C701SO72612D013 None None
EB-11 STRATIFIED- g;:gg " | ML Fan SEKR3800C707S072712DX None Moderate
EB-12 SEKR3800C707S072712D004 None Moderate
EB-21 SEKR3800C707S072712D009 None Moderate
EB-29 SEKR3800C707S072712D014 None Moderate
EB-13 STRATIFIED- gg:gg " | ML Fan SEKR3800C7095072712DX None Light
EB-30 SEKR3800C709S072712D006 None Light
EB-22 SEKR3800C709S072712D011 None Light
EB-31 SE§R380007098072712D011 None Light
ggl?rce ol Weathered Crude
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Standard

EB-40 OxBow MP2125 OxBow

3.2 Epifluorescence microscopy

Sediment samples were maintained at 4°C until processed for microscopic analysis. Samples were
examined using UV epifluorescence microscopy (excitation wavelengths 340-380 nm; emission
wavelengths 400-430 nm) for evidence of residual oil and formation of oil-mineral aggregates (OMA)
according to Ma et al. (2008).

3.3 Visual observation of source oil under UV light

Prior to examining the sediment samples for evidence of oil (the KEB weathered source oil that was
provided), a small sample was smeared onto a glass slide using a metal spatula, covered with a glass
cover slip and examined under UV epifluorescence. Observations of the color, shape, and size of the
fluorescent oil droplets were noted and photographed to aid with identification of residual oil in the
sediment samples.

3.4 Testing for the creation of oil-mineral aggregates

To determine whether the sediments had the ability to create oil-mineral aggregates with the weathered
source oil, a sediment sample that did not show oil after poling was identified as a reference unoiled
sediment for use in subsequent laboratory studies to assess the potential for OMA formation. The sample
was given COOGER laboratory identity (ID) EB-41. The field label ID was SEKR1900C701S072512D005.
On 21 August 2012, the unoiled sediment (40.06 g) was weighed into a tared, 250 mL baffled Erlenmeyer
flask (Pyrex Corning 4450-250). Milli-Q deionized, distilled water was added to the flask (80.00g). The
flask was covered and placed on an orbital shaker (ThermoScientific MaxQ 2000) at 200 rpm for 10
minutes. A 10 mL sample of supernatant with suspended particulates was removed from the baffled flask
and added to a 20 mL scintillation vial with the KEB source oil (0.04 g) previously weighed into the tared
vial by dripping from a metal spatula. The vial was labelled as Spiked 1, and shaken by hand for 3
minutes. Subsamples (2 x 15 uL) were removed from the vial using an Eppendorf pipette with 1 cm of the
tip cut back to increase its bore size. Subsamples were dispensed into the top and bottom chamber of a
Levy Haemocytometer (Hausser Scientific, 19044) and covered with a cover slip in such a way as to
exclude air bubbles.

Subsampling of the Spiked 1 vial was repeated after sitting for 48 hours at 4°C (Spiked 2). The vial was
removed from the refrigerator and gently shaken. Subsamples were taken from the bottom of the vial and
examined for OMA formation as described above.

3.5 Preparation of sediment samples for epifluorescence microscopy

For the large sediment samples EB-1 through EB-26 and EB-41, a primary dilution was prepared by
weighing 1.00 + 0.01 g of wet sediment into a tared, 20 mL glass scintillation vial, and suspending in 10 +
0.05 g of MilliQ, deionized distilled water. For samples EB-27 through EB-40, which had a much smaller
available mass, 0.50 + 0.02 g of sediment was weighed into a tared, 20 mL glass scintillation vial and
suspended in 5.62 £ 0.63 g of MilliQ, deionized distilled water (6.25 g water was added to EB-39). The
water was dispensed into the vial with a Nicheryo pipette and the weight of water was recorded (Table 2).
The vial was capped and shaken by hand for one minute. Subsamples (2 x 15 pL) were removed from
the vial using an Eppendorf pipette with 1 cm of its tip removed to increase bore size. Subsamples were
dispensed into the top and bottom chamber of a Levy Haemocytometer (Hausser Scientific, 19044) and
covered with a glass cover slip in such a way as to exclude air bubbles. If the primary dilution was
determined to be too dense, a further 1:10 dilution (final dilution of 1:100) was prepared for analysis.
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3.6 Microscopy and photomicrography

The haemocytometer was placed onto the stage of a Leitz Orthoplan UV-epifluorescence microscope
(USH-50W mercury bulb) equipped with motorized stage and an Optiscan controller. The integrated
imaging system consisted of an Olympus DP70 camera controlled by Image ProPlus software (Ver.
5.1.0.20, Media Cybernetics, 1993-2004).

The sediments in the upper chamber were first examined using 128x magnification under UV light to
determine whether oil was present in the sample. An area of interest (evidence of oil or OMA), or a
representative area of the sample was photographed under UV epifluorescence. The same area was
photographed under epifluorescence and transmitted white light to include non-fluorescing objects in the
same field. Finally, the area was photographed under transmitted white light only. Areas of interest
(possible oil or OMA) were examined further using 320x magnification and photographed in the same
manner. For each of the two chambers of the haemocytometer, 3 replicate optical fields were
photographed under the 3 lighting conditions for a minimum total of 18 photomicrographs per sample.
Three additional photomicrographs of a replicate resulted when the higher magnification was used.

3.7 Sample preparation for chemical analyses

The method employed was a modified version of Cortes et al. (2012). Briefly, wet sediment samples were
homogenized with a metal spatula and a 5 g subsample was removed and placed in a 50 mL Teflon
centrifuge tube. Anhydrous sodium sulphate was added (10-20 g) until the sediment was dry. The
sediment sample was then extracted by adding 10 mL of dichloromethane and mixing on a Vortex-Genie
for 30 seconds. The solvent was removed with a Pasteur pipette, passed through glass wool and
collected in a 50 mL glass tube. This process was repeated an additional two times for a total of 30 mL of
solvent extract. Extract volume was then reduced to 2 mL under a gentle stream of nitrogen using an N-
Evap. This concentrated extract was split, with 1 mL for GC-FID and latroscan analysis, and a separate 1
mL for analysis using the scanning fluorometer. This type of extraction permits rapid assessment of oil
contamination in sediments. The approach was designed to generate semi-quantitative data.

3.8 GC-FID analysis of TPH

The GC-FID system consisted of an Agilent 6890 gas chromatograph with flame ionization detector and a
7683 auto-sampler. The column used for separations was a Supelco MDN-5s 30 m x 250 pm x 0.25 pum
(length x inside diameter x film thickness) with a 1 m retention gap of deactivated fused silica. The
sample was injected using the cool-on-column mode with a sample injection volume of 1 pL. Helium was
used as a carrier gas with a flow rate of 1.0 mL/min. The initial oven temperature was 50°C, held for
2 min, followed by an increase to 300°C at 30°C/min, and held at 300°C for 10 min, with the total run time
of 22.33 min. The FID detector was operated at 320°C with the hydrogen flow set at 40 mL/min and the
air flow set at 450 mL/min. A seven point calibration was generated using standards prepared from
weathered oil, and peak quantification was performed using the total area under the curve.

3.9 latroscan analysis of saturates, aromatics, resins and asphaltenes (SARA)

All oils were characterized using thin-layer chromatography (TLC) followed by scanning flame ionization
detection using the IATROSCAN MK6 (Shell, USA) (Yamamoto and Kawanobe, 1984, Parts | and II;
Leazar, 1986). Briefly, 3 uL of the concentrated sample extract was spotted onto one end of the silica
coated TLC rods. The rods were then placed into a series of developing chambers to separate the 4
fractions of crude oil. The developing order was 18 minutes in hexane, 8 minutes in toluene and 2
minutes in 20:1 dichloromethane:methanol, with 10 minutes in a humidity chamber between each
developing chamber.

3.10 Three dimensional UV fluorescence analysis
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The 1.0 mL DCM extract, split from the hydrocarbon extraction, was made up to a final volume of 3.0 mL
prior to fluorescence analysis. The techniqgue employed was similar to that of Bugden et al. (2008).

3.11 Purification of selected extracts for fluorescence

The weathered crude oil and EB-37 were chosen for separation of asphaltenes and resins to determine
whether or not these components contributed to the overall fluorescence of the samples. The weathered
crude oil and EB-37 extracts were exchanged into hexane prior to silica gel solid phase extraction. The
hexane extracts (1.0 mL) were passed through 4.0 grams of 1% deactivated silica gel. The samples were
then eluted from the silica gel with 30% (v/v) dichloromethane:hexane. The purified extracts were
concentrated just to dryness and made up in dichloromethane prior to fluorescence analyses. The
remaining hexane insolubles not passed through the silica gel were dissolved in dichloromethane and
also analyzed using UV fluorescence.

4.0 RESULTS AND DISCUSSION

4.1 Visual observation of source oil under UV light

The weathered KEB source oil without sediment was observed to fluoresce yellow under the UV light. It
formed distinct, round droplets (Figure 1).

Figure 1. KEB weathered source oil at 128x magnification under UV light.

4.2 Formation of oil-mineral aggregates

A small number of oil-mineral aggregates (OMA) were readily observed in the initial Spiked1 subsamples.
Figure 2 illustrates an OMA photographed at magnification factors of 128x and 320x, and under three
types of illumination: 1) a combination of bright-field transmitted light and UV-epifluorescence, 2) UV-
epifluorescence alone, and 3) bright-field transmitted light only. Figure 2A is the OMA with both bright—
field transmitted and UV epifluorescence illumination to highlight the attachment of sediment particles
(dark patches) to the oil (bright yellow). Figure 2B shows the same OMA under UV-epifluorescence
illumination only; notice that only the oil droplets are visible. Figure 2C shows the OMA under bright-field
transmitted light to show the fine mineral particles associated with the oil droplets.



Figure 2. Formation of OMA when weathered KEB source oil was added to unoiled sediment.
Image magnifications are 128x on the left and 320x on the right. (A) UV and transmitted light; (B)
UV only; (C) transmitted light only. Sample is KEB Spiked 1-6.

When the vial was subsampled again two days later, an abundance of larger OMA had formed with the
weathered source oil and the unoiled sediment collected from the site. Photomicrographs from these later
subsamples were labelled as Spiked?2 (Figure 3).
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Figure 3. Formation of OMA 48 h after weathered KEB source oil was added to unoiled sediment.
Image magnifications are 128x on the left and 320x on the right. (A) UV and transmitted light; (B)
UV only; (C) transmitted light only. Sample is KEB Spiked 2-3.

4.3 Sediment sample epifluorescence micrographs

Photographs of each sediment sample were made under the various types of illumination and
photographed as previously described in the methods. A photographic record of 1,042 samples observed
in this study is included Appendix C. The images shown in this Results and Discussion section of the
report were selected as typical examples of what was observed.

The sediment samples varied in grain size and quantity of organic material present. Table 2 outlines the
differences in the sample matrix conditions observed. Variability between sites was significant due to
factors such as the concentration of organic material due to the presence of detrital material such as dead
leaves and roots. It is important to note that numerous samples contained an abundance of green
fluorescent material that could be the carbonate mineral aragonite, which is known to fluoresce green
under UV light (Figure 4). This is well illustrated by Figure 5 that contained a high concentration of green
fluorescent material (sample EB-6). The fluorescent material was not considered to be dispersed oil,
because the laboratory experiments with source oil showed that free oil droplets resulting from physical
dispersion or in the form of OMA were spherical in shape and fluoresced yellow.

11



Figure 4. This referenced photomicrograph shows a specimen of aragonite from Texas, taken
under shortwave UV light (http://www.mindat.org/photo-317408.html).

Figure 5. Sample EB-6, showing an abundance of green fluorescent material, photographed under
UV epifluorescence (left), UV and transmitted light (middle), and transmitted light only (right).

Table 2. Description of microscope samples photographed under UV and transmitted light.
Mass of Mass of

Lab ID Field ID Sample Water Comments
9) (9)
EB-1 SEKR2025C702S5072412DX 1.00 10.05
EB-2 SEKR2025C702S072412D005 1.00 10.02
EB-36 SEKR1900C701S072512DX 0.50 5.00 sand and silt
this sample was also
EB-41 SEKR1900C701S072512D005 1.00 10.01 used to spike with the

weathered KEB source oil
very sandy, water almost

EB-35 SEKR1900C701S072512D009 0.50 5.00 e

EB-3 SEKR3650C701S072512DX 1.01 10.07

EB-4_diluted SEKR3650C701S072512D006 1.00 10.00 m:t”e{g;"ts organic

EB-28 SEKR3650C701S072512D010 0.49 5.00 sample very thick
Primary dilution was 0.49
g sediment in 5.00 g

EB-28 diluted | SEKR3650C701S072512D010 111 903 | Water. Secondary dilution
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for photographs was 9.03
g water added to 1.11 g of
primary dilution.
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EB-5 SEKR3750C701S072512DX 1.00 10.02

EB-6 SEKR3750C701S072512D006 1.00 10.03

EB-33 SEKR3750C701S072512D010 0.50 5.01

EB-38 SEKR0425C701S072512DX 0.50 5.01
oil observed in all

EB-20 SEKR0425C701S072512D007 1.00 10.03 replicates

EB-7 SEKR3775C7025072712DX 1.00 10.03

EB-8 SEKR3775C7025072712D005 1.00 10.04
oil observed in replicates

EB-26 SEKR3775C7025072712D009 1.00 10.01 1, 2, and 5, with OMA in
replicate 4

EB-32 SEKR2850C701S072412DX 0.52 5.01 rocky sample

EB-34 SEKR2850C701S072412D003 0.51 5.03 sandy sample

EB-9 SEKR1575C701S072612DX 1.00 10.00

) possible oil observed at

EB-16 SEKR1575C701S072612D007 1.00 10.09 edge of slide in replicate 5
oil observed in replicates

EB-15 SEKR1575C701S072612D013 1.00 10.03 1to 4, and possibly 5 and
6

) possible oil observed in

EB-18 SEKR1575C701S072612D019 1.00 10.01 replicates 1 and 2

EB-10 SEKR1575C7025072612DX 1.01 10.00 sample mostly water

EB-14 SEKR1575C7025072612D005 1.00 1000 | 9 observedin replicates
oil observed in all

EB-19 SEKR1575C7025072612D010 1.00 10.06 replicates; very good
example of oiled sample

EB-39 SEKR3950C701S072612DX 0.50 6.25

EB-17 SEKR3950C701S072612D007 1.00 10.06 oil observed

EB-27 SEKR3950C7015072612D013 0.50 4.99

EB-11 SEKR3800C707S072712DX 1.00 10.02

EB-12 SEKR3800C707S072712D004 1.00 10.00

EB-21 SEKR3800C707S072712D009 1.00 10.12

EB-29 SEKR3800C707S072712D014 0.50 502 | 3 observedinreplicates

EB-13 SEKR3800C709S072712DX 1.00 10.07 oil observed in replicate 6

EB-30 SEKR3800C709S072712D006 0.51 5.00

EB-22 SEKR3800C709S072712D011 1.00 10.12

EB-24 SEKR1575C701S072612D007 0.99 10.01

EB-23 SEKR1575C701S072612D013 1.00 10.01

EB-25 SEKR1575C701S072612D019 1.00 10.03

EB-37 SEKR3950C7015072612D013 0.50 5.05

EB-31 SEKR3800C709S072712D011 0.50 5.00

EB-40 OxBow 0.50 5.00 OMA observed in

replicates 2, 4, 5 and 6
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4.4 Microscopic observations of oil in sediment samples under UV epifluorescence

Of the 41 sediment samples received for analysis, only 11 were deemed to show any evidence of oil
fluorescence (Figure 6 through Figure 16). (Note that all 1,042 sample photographs can be found in
Appendix C.) Figure 6 to Figure 16 are selected photomicrographs of samples deemed to have positive
evidence of dispersed oil droplets (spherical shape with yellow fluorescence). Observations were made
at 320x magnification under UV epifluorescence (left), UV with transmitted light (middle), and transmitted
light alone (right). The COOGER laboratory sample number has been used for brevity with the replicate
number, Target Oiling Level, and Actual Poling result included in parentheses.

Figure 6. EB-13 (replicate 6, Target Oiling Level = None, Actual Poling = Light).

Figure 7. EB-14 (replicate 2, Target Oiling Level = Moderate, Actual Poling = Heavy).

Figure 8. EB-15 (replicate 2, Target Oiling Level = Heavy, Actual Poling = Heavy).

14



Figure 9. EB-16 (replicate 6, Target Oiling Level = Heavy, Actual Poling = Heavy).

Figure 10. EB-17 (replicate 6 Target Oiling Level = None, Actual Poling = None).

Figure 11. EB-18 (replicate 2, Target Oiling Level = Heavy, Actual Poling = Heavy).

Figure 12. EB-19 (replicate 4, Target Oiling Level = Moderate, Actual Poling = Heavy).
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Figure 13. EB-20 (replicate 3, Target Oiling Level = Light, Actual Poling = Light).

Figure 14. EB-26 (replicate 4, Target Oiling Level = Heavy, Actual Poling = Moderate). This could
possibly be an OMA.

Figure 15. EB-29 (replicate 7, Target Oiling Level = None, Actual Poling = Moderate).

Figure 16. EB-40 (replicate 6) showing OMA. There was no Target Oiling Level or Actual Poling
result for this sample.
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4.5 Comparison of epifluorescence microscopy with TPH oil chemistry

Due to the low numbers or lack of oil droplets observed in the majority of samples observed, which
precluded the collection of quantitative data by image analysis (without doing image analysis on 100’s of
fields for each sample for statistical analysis) a strong correlation could not be drawn between the
epifluorescence microscopy and analytical oil chemistry results.

It is important to note that beyond the presence or absence of yellow fluorescent spherically shaped
particles — presumed to be dispersed droplets of petroleum hydrocarbons — the interpretation of the UV-
epifluorescence data is limited as they cannot provide information on the state of weathering of the oil, or
the source of the oil.

As noted, due to the irregular frequency of occurrence of fluorescent oil-like bodies, there was no attempt
to make semi-quantitative estimations of oil concentrations within the sediment from the image analysis
data provided by UV-epifluorescence microscopy.

4.6 Total petroleum hydrocarbons

The results of the total petroleum hydrocarbon analysis are illustrated in Figure 17. These results were
compared to the data obtained from Alpha Labs. The difference in the results are most likely due to the
fact that COOGER’s data were reported based on wet weight of sediment, rather than dry weight which
was used by Alpha Labs. COOGER could not present the data on a dry weight basis, because many of
the sample jars were damaged and leaked during transport, which also presents the possibility that some
of the broken samples suffered cross-contamination. In addition, COOGER labs did not have samples of
oils that were used to correct TPH results. The corrected TPH values presented by Alpha Labs are found
in Appendix B.

The gas chromatographic profiles generated by COOGER were not comparable to the reference
weathered crude oil sample provided due to the potential presence of other petroleum sources and a
greater extent of weathering for the detected hydrocarbons.

It is important to note that the oil chemistry data collected by COOGER on the specific samples that were
provided was only intended to be used as a reference point to compare to the corresponding
measurements from UV-epifluorescence microscopy. COOGER’s aim was to provide supporting data to
validate the link between the presence of residual petroleum hydrocarbons and observed fluorescence —
not to provide an estimate for the Line 6B oil released during the Kalamazoo spill.
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Figure 17. Total petroleum hydrocarbon results.

4.7 Alpha Labs data

A table showing the results from Alpha Labs is presented in Appendix B. By measuring biomarkers
(hopanes and steranes) using gas chromatography-mass spectrometry (GC-MS), Alpha Labs was
capable of distinguishing Line 6B oil from other potential oil sources detected in the samples. Figure 18
illustrates the graphical distribution of total oil (a different data set than the TPH values used in Figure 17),
line 6B oil, contributions of the sum of saturates and aromatics, and the sum of resins and asphaltenes in
the samples collected in the vicinity of the spill. There are no obvious trends between the various fractions
of components in the data illustrated in Figure 18. This is likely due to the presence of other sources of
petroleum in the sediments.
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Figure 18. Concentrations of total oil and line 6B oil in sediment samples collected near the spill.
The percent contribution of saturates plus aromatics (Sat/Aro), and resins plus asphaltenes
(Resin/Asph) for each sample is also shown.

4.8 Thin-layer chromatogram scanning flame ionization (TLC/FID)

Thin-layer chromatography (TLC) coupled with flame ionization (FID) analyses (latroscan) is presented in
Table 3. The detection of oil components in sediment sample EB-29 illustrated a very different profile
compared to that found in the reference weathered crude oil sample (Figure 19). Contrary to the
reference weathered oil sample, EB-29 appears to have a lower percentage of high molecular weight
resins and asphaltenes relative to low molecular weight saturates and aromatics. The technique of
TLC/FID has been employed by other researchers to demonstrate oil degradation (Stephen et al., 1998;
Maki et al., 2001). In general these studies suggest that an advanced extent of weathering results in a
greater percentage of resins and asphaltenes. This can be attributed to the fact that the larger molecules
of resins and asphaltenes in oil are apt to degrade more slowly compared to low molecular weight
polycyclic aromatic hydrocarbons and saturates (Hozumi et al., 2000). Based on this assumption, it is
deemed that samples exhibiting a very low percent contribution (<2%) of asphaltenes likely contained
another highly weathered petroleum source rather than Line 6B source oil. Samples containing a percent
contribution of asphaltenes ranging from 2 to 20% were most likely comprised of a mixture of petroleum
products that may include an unknown proportion of weathered petroleum hydrocarbons from the
Kalamazoo River spill.

Table 3. Results for crude oil component analysis. In the comments column, ‘no’ indicates most
likely non-aromatic, and ‘yes’ indicates the presence of aromatics.

Crude Oil Component Analysis
COOGER (%Contribution) CorRments_oglatrcl)scan
Sample id Saturates | Aromatics | Resins | Asphaltenes romatic Results
EB-1 7.5 5.7 73.0 13.8 yes
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EB-2

0.2

1.6

80.4

17.8

based on chromatogram, yes

likely
EB-36 0.2 7.2 91.9 0.6 yes
EB-41 25 37 725 21.2 based on Chlirsgl";togram' not
EB-35 2.2 2.9 57.7 37.2 yes
EB-3 0.0 0.0 11.9 88.1 no
EB-4 0.0 0.0 325 67.5 no
EB-28 8.4 36 82.8 5.2 based on Chlirli’gl";togram' not
EB-5 05 5.7 59.7 34.1 based on Chlirsgj‘togram' not
EB-6 9.4 7.0 73.4 10.2 yes
EB-33 23 0.2 97.2 0.2 no
EB-38 15.4 5.1 715 8.0 ves
EB-20 14.2 16.3 59.6 9.9 yes
EB-7 15.0 5.4 737 5.8 ves
EB-8 113 8.1 72.9 7.8 ves
EB-26 8.4 29 61.2 275 based on Chlirli’gl‘;togram' not
EB-32 2.3 07 78.6 18.4 no
EB-34 8.5 15 82.4 76 no
EB-9 8.8 27 79.9 8.6 based on Chlirli’gl‘;togram' not
EB-16 0.2 3.4 75.9 20.5 yes
EB-24 8.7 0.0 814 10.0 no
EB-15 13.2 7.4 67.1 124 yes
EB-23 19.6 5.9 74.0 05 ves
EB-18 20.4 4.0 705 5.2 based on Ch”rsgl‘;togram' not
EB-25 22.9 21 65.0 10.0 based on Chlirli’gl‘;togram' not
EB-10 7.6 0.0 84.9 7.4 no
EB-14 7.2 7.4 66.9 185 yes
EB-19 102 2.8 83.0 3.9 based on Ch“rlfgl‘;togram' not
EB-39 1.0 33 89.8 5.9 ves
EB-17 8.7 0.1 61.9 29.2 no
EB-27 356 6.1 53.2 5.1 ves
EB-37 37.4 9.9 365 16.2 yes
EB-11 7.9 27 57.4 32.0 yes
EB-12 10.1 4.2 78.9 6.8 yes
EB-21 9.3 3.0 75.7 12.0 based on Chlirli’gl";togram' not
EB-29 45.4 20.6 32.9 11 yes
EB-13 12.1 117 67.7 8.5 ves
EB-30 9.3 48 80.4 5.6 ves
EB-22 9.6 07 88.1 16 no
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EB-31 13.4 4.2 55.8 26.6 yes

Std 17.7 125 47.1 22.7 Weathered crude oil

EB-40 8.6 6.4 79.0 6.0 yes

Asphallenes

Figure 19. TLC/FID chromatograms of (A) EB-29, (B) weathered source oil from the Line 6B spill.

4.9 Three dimensional fluorescence

COOGER conducted 3D fluorescence analysis on the reference weathered source oil sample as well as
representative samples of contaminated sediments recovered from the Kalamazoo River to accomplish
the following: 1) to determine the optimal excitation/emission wavelengths for the identification of the
weathered Line 6B source oil, 2) to determine if there was a difference in optimal excitation/emission
wavelengths for fluorescent contaminant hydrocarbons within the sediments as a result of other
contaminant petroleum hydrocarbon sources or further oil weathering processes, and 3) to identify
physicochemical processes that may interfere with the fluorescence of oil in the presence of sedimentary
material.

The 3D fluorescence data are presented in Figure 20 and Figure 21. The contour plots show that
fluorescence intensity was greater in samples containing lower TPH concentrations which suggested that
fluorescence quenching was occurring. Fluorescence spectra for crude oils typically consist of a broad
band in the visible region, at about 350 to 650 nm, which reflects the overlapping of emissions from
different fluorophores present in the matrix (Sotelo et al., 2008).
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Qils are classified by the American Petroleum Institute as light, medium or heavy depending on their API
gravity value. In general, light oils (high API gravities) will have narrow, intense emission bands while
heavy oils (low API gravities) tend to have broad, less intense bands (Sotelo et al., 2008). This is due to
the high concentration of fluorophores in heavy oils, which is characterized by a high rate of collisional
energy transfer, and a shift toward red in the emission spectrum.

The nature of the fluorophores in a heavy oil, and the presence of reabsorbing molecules (that absorb
light emitted from the fluorescent molecule), lead to quenching resulting in low fluorescence intensities
(Sotelo et al., 2008). In addition to differences in oil composition, fluorescence signatures are also
influenced by the degree of chemical and physical dispersion, and degree of weathering that may be
influenced by environmental factors such as temperature, influence of microbial degradation and the
presence of ultra-violet light.

The two primary quenching processes of concern are collisional (dynamic) quenching and static (complex
formation) quenching. Collisional quenching occurs when the excited fluorophore experiences contact
with an atom or molecule that can facilitate non-radiative transitions to the ground state. Common

quenchers include O, [ Cs+ and acrylamide. In static quenching the fluorophore can form a stable

complex with another molecule. If this ground-state is non-fluorescent then we say that the fluorophore
has been statically quenched. Sediments recovered from the Kalamazoo River for analysis in this project
are likely experiencing dynamic quenching, since the levels of fluorescence increased after the sample
extracts were purified by silica gel solid phase extraction (Figure 21). This indicated that there were
reabsorbing molecules in the oil that were causing the quenching. The presence of what appeared to be
aragonite in the microscopic analysis was unlikely to have been a confounding factor since it would have
been left behind in the sediment during the dichloromethane extraction. These results suggest that UV-
fluorescence analysis of sediments in field samples could under-estimate the petroleum that is present, or
even generate false non-detectable levels of petroleum.
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Figure 20. Contour plots of the weathered crude oil and a few selected samples.
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Figure 21. Contour plots of purified weathered crude and EB-37.

5.0 CONCLUSIONS

Epifluorescence microscopy by UV irradiation showed that the weathered KEB source oil and Kalamazoo
River sediments readily formed OMA. These OMA were stable, as indicated by observations of the spiked
sample after two days. The presence of dispersed oil droplets and OMA were detected in a number of
samples; however, there was no clear pattern of detection when compared with sample oil chemistry due
to 1) the dilution of the petroleum hydrocarbons within the sediments to concentrations below detection
limits that may be attributed to the application of an agitation strategy to mobilize oil entrained within the
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sediments, 2) weathering of the oil that modified its fluorescence characteristics (i.e., excitation/emission
wavelengths for monitoring were no longer within the optimal range for detection), and 3) the occurrence
of fluorescence quenching that diminished sensitivity and selectivity.

Based on prior knowledge on the limitations of the methodology, it was known that UV-epifluorescence
microscopy analysis could not be used to determine the state of weathering of contaminant hydrocarbons
within the sediments or their source. The qualitative and semi-quantitative techniques employed by
COOGER proved to be beneficial in providing a rapid evaluation of contamination by petroleum
hydrocarbons in the spill area, and a percent fractionation of the major components detected in crude oils
for each sample extract. latroscan (TLC/FID) analysis suggested that the contaminant hydrocarbons in
most of the samples were in a more advanced stage of weathering relative to the reference source oil
provided for this study. The data also supported the conclusions of the GC/MS data from Alpha Labs,
that involved the profiling and quantification of biomarkers such as hopanes and steranes against other
target compounds, to resolve Line 6B residual oil against the presence of other sources of oil
contamination within the sediments.

3D fluorescence analysis of the weathered reference source oil and selected sediment samples (with and
without extractive sample cleanup) provided a means of identifying the optimal excitation/emission
wavelengths for detection of residual petroleum hydrocarbons in the sediments. The 3D technique also
demonstrated that dynamic quenching significantly reduces our capacity to employ UV fluorescence as a
time-series monitoring methodology for remedial operations.

In conclusion, it appears that in the initial stages of the cleanup operations, UV-fluorescence was able to
highlight the presence of bulk oil within the split sediment cores. However, as cleanup operations
proceeded by the use of strategies such as sediment agitation, oil within the sediments was reduced to
low concentrations by a combination of the recovery of the mobilized oil, and dilution and dispersion of ail
within the sediments through the natural process of OMA formation. This, coupled with quenching of
dispersed oil droplets, resulted in our subsequent inability to detect traces of the residual oil by image
analysis of whole sediment cores under UV illumination.

6.0 REFERENCES

Ajijolaiya, L. O., P. S. Hill, A. Khelifa, R. M. Islam and K. Lee. 2006. Laboratory investigation of the effects
of mineral size and concentration on the formation of oil-mineral aggregates. Marine Pollution Bulletin 52:
920-927.

Bragg, J. R. and S. H. Yang. 1995. Clay-oil flocculation and its effects on the rate of natural cleansing in
Prince William Sound following the Exxon Valdez oil spill. In Wells, P.G., Butler, J.N. and Hughes, J.S.
(eds.), Exxon Valdez Oil Spill - Fate and Effects in Alaskan Waters. American Society for Testing and
Materials, Philadelphia, PA.

Bugden, J., Yeung, W., Kepkay, P., and Lee, K. 2008. Application of ultra-violent fluorometry and
excitation-emmission matrix spectroscopy (EEMS) to fingerprint oil and chemically dispersed oil in
seawater. Marine Pollution Bulletin, 56:677-685.

Cloutier, D., C. L. Amos, P. R. Hill and K. Lee. 2002. Oil erosion in an annular flume by seawater of
varying turbidities: A critical bed shear stress approach. Spill Science & Technology Bulletin 8: 83-93.

Colcomb, K., D. Bedborough, T. Lunel, R. Swannell, P. Wood, J. Rusin, N. Bailey, C. Halliwell, L. Davis,
M. Sommerville, A. Dobie, D. Michell, M. McDonagh, S. Shimwell, B. Davies, D. Harries and K. Lee.
1997. Shoreline cleanup and waste disposal issues during the Sea Empress Incident. In Proceedings of
the 1997 International Oil Spill Conference, Fort Lauderdale, FL, USA: 195-203.

Cortes, J., Suspes, S., Gonzalez C., and Castro, H. 2012. Total petroleum hydrocarbons by gas
chromatography in Columbian waters and soils. American Journal of Environmental Science, 8(4):396-
402.

25



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

Delvigne, G. A. L., J. A. Van del Stel and C. E. Sweeney. 1987. Measurements of Vertical Turbulent
Dispersion and Diffusion of Oil Droplets and Oil Particles. Report No. MMS 87-111. US Department of the
Interior, Minerals Management Service, Anchorage, Alaska. 501 p.

Guénette, C. C., G. A. Sergy, E. H. Owens, R. C. Prince and K. Lee. 2003. Experimental design of the
Svalbard shoreline field trials. Spill Science and Technology Bulletin 8: 245-256.

Guyomarch, J., S. Le Floch and F. X. Merlin. 2002. Effect of suspended mineral load, water salinity and
oil type on the size of oil-mineral aggregates in the presence of chemical dispersant. Spill Science and
Technology Bulletin 8: 95-100.

Hill, P. S., A. Khelifa and K. Lee. 2002. Time scale for oil droplet stabilization by mineral particles in
turbulent suspensions. Spill Science and Technology Bulletin 8: 73-81.

Hozumi, T., Tsutsumi, H., and Kono, M. 2000. Bioremediation on the shore after an oilspill from the
Nakhodka in the Sea of Japan. |. Chemistry and characteristics of heavy oil loaded on the Nakhodka and
biodegradation tests by a bioremediation agent with microbiological cultures in the laboratory. Marine
Pollution Bulletin, 40(4):308-314.

Kepkay, P. E., J. B. C. Bugden, K. Lee and P. Stoffyn-Egli. 2002. Application of ultraviolet fluorescence
spectroscopy to monitor oil-mineral aggregate formation. Spill Science and Technology Bulletin 8: 101-
108.

Khelifa, A., P. S. Hill and K. Lee. 2003. A stochastic model to predict the formation of oil-mineral
aggregates. In Proceedings of the 26th Arctic and Marine QilSpill Program (AMOP) Technical Seminar.
Victoria, Canada. Environment Canada, Ottawa, Ontario. pp. 893-910.

Khelifa, A., P. Stoffyn-Egli, P. S. Hill and K. Lee. 2005h. Effects of salinity and clay type on oil-mineral
aggregation. Marine Environmental Research 59: 235-254.

Leazar, L.L. (1986). Quantitative Analysis of Petroleum Residues and Heavy Oil by TLC/FID. J.
Chromatograpic Science. 24:340

Lee, K. 2002. Qil-particle interactions in aquatic environments: Influence on the transport, fate, effect and
remediation of oil spills. Spill Science and Technology Bulletin 8: 3-8.

Lee, K., Z. Li, H. Niu, P. Kepkay, Y. Zheng, M. Boufadel and Z. Chen. 2009a. Enhancement of oil-
mineral-aggregate formation to mitigate oil spills in offshore oil and gas activities. Final Report (Contract
No. M07PC13035) submitted to Minerals Management Service. March 30, 2009. 99 pp.

Lee, K., T. Lunel, P. Wood, R. Swannell and P. Stoffyn-Egli. 1997. Shoreline cleanup by acceleration of
clay-oil flocculation processes In Proceedings of the 1997 International Oil Spill Conference, Fort
Lauderdale, FL, USA: 235-240.

Lee, K., P. Stoffyn-Egli, P. Wood and T. Lunel. 1998. Formation and structure of oil-mineral fines
aggregates in coastal environments. In Proceedings of the 21st Arctic and Marine Oilspill Program
(AMOP) Technical Seminar. Environment Canada, Ottawa, Ontario, pp. 911-921.

Lunel, T., R. Swannell and J. Rusin. 1997. Monitoring the effectiveness of response operations during the
Sea Empress incident: a key component of the successful. Oceanographic Literature Review 44: 1570-
1570.

Ma, X., A. Cogswell, Z. Li and K. Lee. 2008. Particle size analysis of dispersed oil and oil-mineral
aggregates with an automated ultraviolet epi-fluorescence microscopy system. Environmental
Technology 29: 739-748.

Maki, H. Sasaki, T. and Harayama, S. 2001. Photo-oxidation of biodegraded crude oil and toxicity of the
photo-oxidized products. Chemosphere, 44:1145-1151.

Omotoso, O. E., V. A. Munoz and R. J. Mikula. 2002. Mechanisms of crude oil-mineral interactions. Spill
Science & Technology Bulletin 8: 45-54.

Owens, E. H., B. Humphrey and G. A. Sergy. 1994. Natural cleaning of oiled coarse sediment shorelines
in Arctic and Atlantic Canada. Spill Science and Technology Bulletin 1: 37-52.

26



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

Owens, E. H. and K. Lee. 2003. Interaction of oil and mineral fines on shorelines: review and
assessment. Marine Pollution Bulletin 47: 397-405.

Owens, E. H., G. A. Sergy, C. C. GuAGnette, R. C. Prince and K. Lee. 2003a. The reduction of stranded
oil by in situ shoreline treatment options. Spill Science and Technology Bulletin 8: 257-272.

Owens, E. H., G. A. Sergy, C. C. Guénette, R. C. Prince and K. Lee. 2003b. The reduction of stranded oil
by in-situ shoreline treatment options. Spill Science and Technology Bulletin 8: 257-272.

Payne, J. R., J. R. Clayton Jr. and B. E. Kirstein. 2003. Oil/suspended particulate material interactions
and sedimentation. . Spill Science and Technology Bulletin 8: 201-221.

Payne, J. R., J. R. Clayton Jr., G. D. McNabb, B. E. Kirstein, C. L. Clary, R. T. Redding, J. S. Evans, E.
Reimnitz and E. W. Kempema. 1989. Oil-lce-Sediment Interactions during Freeze-up and Break-up.
Outer Continental Shelf Environmental Assessment Program, Final Reports of Principal Investigators.
U.S. Department of Commerce, NOAA, OCSEAP. Final Report 64, 382 p.

Prince, R. C., R. E. Bare, R. M. Garrett, M. J. Grossman, C. E. Haith, L. G. Keim, K. Lee, G. J. Holtom, P.
Lambert, G. A. Sergy, E. H. Owens and C. C. Guénette. 2003. Bioremediation of stranded oil on an arctic
shoreline. Spill Science and Technology Bulletin 8: 303-312.

Sergy, G. A., C. C. Guenette and E. H. Owens. 1998. The Svalbard shoreline oilspill field trials. In
Proceedings of the 21st Arctic and Marine Oilspill Program (AMOP) Technical Seminar, Environment
Canada, Ottawa, pp. 873-889.

Sotelo, F., Pantoja, P., Lopez-Gejo, J., Le Roux, G., Quina, F., and Nascimento, C. 2008. Application of
fluorescence spectroscophy for spectral discrimination of crude oil samples. Brazilian Journal of
Petroleum and Gas, 2(2):63-71.

Stephens, F., Bonner, J., Autenrieth, R., and McDonald, T. 1998. TLC/FID analysis of compositional
hydrocarbon changes associated with biodegradation. In proceeding of the International Oil Spill
Conference. 1998, #264.

Stoffyn-Egli, P. and K. Lee. 2002. Formation and characterization of oil-mineral aggregates. Spill Science
and Technology Bulletin 8: 31-44.

Sun, J. and X. Zheng. 2009. A review of oil-suspended particulate matter aggregation-a natural process
of cleansing spilled oil in the aquatic environment. Journal of Environmental Monitoring 11: 1801-1809.

Venosa, A. D., M. T. Suidan, K. Lee, S. E. Cobanli, S. Garcia-Blanco and J. R. Haines. 2002b.
Bioremediation of oil-contaminated coastal freshwater and saltwater wetlands. In: Coastal Environment:
Environmental Problems in Coastal Regions 1V, C.A. Brebbia (ed.). WIT Press, Southampton, pp. 139-
150.

Weise, A. M., C. Nalewajko and K. Lee. 1999. Oil-mineral fine interactions facilitate oil biodegradation in
seawater. Environmental Technology 20: 811-824.

Yamamoto, V. and Kawanobe, T. (1984). Analysis of Heavy Oils by FID-TLC (Part 1) Rapid Method for
Determination of Asphaltene Contents. Sekiyu Gakkaishi 27:269.

Yamamoto, V. and Kawanobe, T. (1984). Analysis of Heavy Oils by FID-TLC (Part 2) Rapid Method for
Determination of Heavy Oils. Sekiyu Gakkaishi 27:373.

27



MANSFIELD CHAIN OF CUSTODY pace ) of == | DateRecdmian: ALPHA Job #:
P E S] | -\ Fro 0 Report Information Data Deliverables  Billing Information
ARALT ) EAL O rax O emaL 7] samaaxCiantints | PO#
[ Cigee ChenlnlirY
z O apesx O Add' Dativerablos
Westsorough, MA Manaficid, MA - 4 A . B
TEL SOBUON-0220 TEL: 608 ma2a300 Froject Nacna: Entridge Regulatory Requirements/Report Limits
m X 508560100 FAX. SOB-E33.388 StataFed Program Criteria
l ciient information Project Location; |
E Cliont: AECOM Project #: Quantification Study Al
Address: 260 Apollo Dr Profect Manager. Robert Kennedy |
: _Crmimatord MA 1824 ALPHA Quigta i: ANALYSIS
Phone: 978-905-2269 Turn-Around Time SAMPLE HANDUNG
—— Filtration
U Fax 975-805.2100 O Stangard [ Aush josy ¥ PRE-aPPROVED O tene
& :
Email: fobaftkinnedy @ secom.com % E :::'::“‘
O 3 s amisgsen | aimsrs risvoenzaie ameyosts oy Algna Dun Date: Tire, s Preservatioe
- - o 2 O Labtod
Other Project Specific Requiraments/Comments/Detaction Limits: ; P ;M:"y
‘ I % beiow
o2
[J MS/MSD (at unit cast) will be omiltad unless you check hare 5
£
| | :
ALPHA Lab ID | Sample ID Callestion Sampla Sampler's ='_;L e
| fLab Usa Cnly) Gite Time Matrin Inittals w Comments
} N | 120800011 | sExRazsocToIS0T2E12DX orrasitz | owst 5ED g (Ugioaigiaioaiajd '
H I 120800912 | SEXR3TS0CT0180725120006 oranz | cess SED _ O oiOfoiCOjajc '
| 120800813 _| SEKR37S0CTDISO72512D010 oRez | wee | BED & | L D_ LN ED R TET L PR B '
I | 120500014 SEKRGAZECTMB072512D% ovesng |1 | sep | X (Oggiogaigormoiaig '
1200008-15 | sErFD4esTrOISOTRS 120007 | ormanz | vz SED M OO0 jcjgigjaoic g i
U 1208000-16 | sexmassecry1s0728120% orrenz | 112 _ SED X OO 'D Oorgojaoioimgd !
1208009-17 | SEKRSES0C701E0726120007 oreenz | vige SED Pl = = el iEiinii=i =)=l =jin '
m | 1208010-01 SEKR3S5HCT7MS0728120012 orReNne 1139 SED E—U D D D |:[ D D D D D D :
| 1208010-02 | SEXR1578CTN250726120X | orreenz | 1sm SED ETOnoooigiohmTg | EFm§jR '
q | 120801008 | sexmvszscresorestzoss | orewna | isoe oD B OOOOoooo ool 5
Container Type | =
Presarvaliva | - = ) 3 2 = ' - : = ] = : E‘Ein”?ﬂ.&’."éﬁ;r'ﬁ.ﬂ%m
d // Helingylshed By DataTime Received By, Date/Tima :‘:nm?ﬁfnlzsﬂagk wil net
- v igudel
P e stz 1615 LPS el i
f: / L t l Y / 7 submitiad are sutiec! 10
rormi e sy > i o &lfs M Ffikde | #eres Fament Terms
[ - f I it
L

¢T0¢c

‘9T 1snBny uo paAladal sajdwes Jo yareq 1sil) ayl Joj Apoisnd Jo ureyd ayl Jo saidod ae Buimojol ayl
Vv Xipuaddy



MANSFIELD CHAIN OF CUSTODY page 7-0F 'f Dato Rec'd in Lsb: ALPHA Jobi:
P -'ﬁLFH A Proje b ot Report Information Data Deliverables Billing Infor
AlaLvTIOAL 0O rax O eman 11] Same &s Cl
z | O AvEx [ Add Detiverablos I
Westborough, MA Mansfield, WA . i "
TEL 508655020 TEL: S08-022-8400 Project Name: Enbriige Regulatory Requirements/Report Limits
m FAN: SOE-950-015 FAN L08-8232-3238 State/Fed Program Critoria
ormatio Project Location: |
Client: AECOM ! Projcat #: Q fisation Giudy
: Addross: 250 Apollo Dr _| Project Manager: Roben Kennedy
_Cheimstord 1A 01824 ALPHA Quaote #: ANALYSIS L
U Phone: 978-005-2260 Turn-Around Time SAMPLEHANOLING By
Fitration A
Fax; 978-905-2100 I Standad [ Rush (oMY & PRE-APPROVED, O Done
O Email; ropeit.kennedy @ apeom.com D L Mot tiudag 3
=Ll O Lab o do :]
| [ Time senttes nove sean Provousty aralyssa by Alpha Due Date: Time: Fresarvation ?
a | “Diher Project Specific Requirements/Comments/Detection Limits: = 5 s T
= (Please specily L
| | below) E
7] ]
m [0 MSMSD (at unll cost) will be amitied unless you check here
| =
8 ALPHA Lab ID Sample 1D Calletlion Sample samplor's ﬁ S e
I I {lab Usa Cnly) Date Timao Matrix Inlfials w Commaste
1208008-01 | SEXRR025C7025072412D% omoanz | 1034 SED Rl = e = =
: 1208008-02 SEKR2025C70260724120006 ez | 103 SED o (LU OO OO 1
1208008-03 SEKR2ZB50CTD180724120X g7RANZ | 1450 SED M O[o|ojgigid | ajaig =] ’
U 1208003-04 SEKAZBS0CTHIS0722120003 o7R4NE | 1501 SED X OO0 I:I Oojaorayaid [ '
m 1208009-05 SEKR1H00C7015072512D% a2 | b7ds SED R |OO|OO[Ogo[aoraod Ll '
1208009-08 SEKR1900C7015072512D005 sz | orse SED X 10 miinjiuiisjjegin)= O '
q 1208008-07 | SEXR1800CT01SO725120000 oimsn2 | osot sep Ogooaoraiaioimgio '
i_1208009-08 SEKRBUBUG7U15072512DX o752 |omt4 |  SED W OO0y U :
| 1208009-09 SEKF3650C70180725120008 omsne | 0o4s SED oaoaagaigid O '
d | 120800810 SEKR3650070150725120010 omzanz | oe:e sep | OO oiojgid || '
m Alack . uffedioaT - g1 Cons il Container Typa = -
G 3 g 2 : i " . = # i = PFiease pint cinarly, legibd
Praservalive nhda:ntg;zw;mgnega::m
o i
m s Halingyishad By: Date/Tima Roceived By: DateTima m.ww vo:ﬁ*:;’; wil net
W 95’3 /fZ— 16IS] . Ues e A
f /f.! L}I P i - P e subject 1o
o 00 FI T (OGy ek =/ { A Alpha's Payment Tams,
m ; pd £z Lo 0iklen & -
S A
l [ -




MANSFIELD CHAIN OF CUSTODY

pagE L OF'f Date Rec'd in Lab: ALPHA Job #:
P A . ".PH A Froje o 5 Report Information Data Deliverables  Billing Information
ASCRLAr L G AL O rax O emar [ sameas Ciientinfo | PO#:
z f #riaa cienicoamicni Y '
O apex [ Add'l Deliverabies
gh, MA MA PreseatNames Enbid
m S o T S roject Name: Enondge Requlatory Requirements/Report Limits
FAX: SOR-058-9150 FAX: 508-192-3208 StteFod Program Criteria
E ormatio Project Location:
Clignt: AECOM Pruject #: Quantification Study
: Auddress: 250 Apollo Dr Project Manager: Robert Kennedy
Chalmsiord MA 01824 ALPHA Quote f; ANALYSIS
U Phone: 976-008-2260 Turn-Around Time SAMPLE HANCLING
Flltration
O | _Fax 678-005-2100 O Standard O Rush (onwy ¥ PREAPPROVED: O Done
=TS =] O Nat Meedad
_Email: robert. kennedy @ aecom.com g‘ 8 Lablas
a ] Thase sampias nave boen Previsusly analyzodt by Alpha Due Dale Thme: ] Prasgrvation
= = = - g O Labtodo
f ntsy - =
Other Projsct Specific Requirements/Comments/Detection Limits: < ol
p | belon
]
m 0 MS/MSD (at unit cost) will be omitted unless you check hera %
g
1=}
8 ALPHA Lab 1D Sample 1D Collection Sample Sampler's % Sronhs Rt
I I {Lab Use Only) Dater Time Watrix LR Cammenta
T
1208010-04 | sekRi575CT0280726120010 orrenz | oreinz sep | 1sm1 (miiujisjinjj=iinji=ijeiiniisi)s
: 1208010-05 SEKR1675CT0150726120X o7/2EN2 | onEI2 SED 15:08 E D D D D L_-I D D D D D D y
)
1208010-08 SEKR1575C70180726120007 orn2 | oremne SED 15:23 Eiisji=iisiin)=iin]iniinyi=]is :
U 1208010-07 SEKR1575C7015072612D013 | oreenr2 | omRThE SED 15:26 ==l ===l =i = ey ==
m 1208010-08 SEKR1575C7015S072612D019 griaenz DTN SED 15:29 E D D EI EI D D D D D D D !
1208010-09 SEKR3800CTO7S07R712DX e | oiane SED 13:47 M (OOajojoiioiafoig i
q 1208010-10 SEKRIB00C7079072712D004 ommINg | oT2eHd SED 13:43 X OO aaaolim gl :
120B010-11 SEKMS800CT07SA727120009 ooz | oweenz SED 19:45 goooiggiaioigio| g '
1208010-12 SEKR3800CTO7S0727120014 oriaThz | oveahe SED 13:48 E D D D D EF D D D D D 1
d 1208010-13 SEKR3800CT09S0727120X w/eThe | omzena SED 14:28 E [j D D D D EI D D D D E "
m Container Type
= . 4 = = < + = Ploase pint choady, legitl
Preservalive and complately, gaf:guycm
not ba jogged i and
m _# Aslinguishsd By DOate/Time Facalvad By Dala/Tima turnarolngd time clock will net
- start uttd uny amBiguitias
J—a/_AA——'" ?{fbhl_ f_bfr UP\S incohed. Al samples 5
// [} = r _: r submitiod are sutsact 1
A TR 30120040 Ejs Jr e ’ (FEA= Alpra's Paymani Tems.
m e B SAN EE) / ~ 3 7L - y -
- ok




-
<
L
=
>
=
O
&
L
s
—
L
)
o
<
-t
o
i
2,
-

TE

MANSFIELD CHAIN OF CUSTODY
ALPHA Rroject lnbusetio

AN ALY T A

Mansfield, MA
TEL: B0B-822-0300
FAY G08-822-3788

Wesiborough, WA
TEL: S08-808-9220
FAX: BOB-BI8-0183

Project Name: Enbridge

PAGE

'voF Date Ree'd In Lab: \ ALPHA Job #:

Report Information Data Deliverables
O rax O EmalL

[0 Apex

Billing Information
| Ll Same as Cllant info PO #

[ Add Deiversbles | I

Regulatory Requirements/Report Limits
State/Fed Program Criterta

0 0 Project Localion:

Cllent AECOM Project r; Quantilication Study

Address: 250 Apailla Dr

Project Manager. Roberl Kennedy

Chelmstord MA 01824 | ALPHA Quots #: ANALYSIS
Phone: 978-005-2209 Turn-Around Time | SAMPLE HANDLING
Filtration
Fax: §78-905-2100 O stansard I Rush (OMY & PHE.APPROVED: 1 Done
= L
Email. robert kennedy @ ascom,com g g ::J:‘:::” e
] Trase sampies hawe boen Previousyy anaiyzed by Aloha Due Date: Time: % Presasvation 2
Ofther Project Specific Requirements/Comments/Detection Limits: E E’i::::"" E
3 L s
2
[ MSMMSD (at unitcost) will be omitted unless you check here é
ALPHA Lab ID Sampla ID Calfoction ! Sampils Samplar's =
| (Lab Use Oniy) Data Tine | Malrx Initiats w I | [
1208010:14 SEKR3800C7085072712D006 oathz | 1em SED g (H[OO7O[aaarmaiala '
120801015 SEKR3800CT0980727120011 orznz. | 1499 SED mii=jinji=ji=ji=jisji=jin]in]ln
120801016 SEKR3775C702S072712DX ovzine | 1658 SED =jinii=ii=ii=fi=ii=ii=Ri=ii=)]n 1
1208010-17 SEKRS775C7025072712D005 | omznz | 1700 SED === = == A= = =g =) 1
N
1208010-18 SEKR377EC70250727120000 orTnz | 1702 SED miinji=Ri=li=jiniingin)i=ii=)] s '
| ERI=iniiniiniinli=iiniin)i=yin]in
] mEeiisjjujinjjujisiiuj]=ji=s]i=)js
| O ggiojggiga(ogfaiaid
o O L e o o o e
i 0 ) P o
Conlainer Type | *
; F e cieary, log
Presurvative ] l ¥ | : .,i‘:.in‘;;;l‘.f‘fggifﬁi"m
! g N
/' Halinguighed By Date/Tima Recelved By Dafe/Time !:m“n:ﬂ:\%;u :gch Wil ot
e /302 615 ves e Alsartee
H ied are jnet &
T a il : Cotu_Jo #l 1k sl b
(. - 1) / r‘ ; | 1 :
¥
[ L o,



In reference to the first shipment of samples sent in 2 coolers (Mansfield Chain of Custody 1) from
AECOM (ALPHA LAB), the Centre for Offshore Oil, Gas and Energy Research received the samples in
the conditions stated below.

The ID’s of damaged samples were as follows:

1) SEKR1575C701S072612D019 1 of 2 Broken, bottom of jar detached
2) SEKR1575C701S072612D019 2 of 2 Broken, bottom of jar detached

3) SEKR0425C701S072512D007 Large crack, bottom of jar about to detach
4) SEKR1575C702S072612D010 Broken, bottom of jar detached

5) SEKR3775C702S072712D009 Crack, sample may have leaked

6) SEKR3800C707S072712D009 Broken, bottom of jar detached

7) SEKR1575C702S072612D005 Broken, bottom of jar detached

8) SEKR1575C701S072612D013 1 of 2 Small crack visible on jar

9) SEKR1575C701S072612D013 2 of 2 Small crack visible on jar

10) SEKR3800C709S072712D011 2 of 2 Crack, sample may have leaked
11) SEKR3950C701S072612D007 Broken, bottom of jar detached
12) SEKR1575C701S072612D007 1 of 2 Small crack visible on jar

13) SEKR1575C701S072612D007 2 of 2 Broken, bottom of jar detached
14) SEKR3950C701S072612D013 1 of 2 Broken, bottom of jar detached

In addition, all ice packs were melted and the samples were near room temperature. All samples were
isolated from the two shipment coolers and placed in the fridge at 4 degrees Celsius.
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Appendix C: Kalamazoo River Sediment Sample Photographs

The following table contains all the photographs taken of the sediment samples.
The corresponding field ID is provided, magnification (100uM scale bar = 128x
and the 50 uM scale bar = 320x) and light conditions:

A = UV Epifluorescence

B = UV Epifluorescence and Transmitted Light

C = Transmitted Light
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