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SUMMARY AND CONCLUSIONS

This project positively detected oil trapped in and under ice with two completely independent
technologies, both of which have potential for further development and large-scale field-
testing. In many respects (limited size of spills, lack of natural cracks and fractures in the
ice), the design of this test program represents a worst-case scenario, compared with the
expected characteristics of a real spill under sea ice. In this context, the results reported here
represent a significant breakthrough, especially when viewed against decades of previous
work, resulting in few if any practical solutions to the oil-in-ice detection problem.

There is a worldwide need to develop a practical remote sensing system to detect and map oil
in ice. Such systems will facilitate leak detection and improve spill response capabilities for
oil and gas operations in Arctic regions. This paper presents results from tests in November
2004 on a 35 cm (14 in) thick sea ice sheet grown at the Cold Regions Research and
Engineering Laboratory (CRREL) in Hanover, NH. Two independent technologies were
evaluated: high-frequency pulsed Ground Penetrating Radar (GPR), and an ethane gas
sensor. The objective was to establish whether off-the-shelf technologies and sensors could
detect oil under solid ice.

Fresh South Louisiana crude was injected inside six plastic skirts frozen into the smooth ice.
Spill volumes ranged from 49 to 188 liters (13 to 50 gal), representing nominal oil film
thickness from 8 to 30 mm (0.3 to 1.2 in). The six spills included an equal mix of trapped oil
within the ice sheet and free oil under the ice sheet. A seventh spill was made in rubble ice
with a rough undersurface. Analysis of the saturated headspace vapor for the oils used
indicated that the ethane concentration ranged from 5000 ppmv before the test to only about
3000 ppmv at the conclusion of the field test.

The radar group completed a series of 2D and 3D experiments, utilizing two radar systems,
each with three antenna configurations, ranging from 450 MHz to 1200 MHz. Radar results
show a clear reflection from the ice/water interface in both the smooth ice and rough ice
areas over the full range of antenna frequencies (including airborne runs up to three meters
above the ice surface). At frequencies above 800 MHz, researchers observed clear, well
defined frequency, phase, and amplitude anomalies where oil was known to be present at the
ice/water interface and trapped within the ice. The agreement of experimental results with
initial modeling indicates the potential to accurately predict GPR response to a variety of
arctic spill scenarios and radar parameters. Overall, the results clearly demonstrate the
potential for detecting oil under sea ice with GPR.
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The LightTouch™ ethane gas sensor uses a Tuneable Diode Laser Spectrometer (TDLS),
that can measure real-time concentrations to an accuracy of ~50 parts per trillion,
approximately 200 times better than gas chromatographic measurements. Results show
measurable, but very low, levels of ethane flux being transmitted through the ice sheet within
the oiled areas. These measurements were made 2-3 days after the last four spills (under the
maximum ice thickness) and 9-13 days following the initial three spills (under thinner ice).
Although the ethane flux from oil trapped under these artificial, test-tank conditions was
extremely small, the ice coring data demonstrated that the oil and light gases, such as ethane,
had penetrated nearly to the surface of the ice within the 14 day program duration (initial
spill to final day of testing). Given longer times and natural conditions, where tectonic forces
would provide additional migration pathways, it appears likely that an airborne
LightTouch™ detection system would be capable of detecting ethane emissions associated
with a real oil spill.
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GLOSSARY AND LIST OF ACRONYMS

In approximate order of appearance in the report

CGISS
CRREL
GPR
TDLS
MMS
ETI
AVO

TE
™
IARC
AFDH
GC

ppb

ppt
SCADA
EPA
3D
TDR
WOW
LSS

IR

W
TDLS
PTFE
SD

h.c.

Center for Geophysical Investigation of the Shallow Subsurface
Cold Regions Research and Engineering Laboratory

Ground Penetrating Radar

Tuneable Diode Laser Spectrometer

Minerals Management Service

Exploration Technologies Inc.

thin bed amplitude vs. offset

(as in change in amplitude with increasing offset or AVO analysis)
transverse electric (polarizations)

transverse magnetic (polarizations)

International Arctic Research Center (University of Fairbanks)
accumulated freezing degree-hours

gas chromatograph

parts per billion

parts per trillion

Supervisory Control and Data Acquisition

Environmental Protection Agency

three-dimensional

time domain reflectometry (probe)

low frequency transient noise

proprietary trace interpolation algorithm used in Promax processing software
infra-red

ice/water interface

Tuneable Diode Laser Spectrometer

Polytetrafluoroethane

standard deviation

hydrocarbon

v 3/09/05



Oil-in-Ice Detection

CONTENTS
Page
ACKNOWLEDGEMENTS i
PROJECT ORGANIZATION i
SUMMARY AND CONCLUSIONS i
GLOSSARY AND LIST OF ACRONYMS v
1.0 INTRODUCTION AND OBJECTIVES 1
2.0 BACKGROUND AND STATE OF KNOWLEDGE 2
2.1 Range of Qil in Ice Scenarios 2
2.2 Oil and Ice Detection 4
2.3 Experiences with Radar 5
24 Detection of Hydrocarbon Gases at Low Levels 8
3.0 TEST PLANNING 11
3.1 Facility Description 11
3.2 Crude Oil Selection and Procurement 14
3.3 Ice Sheet Development 14
3.3.1 Rough ice development 15
3.3.2 Smooth ice 15
3.4 Spill Volumes and Containment 16
3.5 Spill Procedures 19
3.6 Flux Chamber Methods 20
40 TEST CONDITIONS 23
4.1 Overall Layout 23
4.2 Ice Thickness 26
4.3 Rough Ice Description 27
4.4 Air, lce and Water Temperatures 38
4.5 Oil in Ice Configurations 29
4.5.1 Lateral oil spreading 30
4.5.2 Vertical oil distribution 34
5.0 GROUND PENETRATING RADAR (GPR) 38
5.1 Experimental Setup 38
5.1.1 3D common offset survey 38
5.1.2 2D profiling 39
5.1.3 Multi-offset data acquisition 41
5.1.4 Airborne radar data 41
5.1.5 Electric permittivity control measurements 41
5.1.6 GPR Data Processing 42

vi 3/09/05



CONTENTS (cont.)

5.2

6.0 LIGHTOUCH™ ETHANE SENSOR
6.1 Experimental Setup
6.2 Ethane Flux Measurements
6.3 Results and Discussion
6.4 Oil, Ice, Air and Water Sample Analysis
6.4.1 Oil chemistry
6.4.2 Ice core samples
6.4.3 Water samples
6.4.4 Air samples
7.0 FUTURE DEVELOPMENT
7.1 Radar Potential
7.2 Ethane Sensing Potential
7.3  Alternate Technologies: Seismic Methods
7.4 Recommended Research and Development
REFERENCES
APPENDICES
A Ground Penetrating Radar (GPR) Data
B Ethane Flux Data
C Ice Thickness and Oil Distribution
D Hydrocarbon Analysis of Independent Oil, Air, Water, Ice Samples
E  Technical Note: Oil Recovery
F  Technical Note: Potential for Seismic Methods

GPR Results and Discussion

5.2.1 3D common offset survey

5.2.2 2D antenna frequency comparison
5.2.3 Multi-offset data acquisition

5.2.4 Airborne radar data acquisition

5.2.5 Electric permittivity control measurements

Vii

Oil-in-Ice Detection

Page

42
42
46
49
49
50

51

51
52
57
58
58
59
60
61

62

62
64
65
66

68

3/09/05



Oil-in-Ice Detection

List of Figures

Figure 2-1 Modeled 1GHz GPR response to a thin layer of oil under ice
Figure 3-1 View down the tank to the East with rough ice in the foreground
Figure 3-2 New ice forming in the test basin

Figure 3-3 Plan view of the Ice Engineering Facilities at CRREL

Figure 3-4 Ice growth as a function of accumulated freezing degree hours
Figure 3-5 Divers view of a spill containment skirt beneath the ice
Figure 3-6 Flux chamber deployed to measure methane emissions
Figure 3-7 Flux chamber cutaway view

Figure 3-8 Ethane flux chamber fabricated for the project

Figure 4-1 Test Layout Map

Figure 4-2 Overhead view of surface conditions in the initial three oil skirts
Figure 4-3 Overhead view of the second three spill skirts (2-1 to 3-3)
Figure 4-4 Surface appearance of ice rubble (Test area 2-4)

Figure 4-5 Measured ice temperature profile - November 19, 2004
Figure 4-6 Internal ice and surface temperatures - November 18, 2004
Figure 4-7 View down the tank with underwater lights

Figure 4-8 Vertical photograph looking down on site 2-3

Figure 4-9 Example view from the underwater video camera in Site 2-3
Figure 4-10  Coring in the center of ethane flux site #26, Site 1-1

Figure 4-11  Core extracted from site 1-1

Figure 4-12  Oil exposed on the surface from coring in Site 1-2

Figure 4-13  Core extracted from site 2-2

Figure 4-14  Close up of oiled "brine" channel within the 2-2 core

Figure 5-1 Radar team traversing oiled test sites at CRREL

Figure 5-2 Sensors and Software system

Figure 5-3 MALA Geosciences RAMAC system

Figure 5-4 Depth to ice/water interface & surface location of GPR profiles
Figure 5-5 Reflection strength of the IW reflection

Figure 5-6 GPR reflection data and reflection strength over smooth ice
Figure 6-1 The Shell Global Solutions TDLS ethane gas sensor

Figure 6-2 Flux chamber pre-test over PTFE sheeting

Figure 6-3 Sketch of relative locations of flux chamber measurements
Figure 6-4 Flux chamber measurement No. 26a over encapsulated oil
Figure 6-5 Asymptotic approach of ethane concentration to equilibrium
Figure 6-6 Last 7 minutes of position 26a data

List of Tables

Table 2-1 Comparison of light hydrocarbon gases in crude oil samples
Table 3-1 Spill Sets

Table 4-1 Summary of Ice Thickness Measurements

Table 4-2 Summary of Spill Volumes and Ice Parameters

Table 4-3 Oil Pool Thickness (actual vs. planned)

Table 5-1 Ice Permittivity Estimates from Downhole TDR Probe

viii

Page

12
12
13
16
17
20
21
22
24
23
25
27
28
29
31
32
33
35
36
36
37
37
39
40
40
44
45
48
52
53
54
55
56
56

19
26
30
33
50

3/09/05



Oil-in-Ice Detection

1.0 INTRODUCTION AND OBJECTIVES

As a result of continued interest in oil exploration and development in Alaskan offshore
areas, the Minerals Management Service (MMS) as part of their Technology Assessment and
Research Program, Oil Spill Response Research, is supporting the evaluation of new and
innovative equipment and technologies for the remote sensing and surveillance of oil in and
under ice. Additional funding support for this project was provided by Alaska Clean Seas
and Statoil ASA, and ExxonMobil donated the crude oil.

The lack of any reliable and practical operational system to detect and map spilled oil in or
under ice continues to be a critical deficiency in Arctic spill response (2.0). In addition to
needs in the US Arctic, other worldwide areas are rapidly developing with similar oil-in-ice
problems (Sakhalin Island, Soviet Barents Sea, North Caspian Sea, Baltic Sea). There is a
strong motivation within industry and government agencies to develop a reliable, remote
method of detection, which can be carried out economically and safely. Ideally, such a
system would have the capability of operating in both airborne and ground-based modes, and
have the capability of determining whether oil is present, and to map the boundaries of
contamination over potentially large areas. The need for further research and development in
this area was recently highlighted in a publication by the Prince William Sound Oil Spill
Recovery Institute and the US Arctic Research Commission (Dickins, 2004).

The overall objective of this program was to establish whether off-the-shelf technologies and

sensors could detect oil under ice in a controlled meso-scale environment, as a prelude to
further development and field-testing.
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2.0 BACKGROUND AND STATE OF KNOWLEDGE
21 Range of Oil-in-Ilce Scenarios

This section outlines a number of possible configurations of oil-in-ice that could result from
spills under solid landfast (also known as simply fast) ice or large pack ice floes. In some
cases, oil initially on the ice surface could become trapped internally within thicker ice as
individual sheets raft over each other. For a detailed review of the state of knowledge
concerning the behavior of oil in all types of ice, the reader is referred to Dickins and Fleet
(1992). A detailed description of oil-in-ice scenarios is provided in Dickins et al. (2000).

There are two distinct periods defining oil behavior in and under ice (months refer to typical
seasons in the US Beaufort):

. Winter spreading of oil under ice & encapsulation (October to April), and
. Oil migration and surface appearance (May to June).

The fate and behavior of oil beneath solid ice is governed by a number of important
processes, which control the extent and thickness of the oil layer:

Initial Spreading and Natural Containment. In general, oil spilled under stable
landfast ice will not spread beyond hundreds of feet from the spill source, based on
basin tests of threshold currents and field measurements of minimal or null currents
under the ice in the Alaskan Beaufort (Cox and Shultz, 1980; Intec for BP, 1996
(unpublished), noted in Dickins et al., 2000). The final contaminated area boundaries
under smooth ice are controlled largely by natural variations in ice thickness,
reflecting the different snow depths. As demonstrated in the CRREL tank, sea ice
sheet grown under controlled conditions without snow can still develop significant
variations in thickness related to non-uniform rates of heat transfer (Sec. 4.2). These
variations in ice thickness allow large volumes of oil to be contained within localized
areas (Kovacs et al., 1981).

Areas of ice rubble, rafting, and ridging can lead to a wide variety of mixed oil and
ice configurations. Under these conditions, oil can be trapped in localized pockets
between blocks or in voids. Oil spreading under relatively smooth ice could be
effectively blocked from further movement by under hanging ridge keels.

Encapsulation and rapid immobilization This process involves the rapid formation of
new ice beneath oil trapped under the growing ice and acts to immobilize the spill
within a matter of hours or days (Norcor, 1975; Dickins and Buist, 1981).

Vertical migration of oil through the melting ice begins when the expulsion of brine
from the warming ice opens pathways to the surface (Norcor, 1975; Dickins and
Buist, 1981). Beginning as early as April and continuing through June, oil will
naturally rise to the surface from wherever it is trapped within or beneath the ice.
Significant migration also occurs in mid-winter with air temperatures still below -
15°C. In this case, the oil may rise part way through the ice sheet without surfacing.
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The timing of vertical migration effectively changes the character of the oil
distribution within the ice sheet in terms of detection. Oil during the active migration
period is no longer present in a sharply defined layer with a clear interface between
different materials.

Oil from the first two spills in the CRREL basin in this study, reached the surface
soon after being spilled under thin (less than 20 cm (8 in)). Initially, it was thought
that this early migration was influenced by a combination of spilling oil at room
temperature and the presence of slight positive hydrostatic pressure in the basin.
Cores taken at the end of the test showed that a similar extent of vertical migration
occurred in later spills under thicker ice with the oil at freezing and no positive water
pressure. From these observations, it appears possible for light crudes to surface
through young sea ice at temperatures well below zero degrees Celsius. .

3 3/09/05
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2.2 Oil and Ice Detection

A 2001 Phase 1 study evaluated and summarized available knowledge about the subject of
oil-under-ice detection (Dickins, 2001). The current program represents a logical evolution
of this earlier work.

The phrase "oil in or under ice" has been commonly used in the literature to refer to a wide
range of situations where oil is for example: trapped within an ice sheet, pooled under sheets
or floes, or filling the water or slush-filled spaces between floes in broken ice. As interpreted
in this study, "oil in ice" will refer to configurations where the oil is trapped beneath an ice
sheet (ice/oil/water interfaces) or within the sheet by means of fresh ice growing beneath the
oil following the spill (ice/oil/ice interfaces). The oil can theoretically be trapped at any level
within the sheet depending on the thickness at the time of spill (as subsequently demonstrated
in this experiment, oil may surface quickly, even at cold temperatures, if spilled under new or
young ice).

At present, the only proven operational method of searching for and detecting the presence of
oil from an accidental subsurface spill (e.g. leaking at low rates from a marine pipeline
during the ice-covered period) involves drilling holes at frequent intervals or in a closely
spaced grid pattern to expose any oil which could be trapped in or under the ice. These
methods are extremely labor intensive and subject to considerable error in detection. There
is a strong motivation within industry and government agencies to identify and develop
reliable, remote methods of detection, which can be carried out economically and safely.
Ideally, systems need to operate from surface (localized area mapping) and airborne
platforms (large areas, fixed wing or helicopter). The ultimate goal is to have a number of
complimentary systems (or single system) capable of fulfilling both roles: rapid initial
determination of whether or not oil is present in a broad area, and detailed site mapping. This
project focuses on proving a number of surface-based systems as a precursor to any future
airborne tests.

The problem of remote sensing of winter spills beneath a solid ice sheet is particularly
challenging. An operational system needs to accommodate a wide range of oil-in-ice
configurations over an equally broad range of ice conditions and water depths. Over the past
twenty years, considerable effort has been spent on the research and development of various
methods to detect oil trapped under an ice cover or entrapped as a layer within growing ice.
To date, none of these technologies has resulted in an operational system. Examples of
different systems that have been tried on actual spills in ice include: impulse radar (surface
and airborne), infrared and visual photography, and a prototype acoustic system (Butt et al,
1981; SL Ross and DF Dickins, 1987; C-CORE, 1980; Goodman et al., 1985; Fingas and
Brown, 2000). Of all these systems, the acoustic technology showed the most promise but
was severely constrained by the need to use transducers with an intimate bond to the ice
surface. Dickins (2000) concluded that it would be difficult to reconcile this requirement
with the need for a portable system capable of mapping potential oil pools over large areas of
ice.
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Two technology areas were selected in this study as having the best chance to detect oil in a
controlled meso scale experiment:

* Ground Penetrating Radar (GPR): contingent on being able to distinguish
between the different combinations of interfaces associated with trapped and free
oil beneath an ice sheet (depends on contrasting electric permittivity). The
potential for positive results was based on demonstrated systems for sea ice
thickness profiling and backed by computer modeling that predicted a positive
response in the meso scale test situation being planned for this project (see
below).

* Geochemical Methods (Hydrocarbon Gas Detectors): contingent on being able to
detect direct flux levels of ethane (the most unambiguous hydrocarbon marker)
transmitted through the ice above an oil layer in or under the ice.

Both of these technology areas are relatively mature in the sense that off-the-shelf systems
are routinely used in a wide range of commercial applications (soil contamination, reservoir
mapping, etc.). The intent in this study was to test systems that represent the most advanced
state of development for each technology in a primarily surface-based mode (several runs
were made along the tank in this study with the radar antenna suspended above the ice).
Both technologies have been previously used in an airborne mode, and have the potential to
be flown again during later stages of development.

The radar results were modeled in advance of the tests by assuming a representative range of
relative electrical properties for ice oil and water (Section 2.2). Without prior knowledge of
the possible pathways or likely rate of release of gases from oil entrapped or under ice, it was
not feasible to make equivalent predictions of ethane sensor performance prior to the actual
test. The potential for using the latest generation of seismic methods to detect oil in ice was
also considered (App. F).

The following sections summarize relevant past experience with the two technologies

selected for evaluation in this project, including technical issues governing their ability to
detect and map oil trapped in sea ice.

2.3 Experiences with Radar

Background and Theory: There is an extensive background in using surface-based and
airborne radar systems to profile first-year, multi-year and pack ice thickness. Experimental
projects and operational systems have been deployed in areas such as the North Slope of
Alaska, Lincoln Sea, Russian Arctic, and the Canadian East Coast/Labrador Sea (e.g.,
Finkelstein, 1990; Kovacs and Morey, 1992; Todoeschuck and Verral, 1990; Nyland, 2004).
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Ground Penetrating Radar (GPR) has been used in numerous arctic studies to image both
internal structures within snow (e.g., Harper and Bradford, 2003), the ice/water contact and
subsurface geology below freshwater ice (Best et al., 2004; Bradford et al., in press) and the
sea ice/sea water contact. In GPR studies, a transmitting antenna generates an oscillating
electric field that propagates through the subsurface. This field is then reflected from
boundaries separating materials with differing electric properties (electric permittivity and
conductivity) back toward a receiving antenna.

The reflected wave field is recorded and used to produce a reflector map in travel time,
similar to a cross section of the subsurface. The large permittivity contrast between sea ice
and sea water (~6:88) and between sea ice and oil (~6:2.2) suggests that we can derive an
accurate map of subsurface boundaries in these conditions using very high frequency GPR
antennas (~1 GHz). Consequently, radar is a tool well suited to imaging both the base of ice,
and the sub ice conditions for both fresh and sea ice conditions

Desirable System Attributes for this Application: The resolving power of the GPR system
limits the thickness of sub ice oil that can be measured directly, i.e. by measuring the travel
time difference between wavelets reflected from the top and bottom of a layer. The
wavelength of the signal controls the resolution, with a shorter wavelength signal capable of
resolving finer features. When a layer is thinner than about 1/4 of the dominate wavelength
of the GPR signal, it is impossible to clearly differentiate wavelets reflected from the top and
bottom of the layer and a simple reflector map is not sufficient to confidently identify the
presence of oil under the ice. In this case, rather than relying on a direct measure of travel
time differences, specific attributes of the reflected wave are analyzed such as amplitude,
phase or frequency content. Attribute analysis is commonly used in oil and gas exploration to
identify relatively thin reservoirs of hydrocarbon in sedimentary rocks. Attribute
measurements can be made from typical fixed antenna GPR data, which is relatively fast and
inexpensive to acquire.

Another potentially useful measurement is the change in amplitude with increasing offset or
AVO analysis. However, this method requires multiple receiver offsets for each source
antenna position leading to additional acquisition costs (i.e. time). Although many GPR
systems only acquire data at a fixed receiver offset, the setup utilized in this study allows the
operator to decouple the source and receiver antennas to acquire such data. Bradford (2004)
showed that GPR AVO analysis can be an effective tool for detecting thin layers of
hydrocarbons in groundwater studies and we expect that the methods would be more robust
in the sea ice/oil system due to decreased stratigraphic complexity.

Model Results: An analytical thin bed GPR model was used to compute the GPR response, at
1 GHz, to a thin oil layer trapped under sea ice, with the layer varying in thickness from zero
— 3 cm. In fixed antenna mode, results predict a 24% increase in amplitude and a 20%
change in phase for a 2 cm (0.8 in) thick oil layer relative to no oil present. Further, the
AVO response in transverse magnetic (TM) antenna configuration shows even greater
sensitivity, with a dramatic increase in the AVO gradient. (Figure 2-1)

6 3/09/05



Oil-in-Ice Detection

A B
0.8
G -
Lz 6 2075
: :
£
= 7 ﬁ 0.7
T — =]
> % o
m o
e 8 c 065
s 5
= 9 % 06
T0n : : . 0.55 : ‘
0 1 2 3 0 1 2 3
Qil Layer Thickness {cm) Qil Layer Thickness (cm)
c D
35 1
0.8
L3
g «= 0.6 S
@ 2.5 S 04 s ]
3 g - s
@ M K
8 2 o 02 / 1
5 2 /
2 o
I
£ 15 /
—— TM Palarization
1 ' : -0.4 : :
0 1 2 3 0 1 2 3
Qil Layer Thickness {(cm) Qil Layer Thickness (cm)

Figure 2-1 Modeled 1GHz GPR response to a thin layer of oil under ice assuming

relative permitivities of 6, 2.2, and 88 for sea ice, oil, and sea water
respectively.

FIGURE KEY:

A) Reflected GPR signal with oil layer thickness varying from 0 - 3 cm (0 - 1.2 in).

B) Maximum instantaneous amplitude for the model data in A).

C) Instantaneous phase at peak amplitude for the model data in A).

D) Thin bed amplitude vs offset (AVO) response for transverse electric (TE) and

transverse magnetic (TM) polarizations. The AVO gradient is computed for incidence
angles from 0 to 45 degrees. Although amplitude, phase, and AVO data attributes all
show a significant response to the trapped oil, the AVO gradient appears to be the
most sensitive indicator.
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The change in reflection attributes is caused by the interference of wavelets reflected from
two closely spaced electric permittivity contrasts. As the frequency of the signal decreases
(with a corresponding increase in wavelength), the signal becomes less sensitive to closely
spaced permittivity contrasts until, at some limiting frequency, the thin film is “transparent”
to radar.

Possible Limitations and Solutions: Water strongly attenuates the radar signal, with the rate
of attenuation increasing as the dissolved solid concentration (electric conductivity)
increases. Thus, pockets of brine trapped in ice may limit signal penetration. It is important
to recognize that entrapped brine and sea ice anisotropy may alter the measured GPR
attributes. This problem is minimized in field data analysis by computing attributes relative
to a background response that is measured from the data. Multi-offset acquisition can be used
to overcome potential problems in field data, such as low signal to noise, variable surface
conditions, or ice heterogeneity.

In order to maximize the range and quality of data collected in a limited time, the project plan
called for the acquisition of fixed antenna data to analyze travel time, amplitude, and phase
information, followed by multi-offset GPR data to characterize the AVO response. Results
from the CRREL tests subsequently demonstrated that a satisfactory response could be
achieved without having to resort to multi-offset systems (Section 5.2).

2.4 Detection of Hydrocarbon Gases at Low Levels

Background and Theory: All petroleum spills from either man-made or natural conduits
contain substantial quantities of dissolved light and gasoline range hydrocarbons. The light
gases include methane, ethane, propane, iso-butane and normal-butane and the gasoline range
include iso and normal pentane through xylene plus hydrocarbons. The concentrations of
biological gases (carbon dioxide and methane) often range upwards to 20 to 50 percent, and
are the most volatile components associated with the spill. However, elevated levels of
methane (above the natural global background level of ~1.7 ppm) in the atmosphere are
possible from a variety of sources, seriously downgrading the use of methane as an
unambiguous petroleum marker.

More promising as a positive indicator of the presence of hydrocarbons, are trace levels of
the light gases, ethane and iso-butane. These two natural trace components in crude oil are
resistant to natural biodegradation and have been found to persist within petroleum spills as
old as 60 to 100 years in age (James, 1990). Experiments in bulk diffusion and surface
diffusion in ice have shown that the smaller alkanes such as ethane and propane (in contrast
to the larger alkanes such as hexane and pentane) may diffuse along the hexagonal shafts into
the ice bulk (Livingston et al., 2002).

Recent findings from an international study in Canada utilizing the research vessel
Amundsen and ongoing work through the University of Fairbanks International Arctic
Research Center (IARC) off Point Barrow, Alaska show that sea ice is much more porous to
a range of gases than was previously assumed.
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Until recently, the role of the Arctic Ocean in the global CO2 balance was ignored, as it was
thought that sea-ice blocked gas exchange with the atmosphere.

IARC researchers are measuring the partial pressure of dissolved CO; in sea-ice and under-
ice water in first-year ice. Their results have been surprising as they have found that the
Arctic Ocean sea-ice is an active participant in the CO, gas exchange (Semiletov)
http://www.iarc.uaf.edu/highlights/Climate_Change Clues Under Arctic_Sea Ice.php).
These findings support the concept of using an ultra sensitive ethane sensor to detect oil
trapped under sea ice.

Examples of the analysis of the saturated vapor from four crude oils that have been stored in
the laboratory at Environmental Technology Inc. (ETI) for nearly 20 years are shown in
Table 2-1. In each case, 2 ml of crude oil was added to a 125 ml glass bottle and allowed to
equilibrate at room temperature. The Pierce Junction analysis shows the differences between
three different oils from different reservoirs in the Pierce Junction field. In contrast, the
Tennessee crude oil shows the variation between analyses on three separate samples prepared
from the same crude oil. As shown by this data, each crude oil contains large concentrations
of these five light hydrocarbon gases even after being stored in the laboratory for an extended
time.

Table 2-1

LIGHT C1-C4 HYDROCARBONS (ppmv)

SAMPLE NO. METHANE ETHANE PROPANE I-BUTANE N-BUTANE

Pierce Junction Crude Oil

P-01 SATURATED 343 540.473 1662.376 857.325 1802.852
p-02 SATURATED 362.4 704.783 1277.757 09.224 537.440
P-03 SATURATED 579 192.952 534.703 409.754 733.966

Tennesse Crude Oil

Tennesse Crude SATURATED 13.0 1742752 16082.720 7915.889 34838.880
Tennesse Crude SATURATED 13.4 1831.201 15152.750 7525.283 33832.230
Tennesse Crude SATURATED 13.0 1690.789 16873.360 8148.629 35707.710
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The process of vapor migration through the ice may be linked to the natural internal transport
of super cooled water films (coating the ice crystals) from the isothermal freezing (warm)
interface to the cold ice surface (Jumkis, 1958). The driving force is the vapor pressure
difference between the partial water vapor pressure at the warmer end (the freezing surface)
and the partial vapor pressure at the upper region of the frozen ice surface.

In theory, there is no reason why light fractions from a crude or (or other oil) trapped under
ice would not migrate to the surface where they could be detectable by the current generation
of optical ethane sensors.

Anticipated System Performance: Conventional gas chromatograph (GC) methods to detect
ethane are limited to the 5-10 parts per billion (ppb) range, thought to be insufficient to detect
the presence of oil trapped under a solid layer such as ice. However, detection of ethane gas
from oil in ice appeared possible in the planning stages with the latest generation of
detectors, represented in this project by the Shell LightTouch™ system. Shell's system,
developed with the University of Glasgow, is capable of accurate readings down to a
concentration of about 50 parts per trillion (ppt) (Gibson et al.,, 2002). The Shell system
provides a real time graphic representation on site of the ethane concentration in air sampled
from above the ice. Elevations in ethane concentration of just a fraction of a ppb relative to
the background concentration of the test facility’s air could then be used to indicate
proximity to a source (oil trapped in the ice). In practice, a more sensible approach is to use
a flux chamber to further increase the sensitivity (Sec. 3.6).

The global atmospheric background ethane concentration for Hanover, NH in November
during the test period was predicted to be ~1.5 to 2 ppb (Rudolph, 1995). Actual test results
confirmed this prediction (Sec. 6.2). The flux chamber concept (Sec. 3.6) was selected as a
possible solution to eliminating concerns about cumulative ethane levels in a closed
environment affecting the results. The gas sampling procedures further evolved and were
modified on site, based on initial experiences (Sec. 6.2).

During the testing phase, the LightTouch team made a series of ethane concentration
measurements to derive fluxes of ethane emissions through the test ice sheet. The results are
presented in Section 6. The extremely low detection limits of the Shell system allowed
elevated ethane flux levels to be measured in real time, something not possible with any other
form of available sampling technology. A general technical description of the LightTouch™
system is provided in Section 6.1.
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3.0 TEST PLANNING

Physical variables considered in the initial planning stages included:
* Oil/ice configuration (trapped vs. freely exposed under the ice)
* Oil type (light aromatic vs. heavier crude)
* Oil film thickness (mm to cm)
» Ice roughness (smooth sheet vs. induced roughness features)
* Snow cover (bare ice vs. snow covered)

The number of variables that could be practically tested was constrained by the practicalities
of working with a man-made ice sheet having fixed dimensions and a finite growth period
(limited by time and cost of refrigeration). It was not considered feasible to introduce
different oil types and snow within the available ice area and the time limits (two weeks for
growth and one week for testing).

The program was subsequently designed around one light crude test oil and two distinct oil in
ice configurations (trapped and free) under predominantly smooth ice. A single spill within a
10 m (33 ft) long section of deliberately broken ice was introduced as a contrast to the other
six spills in smooth ice. The project team believed that this program design would provide a
realistic test of the two systems under conditions representing close-to worse case scenarios
(relatively thin oil films and a solid ice cover with no cracks or fractures).

The following sections describe the basic planning elements and targets established for the
main parameters: oil selection, oil volume, contaminated areas, number of spills, and oil film
thickness.

3.1 Facility Description

The Ice Engineering Facility at the US Army Cold Regions Research and Engineering
Laboratory (CRREL) in Hanover, NH, is a comprehensive research facility designed for
developing solutions to engineering and environmental challenges in the higher latitudes. The
test basin used in this study was designed for conducting scaled model studies of ice forces
on structures e.g. ships and drill platforms. The controlled climatic conditions and expertise
in characterizing the ice made this large basin ideal for evaluating the techniques for
detection oil under ice. The facility has been utilized in several successful cold climate
environmental research programs in the recent past (e.g., creating and supplying ice to
Ohmsett in January 2002, and providing an extreme environment for testing survival suits in
April 2003).

The large ice test basin is 36.5 m long x 9 m wide x 2.4 m deep (120 ft long x 30 ft wide x 8
ft deep) with the long axis oriented East-West (Figs. 3-1 to 3-3).
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Figure 3-1 Overall view down the tank to the East with rough ice created for this project
in the foreground, and oil skirt frames outlined in the smooth ice.

Figure 3-2  New ice forming in the ice test basin beyond the set-up pool (foreground).
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Figure 3-3  Plan view of the Ice Engineering Facilities at CRREL

The basin is contained within a large cold chamber with a controlled freezing environment
down to -30°C. In order that the engineering properties of the ice correspond to the model
scale, the tank is filled with 1% by weight urea water. The crystal structure of the urea-doped
ice is very similar to sea ice, with impurities trapped in brine channels. Ice growth rates up to
two mm/h can be achieved at -29°C. Water in the test basin is cooled by using submerged
coils and is heated with in-line heat exchangers. For maximum efficiency, waste heat from
the refrigeration cycle is recovered and used to heat the Ice Engineering Facility's offices and
work areas, and to melt ice and heat water. Performance of the system and the environment
within the respective cold room is documented using a Supervisory Control and Data
Acquisition (SCADA) System. Air is cooled by recirculating liquid ammonia through
ceiling-mounted air units in the cold rooms. A solid one-foot thick ice sheet can be grown
over a two-week period prior to the tests. During the test period (one week) the temperature
in the cold room can be moderated to provide a more comfortable working environment
while still maintaining the integrity of the ice sheet. The 30 to 40 cm (12 to 16 in) ice sheet
grown at CRREL for this project was much thicker than the sheet commonly used for
structural engineering tests on structures or vessels (typically 5 to 8 cm (2 to 3 in)).
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3.2 Crude Oil Selection and Procurement

It was not considered essential to test a particular crude oil in this initial project. Key
requirements were that the oil have a low enough pour point to remain fluid in the tank water
(-0.3°C) and be light enough to be relatively volatile. From a radar perspective, the key
properties of interest (permittivity, conductivity, dielectric constant) do not change
significantly between different crudes. In terms of the Shell system performance, it would
have been ideal if a crude oil could be selected based on its Ethane content, but there are no
readily available properties descriptions to support this selection criterion.

In practice, an operational remote sensing system for detecting oil in ice could encounter a
wide range of crude types (e.g., Endicott, Northstar, Chayvo, Kashagan, etc.) with an equally
wide range of physical properties, wax content, and chemical composition.

South Louisiana (Gulf of Mexico) was selected as an example of a readily available pipeline
crude with properties within a target range of: API Gravity 35 to 45°, Pour Point less than
7°C). ExxonMobil was able to source six drums of this crude from their Baton Rouge
refinery, donated the oil to the project and arranged shipping to New Hampshire.

Samples were taken from each drum soon after delivery and subjected to an analysis of the
gas concentrations in the headspace. These results proved that the South Louisiana crude
was an ideal choice, with high relative concentrations of ethane. Section 6.4.1 and Appendix
D provide a comparison of fresh and oil-in-ice samples and analysis sheets.

3.3 Ice Sheet Development

The properties of urea ice grown at CRREL are well documented and have been compared
with natural sea ice and ice modeled in other facilities worldwide (Hirayama, 1983; Timco,
1985; Tatinclaux, 1992; Zufelt and Ettema, 1996). The size of the scale models normally
used in testing at CRREL dictates the normal ice thickness range from 25 to 60 mm with
strength as low as 35Kpa. Due to the limited growth time, thinner ice is uniform across the
tank (£2%).

With the much thicker ice and longer growth period utilized in this project, the degree of
variability in final thickness related to secondary thermodynamic processes was unknown.
As it turned out, there were significant spatial differences (£15%) in ice thickness in the tank
at the end of the growth cycle (Section 4.4). This outcome was actually a benefit to the
experiment in that the oil tended to spread under the ice in an irregular manner, closely
mimicking what has been observed in field spills in the Arctic (e.g. Norcor, 1975).
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3.3.1 Rough Ice Development

The test basin was subdivided into two sections, an 8.5 m (28 ft) long area of rough
ice (foreground Fig. 3-1) and a 28 m (92 ft) length of smooth ice (background Fig. 31
1). The rubble field was generated to evaluate the sensors' ability to detect oil that
would rise between the blocks or collect in much thicker more localized pockets
between under hanging ice blocks. This type of ice is found naturally in localized
patches of rubble and rafting, common to seasonal ice areas along the Arctic coast.

The rough ice section was created first by breaking up a parent ice sheet that 10 cm (4
in) thick. To control the size of the pieces used to build the rubble field, the ice cover
was cut in strips the length of the tank and the room temperature elevated. At the
elevated temperature, the strips of weaker ice failed in buckling and the pushers
loaded the strips in compression. The larger pieces were on the order of 75 cm (29
in). The oil containment hoop was submerged and positioned below the rubble field
before being pulled up into the ice such that the bottom of the containment skirt was
lower than the surrounding ice. Once the hoop was in place, the rubble field was
confined as it consolidated, by a floating timber boom across the tank. Section 4.5
describes the surface characteristics and appearance of the simulated ice rubble.

3.3.2 Smoothlce

Once the containment hoop in the rubble field was stabilized (3.3.1), the six
remaining test hoops were positioned at intervals down the centerline of the tank, and
the room was cooled to—23°C to commence growing the level ice on October 29.
Submerged air bubblers were used to agitate the water to prevent premature ice
formation within the hoops. At —12°C, the air bubblers were turned off and the water
surface was seeded with ice crystals. The seeding process insures a uniform ice
crystal size and uniform growth rates. Once the level ice cover was established over
the full tank, the room temperature was lowered to —30°C to achieve a target
thickness of 31 cm (12 in) by mid-November. On November 3 the room temperature
was elevated to —5°C to facilitate spilling oil in the first three hoops. On the
afternoon of November 6, the room temperature was returned to —25 °C and held at
that level until November 14 when the air temperature was set at -18°C for the test
period.

The smooth ice sheet reached the target thickness range of 30 to 35 cm (12 to 14 in)
over a sixteen-day period. A thicker smooth ice sheet would have been an advantage,
but was not possible within the available time and budget. During the test week, the
ice continued to grow slowly and eventually exceeded the minimum target thickness
by as much as 10 cm (4 in) in some areas. (Sec. 4.2). Figure 3-4 shows the
progression in ice growth related to the accumulation of freezing degree hours.
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Spill Volumes and Containment

Spills were contained within seven skirts installed through the ice prior to testing. The
technique of inserting flexible fabric skirts through the ice to contain oil has been used
successfully in the past on a number of experimental spills in natural sea ice (Prudhoe Bay,
Alaska; Spitzbergen, Norway; Balaena Bay, NWT; McKinley Bay, NWT). The hoops or
skirts need only to hang a few tens of centimeters under the completed ice sheet to fully
contain any oil injected inside the skirt perimeter. Figure 3-5 shows one such skirt (curve of
lower edge visible in background) installed through thick first-year ice in the Canadian
Beaufort Sea for an experiment with emulsified crude oil (Buist et al., 1983).
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Figure 3-5 Divers view of spill containment skirt hanging beneath the ice during an
experimental spill under sea ice in Canada. Emulsified oil appears yellow in
color under the ice. Note accumulation of frazil crystals hanging in the upper
water column, a common feature of shallow-water landfast ice regimes.

The size and placement of the spill skirts at CRREL were dictated by a number of
considerations:

* need for sufficient clearance between test areas and the tank sidewalls to
minimize interference effects and overlapping signals

+ desire to test three different degrees of oil film thickness in both the entrapped and
free-oil configurations

* desire to limit the amount of oil required for the tests to an economically realistic
volume (logistics and clean-up cost)

* need for sufficient contaminated area to accomodate the measurement footprints
of both the GPR and ethane sensor without boundary conflicts from the skirts.

Each skirt consisted of a 7.5 cm (3 inch) plastic (PVC) tube frame, 2.4 m (8 ft) on a side. A
46 cm (18 in) plastic skirt was hung from the plastic frame and weighted with plastic pipes
filled with sand at intervals. The six floating frames in the smooth ice portion of the tank
were positioned in line down the centerline of the tank at the onset of ice growth and allowed
to freeze-in. The seventh skirt was placed beneath the rough ice end of the tank and cut into
the under hanging ice blocks (described above in 3.3.1).
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The project test plan called for fresh crude oil to be inserted (injected) beneath the ice at two
stages in the growth cycle: into three hoops or spill skirts at a nominal ice thickness of 20 cm
(8 in), and into the remaining spill rings once the ice has reached close to its maximum
thickness (morning of the first test day). The intent was to end up with a mix of free oil
under the ice (ice/water/oil interfaces) and entrapped oil (ice/oil/ice interfaces).

Various field studies have demonstrated that new ice will grow beneath an oil layer within 12
to 24 hours of being spilled under winter climatic conditions (Dickins and Buist, 1981;
Norcor, 1975). Similar behaviour was expected in the CRREL basin.

The Test Plan proposed the following distribution of oil spill volumes based on a nominal
anticipated availability of 738 1 (195 gal):

» Three hoops at a nominal film thickness of 25 mm (one inch) - one in rough ice
* Two hoops at a nominal film thickness of 12 mm (0.5 in)
* Two hoops at a nominal film thickness of 3 mm (0.1 in)

The initial spill plan would have consumed ~4.7 drums. Six drums were actually delivered
filled to an average capacity of 80%. Based on the volume available, the following oil
volumes and anticipated average oil film thickness were calculated in test planning.

» Total theoretical volume of oil available (6 drums) = 1249 liters (330 US gal)
» Estimated volume available with a 20% air gap = ~1000 liters (264 US gal)

The spill allocations into the different skirted areas were selected to consume almost all of
the available oil (leaving ~20 1 (5 gal) for radar calibration and miscellaneous sampling.

One skirt in rough ice at an avg. film thickness of 2.4" (62 mm) = 370 liters
Two skirts at a film thickness of 1.2" (30 mm) = 178 x 2 = 356 liters
Two skirts at a film thickness of 0.6" (15 mm) =89 x 2 = 178 liters
Two skirts at a film thickness of 0.3" (8§ mm) =48 x 2 = 96 liters
TOTAL ESTIMATED SPILL VOLUME 1000 liters
Conversion 1 gal US = 3.785 liters Each Skirted Area = 5.94 m? (64 ft?)
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Note: The revised minimum film thickness of 8 mm (0.3 in) agrees with a number of
papers in the literature that define the minimum equilibrium film thickness under sea
ice as in the range of 6-8 mm depending on the interfacial tension between oil and
sea water (Norcor, 1975). Attempts to create thinner films by spilling smaller
volumes of oil would lead to partially oiling the ice within any given hoop - the oil will
tend to stop spreading once the equilibrium thickness is reached. As it turned out,
small natural variations in the ice thickness were sufficient to create uneven oiling in
six of the seven skirts (Section 4.2).

The following sequence was planned for the seven spills.

Table 3-1 Planned Spill Sets

Test Number Nominal Oil Film Volume Spilled
Thickness Liters (US gal)
mm (inches)

1- Series: Encapsulated Oil (spilled prior to testing at intermediate thickness)
2- Series: Free Oil (spilled during testing at maximum thickness)

-1 &2-1 8 (0.3) 48.1 (12.7)
1-2 & 2-2 15 (0.6) 88.9 (23.5)
1-3 & 2-3 30 (1.2) 177.9 (47.0)
2-4 in rough ice N/A (expected to be highly Dependent on volume
irregular depending on local | remaining after first six spills
ice geometry)

3.5 Spill Procedures

The oil was injected under the ice using a "J" shaped piping system that was connected by a
rubber hose to a manual pump in the supply drum. A check valve was installed at the
delivery end of the supply piping to assure oil was only being delivered only during
pumping. The objective was to minimize the spill volume as the piping was removed from
under the ice. The oil was injected under the ice by cutting a access hole approximately 50
cm (20 in) long by 20 cm (8 in) wide outside and immediately adjacent to the containment
hoop. The J-piping was inserted into the slot far enough to be below the bottom of the skirt
before the piping was rotated 90° to get the discharge end within the shirt. To insure the oil
was delivered in the center of the hoop, the delivery pipe was then tilted and pushed further
under the ice.

On November 6, when the ice as 10 cm (4in) the oil was spilled in hoops 1-1 and 1-2, with
the oil injected was at room temperature. In less than hour oil started to appear on the
surface. To avoid a similar seepage problem, the oil in hoop 1-3 was not spilled until
November 8.
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To reduce the affect of the latent heat in the oil, all subsequent spills were pumped from
barrels stored in a room just above 0°C. The oil was injected in the four remaining hoops on
November 15 with the only mishap occurring in hoop 2-3. The J-piping was oriented
horizontal and a portion of the oil was delivered outside of the hoop. This situation (more
natural than containing the oil in skirts) was not recognized until the radar systems detected
oil outside the northern edge of the hoop. This mishap provided an additional level of
confidence in the radar system performance.

3.6 Flux Chamber Methods

The approach selected for measuring the emissions of ethane through the ice sheet was to use
an enclosure device such as an emission isolation flux chamber. Klenbusch (1986) provides
details regarding the use and operation of flux chambers designed by Radian Corporation for
the US Environmental Protection Agency (EPA) (Figure 3-6).

Figure 3-6  Flux chamber deployed on the ground to measure methane emissions

A cutaway diagram of the EPA flux chamber is shown in Figure 3-7.
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Figure 3-7 Flux chamber cutaway view

As shown, the EPA flux chamber has a 41 cm (16-inch) OD, giving a surface “footprint” of
0.130 m® (0.46 ft*) and a volume of 30 liters (1.1 cubic ft). For flux measurements, the
chamber is purged with an inert gas (usually air or nitrogen) at a flow rate of five
liters/minute (0.18 cubic feet/minute). The volumetric flow rate of sweep gas through the
chamber is recorded and the concentration of the constituent of interest measured at the
chamber’s exit. The emission flux rate is calculated from: the surface area isolated, the
volumetric flow-rate of sweep gas, and the steady-state gas concentration resulting. The flux
chamber has a vent hole in the top to prevent any pressure build-up in the chamber and rests
on the surface of interest.

The primary purpose served by the hemispherical domes is to provide a fixed footprint on the
ice for measurement of any ethane gas flux through the ice. A secondary, but equally
important reason for using the domes is to prevent any interference from atmospheric
contamination that might be present in the ice-testing laboratory. Liquid nitrogen boil-off
was used to provide an ethane-free purge gas to the hemispherical domes. The ethane
concentration of the extracted carrier gas was then measured using the Shell LightTouch™
instrument (Sec. 6.1). The volume purge rate times the mass concentration gives the flux rate
through the dome’s footprint.

The flux chambers used for this project were manufactured by California Plastics and had a
volume was 24.5 1 (0.9 ft’) with a cross-sectional area of 0.158 m® (1.7 ft*). The flux
chambers acquired for the project consisted of three Figure 3-8 shows the 46 cm (18 in)
diameter plastic hemispherical dome with Swagelok bulkhead fittings.
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Figure 3-8  Ethane flux chamber fabricated for the project

The plastic hemispherical dome was placed directly on the ice in order to minimize the
internal volume and liquid nitrogen boil-off was used to provide ethane free, ultra high purity
nitrogen as a purge gas. Additional operational details are described in Section 6 with Shell’s
field results.

Shell’s LightTouch™ system initially used a 5-liter/minute nitrogen flow to purge the flux
chamber and then input this to the gas sensor-sampling cell. Based on experimental results,
this purging rate was increased to approximately 7.5 liters/minute (0.26 ft*>/min) to reduce the
influx of ambient air to the test chamber. Shell’s very low detection limits (50 pptv) allowed
adequate detection levels for the direct measurement of ethane flux through the ice. Flushing
the chamber with clean dry nitrogen eliminated problems from atmospheric background
intrusion, regardless of the ethane levels in the building, which were very high ~ 100 ppb.
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4.0 TEST CONDITIONS
4.1 Overall Layout

The seven skirted spill areas were lined up down the tank in order starting at area 1-1 at the
East end and ending with 2-4 in the rough ice field at the West end. Figure 4-1 (page
following) shows a plan map of the test basin with locations of individual spill sites,
contaminated oil boundaries mapped from overhead photographs (Sec. 4.5.1), and sampling
sites.

Figures 4-2 and 4-3 show respective overhead views on Nov 15 of the first (trapped oil) and
second (free oil) sets of smooth ice spills. The seventh skirt is not visible on the surface as it

was inserted beneath the ice during the construction of the rubble ice (Section 3.4).

Table 4-2 (Sec. 4.5) summarizes the oil volumes, and ice thickness at the time of each spill.

Figure 4-2  Overhead view of surface conditions in the first three oil sites, in sequence
from right to left. Photo taken November 15 (oil spilled November 5 for sites
1-1 and 1-2, November 8 for site 1-3). Evidence of initial oil surfacing in the
interior of the first two sites is clearly visible. There is some leakage a the
skirt ice interface in all locations (est. much less than 5% of spill volume in
each case)
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Figure 4-3 Overhead view of the second set of three spill sites (2-1 to 2-3) on the day of
spill, November 15. Note some leakage to the surface at the skirt ice
interface in sites 2-1 and 2-2. Flux chamber visible in foreground.
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4.2 Ice Thickness

The development of the test ice sheet up to November 14 is described in Section 3.3. A
series of spot thickness measurements were made throughout the test period in different
locations of the tank, in order to gauge the extent of continuing ice growth from November
15 to 19, to assess the degree of natural variability in the sheet ice within the tank, and to
compare the thickness in oiled and clean ice areas. Table 4-1 summarizes the ice thickness
values from both augur and core holes, taken during the test week. The vertical distribution
of oil in the ice is summarized in Section 4.5.2. Appendix C provides a detailed log of ice
thickness and coring results.

Table 4-1
Summary of Ice Thickness Measurements During Test Program

(all measurements from coring or 5 cm (2 in) augur hole except where noted. See Fig. 4-1
and Appendix C for detailed measurements and site locations)

Summary Parameter Thickness (cm) Comments
Clean ice outside skirt 34 to 40 (avg. 37.7) Variable locations 11/15-11/9
areas
Clean ice inside oil skirts 41 to 45 (avg. 43.9) 11/19
Oiled ice cores 38 to 44 (avg. 41.1) 11/19
Rubble field Variable ~ 70 From slots cut for oil
insertion 11/15 and coring
11/19

There is no clear explanation for the apparent difference in average thickness between the
clean, smooth ice outside the oil skirts and patches of clean ice within five of the skirted
areas. On average the uncontaminated ice outside the skirts was ~ 6 cm (2.4 in) thinner than
areas within the oiled test sites where oil was not present. Small variations in ice thickness
were mapped over ice in the basin in the past (standard deviation of 2% or less of the mean
thickness), but at much lower ice thicknesses in the 4 to 8 cm (1.6 to 3 in) range.

Comparing the "clean" ice measurements and oiled core lengths taken within the skirted
areas on November 19, confirms that relatively small variations in thickness (less than 3 cm
(1.2 in) on average) were sufficient to determine the oil spreading behavior and final
contaminated areas shown in backlit photographs (Fig. 4-8 and App. C). In several cases,
there was less than a 1 cm (0.4 in) difference between the ice thickness where the oil pooled
and the thickness where the ice remained free of oil.
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4.3 Rough Ice Description and Surface Appearance

Section 3.3.1 describes the creation of an ice rubble area filling the last 8.5 m (28 ft) of the
tank at the West end. Figure 4-4 shows a general view of the surface roughness in this area.
From observations on November 18, the individual ice blocks height averaged 10-15 cm (4-6
in) elevation above water level. Isolated pieces jutted up to 20 cm (8 in). Approximately
95% of the surface area within the "rubble" section was comprised of irregular ice blocks
frozen in at random orientations. Typical block sizes were in the 25-50 cm (10-20 in) range
within a base matrix of a smaller number of larger slabs ~1-1.5 m (3-5 ft) across.

L R

¥,

Figure 4-4  Surface appearance of ice rubble (Test area 2-4). Oil on surface was
exposed during coring on November 19. Hole was cut to insert camera pole
for underwater video.
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4.4 Ice Air and Water Temperatures

The tank temperature was raised ten degrees Celsius the day prior to the last spills
(November 14) and held at close to the same temperature throughout the test week (-17 °C or
1.4 °F). A continuous record of tank air and water temperatures is available throughout the
entire test period.

To achieve uniform ice thickness, air bubblers were used to agitate the water to insure an
isothermal thermal mixture at 0.3°C ,the freezing point of urea solution. The tank is elevated
and heat is gained through the sides and bottom of the tank and without mixing, the water
column becomes stratified with the denser warmer water on the bottom. The submerged
thermistors used to monitor the water temperature at three elevations at two locations
confirmed the water below the ice was at —0.3°C.

A representative ice temperature profile was acquired at the beginning of coring as the ice
started warming on November 19 (Fig. 4-5). Spot measurements of surface and near surface
ice temperatures were also made during the test week (Fig. 4-6). As documented by
Hirayama (1983), a variation in air temperature of some 12°C results in a variation of only
about 2°C in the ice surface temperature.

20—
10
\ .............................. legellichs 0
9.0 -8.0 7.0 -6.0 -4 -3.0 -2.0 1.0 .00

|—e— Temp (deg C) |

20
A4

Water

L0
OU

Figure 4-5 Measured ice and near surface temperature profile - November 19, 2004

Note: Water at -0.3°C, air temperatures measured at O depth (probe on ice surface) and +10
cm. Tank ambient temperature -15°C
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Figure 4-6 Internal ice and near surface temperatures - November 18, 2004

4.5 Oil in Ice Configurations

The ice sheet was initiated at the beginning of November and reached the target thickness of
16 cm (6 inches) for the first three spills on November 5, 2004. Within approximately 20
minutes after completing the first two spills, evidence of oil appeared on the ice surface in
isolated spots and on the inside of the skirt perimeter. The overall percentage volume that
surfaced was estimated as no more than 5% in the worst case (Fig. 4-3). Additional
photographs of the surface appearance of each spill area during the test period are provided
in Appendix C.

Factors contributing to the unexpected oil surfacing in the first two spills include: oil spilled
at room temperature (thermal shock), thin ice, and slight positive hydrostatic pressure in the
tank (negative freeboard). The presence of oil on the surface in isolated areas in the first two
test hoops did not significantly affect the subsequent test program as the ethane sampling
areas could be selected to work around the visible oil.

The third spill (Skirt 1-3) was delayed three days until the ice thickened from 17 to 26 cm.
At the same time, care was taken to ensure that the tank water level exerted no vertical uplift
force on the oil, and the oil was cooled to within one degree of the water temperature. No
further problems with premature surfacing were experienced.

The last four spills were carried out on November 15, the first day of the test program, to

ensure that the oil remained predominantly in a free state beneath the ice (not encapsulated
with new ice growth below the oil as was planned for the first three spills).
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Table 4-2
Summary of Spill Volumes and Ice Parameters

Oil-in-Ice Detection

Test Ice Room | Oil |Volume | Target Oil Film
Square | Date and Time | Thickness | Temp | Temp | Spilled Ul e
(cm) (°C) | when | Liters (mm)
spilled | (gal) Section 3.4
(°C)
. 48.45 8
1-1 11/5/04 10:30 17 -27 18 (12.80)
. 88.58 15
1-2 11/5/04 11:00 17 -27 18 (23.40)
' 177.9 30
1-3 11/8/04 15:00 25.5 -27 1.2 (47.00)
. 48.83 8
2-1 11/15/04 7:30 34.5 -17 0 (12.90)
. 80.63 15
2-2 11/15/04 8:00 35.3 -17 0 (21.30)
. 151.4 30
2-3 11/15/04 9:00 35.1 -17 0 (40.00)
_ = _ 164.3 N/A
2-4 11/15/04 13:00 69 17 0 (43.40)

EJ

Thickness in the rough ice area was highly variable

The oil naturally pooled in areas of thinner ice creating localized patches where the oil film
thickness was significantly greater than the target values shown in Table 4-2. Site 1-3 was
the exception in that the entire ice area within the skirt was oiled. Further descriptions of the
contaminated areas resulting from naturally irregular oil spreading, and the patterns of
vertical oil distribution within the ice are provided below.

4.5.1

Oil Spreading (contaminated areas)

As descibed above, random variations in ice thickness within the tank caused the oil
to run under the ice and accumulate in high spots (thinner areas), leaving the thicker

ice portions clear of oil.

The base maps (Fig. 4-1 and App. D) show the contaminated areas for all six smooth
ice sites, digitized from vertical photographs where underwater backlighting clearly
revealed the presence of oil trapped in or under the ice (the photos were reprocessed
to highlight the oil boundaries).

Figure 4-7 shows an oblique view down the tank under the backlit condition. Oiled
areas are clearly visible in all six of the smooth ice sites.
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Appendix C contains all of the overhead pictures in their final form. Figure 4-8
shows a representative aerial view of site 2-3. In that spill, a substantial portion of the
oil spilled outside the skirt, forming a natural pattern following contours of slightly
thinner ice (initially detected on the radar response).

Figure 4-7  Overall backlit view of all sites from 2-4 in the foreground to 1-1 at the far end
(top). Note that the dark area in the thicker rough ice does not accurately
reflect the oil distribution. Underwater video in this area showed patchy oil
distribution. Oiling in other sites is shown accurately.
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. e

Figure 4-8  Example of under-ice oil distribution in a vertical backlit photograph of Site 2(]

3 (reprocessed in Photoshop® to accentuate the difference between oiled
and clean ice).

The pattern of spreading under the ice was also viewed with underwater video
coverage of sites 1-1, 2-2, 2-3 and 2-4. The camera mounted by a controllable hinge
joint, was extended beneath the ice on a long pole through trenches cut outside the

spill area. Figure 4-9 shows an example still capture from the video segment beneath
Site 2-3.
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Figure 4-9
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Example view from the underwater video camera in Site 2-3.

Table 4-3 compares: (1) the oil average oil film thickness computed from measured
spill volumes (Table 4-2) and digitized oiled areas (Fig. 4-1); (2) the planned oil
thickness (assuming complete oiling of the full skirted area in each case); and (3) spot
measurements of the actual film thickness from coring (App. C). The ice proved too
thick to obtain an accurate picture of the overall oiling in area #2-4. Underwater video
under the rubble provided a subjective picture of how the oil in that site tended to be
trapped in relatively thick pools between underhanging ice blocks and the skirt.

Table 4-3
Oil Pool Thickness (actual vs. planned)
Site Oiled % Area Volume Average Measured Planned
Area Oiled Spilled Oil Oil Thickness
(m?) Inside (m®) Thickness | Thickness (mm)
Skirt (mm) (mm)
1-1 3.27 55% 0.048 14.8 5 8
1-2 4.25 71% 0.089 20.8 10 15
1-3 5.95 100% 0.178 29.9 15 30
2-1 2.82 48% 0.049 17.3 15 8
2-2 3.56 60% 0.080 22.6 8-12 15
2-3 7.42 34% 0.151 204 17-25 30

Note: The oiled area outside the skirt in spill 2-3 was greater than the oiled area
within the skirt boundary

33

3/09/05




Oil-in-Ice Detection

4.5.2 Vertical Oil Distribution Within the Ice

Eight cores were taken in oiled ice within each spill area on November 19 (two in #2[
3 including oiled areas inside and outside the skirt). Where possible, the coring sites
were selected to correspond with locations used for the ethane flux measurements
(Fig. 4-1). Appendix C contains detailed dimensions and observations from each core
and cross references to the ethane site numbers. Close-up photographs are also
available for each core, along with selected sectioned views showing internal details
of oil inclusions within the ice.

The cores showed that new ice grew beneath the first three spills to a depth of 16 to
24 cm. There was no sign that the presence of oil had a significant effect on the
eventual ice thickness reached by the end of the test program in Test areas 1-1 to 1-3.

Ice growth in the second test series was may have been interrupted for a short time by
the introduction of an oil insulating layer. However, a comparison of total ice
thickness in areas inside the skirt that were clear of oil and areas with a trapped oil
pool, showed an average difference of only 2.8 cm (1.1 in) (oiled areas being slightly
thinner as expected).

Underwater photography on November 18 showed evidence that new ice crystals
(frazil) were beginning to form around the edges of the oil pools in the last four test
sites, but the oil in those sites appeared to be still substantially free under the ice (not
yet encapsulated). Measurements in the cored holes on November 19 showed a
distinct ice/oil/ice interface, even in the three sites where oil was spilled only four
days earlier (2-1 to 2-3).

Cores from the first two test sites (1-1 and 1-2) clearly showed that the oil (spilled at
room temperature) had fully penetrated up the brine channels to the surface through
17 cm of ice (depth of ice at time of spill). Between 20 and 24 cm (8 and 9.5 in) of
new, clean ice had grown beneath the oil in the 14 days elapsed from the time of the
spill to taking the ice cores.

The third core (Site 1-3) showed that the oil (spilled at 0°C) had migrated vertically
only 5 cm above the initial spill level (27 cm depth). There was 15 cm (6 in) of new
ice growth beneath the oil, the top five cm (two inches) of which contained isolated
oil inclusions. One possible explanation for the apparent downward migration of oil
from the main layer (against buoyancy) is that a few small drops of oil became
"speared" on the end of new ice crystals projecting down from the skeletal layer at the
time of the spill. The main part of the oil would quickly rise up to form a distinct oil
layer, leaving the isolated drops to become incorporated in the new ice as it
consolidated and hardened over time, following the spill.

The next three cores (Sites 2-1 to 2-3) showed similar patterns of vertical migration of
14 to 18 cm (5.5 to 7 in) above the oil layer. The ice thickness in clean patches
within the test skirts 2-1 and 2-3 was up to 6 cm thinner than the oiled ice, indicating
that the ice growth was interrupted or slowed down for a few days by the introduction
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of the oil (earlier sites showed little difference in thickness after a few weeks). There
less than a one centimeter difference in ice thickness between the oiled and clean ice
in site 2-2.

The following photographs indicate a variety of oil in ice conditions documented
through coring on November 19, fourteen days after the initial spills (4 days after the
last four spills). Figure 4-10 shows the core barrel, as it penetrates the oil layer in
Site 1-1. The core extracted from the same hole, shown in Figure 4-11, illustrates the
new clear ice which grew beneath the oil between November 5 and 19. Notably, oil
in this site quickly migrated almost to the surface within hours of the spill (heavily
oiled core section). A small percentage of the overall spill volume appeared on the ice
surface as isolated patches as shown in Figure 4-2.

Figure 4-12 shows the oil left on the surface from coring in Site 1-2. Of particular
interest are two other small diameter holes drilled nearby: one showing evidence of
light oiling under the ice evidenced by brownish drill cuttings (no free oil) and the
other showing essentially clean ice evidenced by completely white cuttings.

Figure 4-13 shows a core from Site 2-2 (free oil at the bottom of the ice). The oil at
this site has migrated approximately half way to the surface ~15 cm (6 in). Figure 4[]
13 shows a close-up an oiled channel (brine channel equivalent in natural sea ice)
exposed by slicing the core shown in Fig. 4-13, vertically in half. The scale is such
that the oiled channel is about the width of a pencil lead or a few mm (0.1 in).

Figure 4-10 Coring in the center or ethane flux site # 26 (Fig. 4-1) spill 1-1.
Oiled drill cuttings carried to surface as the drill penetrates the oil pool
trapped within the ice.
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Figure 4-11 Oiled core taken in Site 1-1 November 19. New ice growth after spill shown
by clean ice in section to the right ("dirty" appearance is due to contamination
as the oil is extracted through the oil-filled hole). Oil has penetrated the ice
vertically to the surface. Total core length 38 cm.

Figure 4-12 Qil left on the surface after coring in spill site 1-2. Note two adjacent two inch
augur holes: one with very light oiling (beige colored cuttings) to the right of
the core hole, and another with no visible oil (clean white cuttings upper left).
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Figure 4-13 Oiled core taken November 19. Oil layer far right, top of ice on left. No
evidence of oil in the upper ice section. Total core length recovered 23 cm.
Oil migrated internally within the ice for 17 cm above the spill. Measurements
in the hole indicated up to 7 cm of new ice growth beneath the oil (too fragile
to be recovered by the core barrel).

Figure 4-14 Close-up of oiled "brine" channel within a half section of the core shown in
Figure 4-13. The dimension of the oiled channel is equivalent to the width of
a pencil lead or 1-2 mm (0.1 in).
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5.0 GROUND PENETRATING RADAR

5.1 Experimental Setup and Sequence

A series of Ground Penetrating Radar (GPR) experiments tested the response to various radar
configurations and compared performance between two different but similar GPR systems.
Details of each experiment setup are described below.

5.1.1 3D Common Offset Survey

The objective of this experiment was to measure the GPR response to the three
dimensional oil distributions. Data were first acquired using the Sensors and
Software system with 900 MHz antennas. During this experiment, it was found that
the data characteristics changed dramatically over time, an effect interpreted to be a
temperature related electronics failure. The survey was subsequently repeated using
the MALA system with 800 MHz antennas. The batteries for the Mala system failed
rapidly (~ 30 min) at the 0°F temperature of the cold room, but the crew was able to
complete the survey in segments without any additional equipment problems.

Three-dimensional (3D) surveys were acquired over the smooth ice and rough ice
areas separately, but the general layout was common to both. The 3D patch was 4.8
m x 27 m (15.7 ft x 88.5 ft) over the smooth ice, and 4.8 m x 7 m (15.7 ft x 11.4 ft)
over the rough ice. In both sections, the data consisted of 25 parallel profiles on 20
cm (7.9 in) centers; utilizing colored string gridlines stretched the length of the tank
(visible in Fig. 5-1). Production of a laterally coherent image required correction for
cross-line positioning errors caused by odometer wheel slip. It was possible to correct
for any possible misplacement during processing by knowing the positions of the
oiled cells and the skirt boundaries (discontinuity clearly evident in the GPR data).
Figure 5-1 shows the two-person team traversing test site 1-2 line with the Sensors
and Software system mounted on a towed sled.
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Figure 5-1 Radar team traversing test site 1-2 at CRREL with the Sensors and
Software system. Note plastic sheets over initial sites to prevent cross
contamination with the towed sled.

5.1.2 2D Profiling

The objective of this experiment was to test the GPR response for each of six
configurations. Hardware configurations consisted of a Sensors and Software Pulse
EKKO 1000 system with 450 MHz, 900 MHz, and 1200 MHz antennas, and a Mala
Geosciences RAMAC system with 500 MHz, 800MHz, and 1000 MHz antennas
(Figs. 5-1 and 5-2). This not only allowed a comparison of the performance of the
two systems, but also provided a backup to ensure completion of the experiment in
case of a system failure. Coincident profiles were made with each configuration along
a transect that was approximately centered on the test cells. This calibration transect
crossed all test cells and spanned both the rough ice and smooth ice areas.
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Figure 5-2  Sensors and Software system

Figure 5-3 Mala Geosciences RAMAC system. Note colored strings used to
establish radar grid survey lines.
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For both systems, an attempt was made to acquire data traces at regular intervals
using a studded odometer wheel trigger (a configuration used successfully in previous
experiments on ice). Plastic placed over cells 1-1 and 1-2, to prevent spreading the
oil that had seeped to the surface soon after being spilled, caused the wheel to slip
during data acquisition, causing some errors in data geometry. For the Sensors and
Software system, data were acquired at ~5 cm (2 in) intervals, and with the Mala

system the interval was ~ 2 cm. The spatial aliasing+ limit at the highest frequency
used in this study (1200 MHz) is ~ 6 cm (2.4 in) so the acquisition parameters noted
above ensured that data were adequately sampled. Eight radar pulses were stacked at
each location to attenuate random noise.

+Spatial aliasing means that sampling density of the wave field is too coarse leading
to an inaccurate digital representation of the analog waveform. The data are
spatially aliased when the spatial sampling interval is greater than 1/2 wavelength at
the dominant signal frequency.

5.1.3 Multi-offset Data Acquisition

This experiment was designed to measure the GPR amplitude variation with offset
(AVO) response to oil trapped at the ice/water interface. It was initially planned to
acquire multi-fold data along a continuous transect spanning the smooth ice section.
This experiment required the Sensors and Software system, which is designed so that
the transmitting and receiving antennas can be separated for multi-offset data
acquisition. As mentioned previously, this system had a low temperature induced
electronics failure, which prevented the acquisition of a continuous multi-offset
profile. However, it was possible to acquire individual common-midpoint, or
expanding spread, gathers at six locations; 3 centered in cells 2-1, 2-2, and 2-6, and 3
in the clean ice areas outside each of these test cells. Note: The gathers consist of 40
traces at 4 cm offset intervals, and 7 cm near offset.

5.1.4 Airborne Radar Data Acquisition

This experiment was designed to test the potential to measure GPR attribute
anomalies using an airborne system. Data were acquired with the Sensors and
Software system with 900 MHz antennas. The antennas were attached to the lab
crane that could be moved along at a constant pace. The transect closely coincided
with the centerline profile described in section 5.1.1, and spanned both the smooth ice
and rough ice sections. Profiles were acquired at acquisition heights of 1 m, 2m and 3
m (3.3, 6.6 and 10 ft) above the ice.

5.1.5 Electric Permittivity Control Measurements

The objective of this component of the experiment was to obtain an independent
measure of the electric permittivity of the urea ice. Ice measurements used a TRIME
Inc. downhole time domain reflectometry (TDR) probe. While the ice was growing,
CRREL personnel installed seven vertical 5 cm (2 in) sched. 40 PVC probe access
tubes adjacent to each of the test cells. Measurements were made in five probe access
tubes (two tubes failed prior to data acquisition).
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5.1.6 GPR Data Processing

The initial processing flow for all GPR data was similar and consisted of: 1) time-
zero shift to correct for instrument drift; 2) bandpass filter to remove the low
frequency transient (WOW) and high frequency random noise; 3) spherical spreading
correction to approximate true amplitude reflectivity; and 4) ice/water horizon
picking, and 5) attribute computation via the Hilbert transform. Additionally, a 3D
phase shift migration was applied to the rough ice data to improve spatial accuracy,
and 2D kirchoff time migration to the airborne data to improve lateral resolution. The
3D smooth ice data were interpolated to a uniform grid with correct inline positioning
using an LSS algorithm available in Promax processing software.

GPR Results and Discussion

A clear reflection was observed from the ice/water contact (IW) in both the smooth ice and
rough ice areas with the full range of antenna frequencies we deployed. In addition, GPR
attribute anomalies were observed where oil was known to be present at the ice/water
interface and within the ice in all data with characteristic antenna frequencies above 800
MHz. The response at lower frequencies and in the rough ice areas is less well defined. A
detailed discussion of each experiment referenced above is included below.

5.2.1 3D Common Offset Survey.

All 3D data was acquired with the Mala system operating with 800 MHz antennas.
The IW interface produced a clear, well-defined reflection that enabled mapping of
the ice thickness in both the smooth ice and rough ice areas (Fig. 5-4). Overhead
photographs of the ice, when illuminated from below provided a clear visual
indication of the areal extent of the oil distributions below the smooth ice (App. C). In
the smooth ice section, a number of amplitude anomalies were present throughout the
survey area, with the largest and most extensive observed in cells 2-1, 2-2, and on the
southeast side of cell 2-2 and north and west of cell 2-3 where oil breached the
containment skirts. Amplitude anomalies in the GPR data closely followed the
photographed oil distribution and instantaneous phase and frequency anomalies
correlated with the oil distribution (Fig. 5-5). In the lower figure, the oil distribution,
as mapped from the backlit photos, is overlain. A well-defined amplitude anomaly
tracks the oil distribution in and around cells 2-1, 2-2, 2-3. Of particular interest are
the oil-induced anomalies outside of cells 2-2 and 2-3 where oil breached the
containment cells. A null response (oil but no significant amplitude response) is
interpreted as the oil film being below the resolution of the signal. Non-oil related
anomalies (false positives) also occur. However, the anomalies associated with the
presence of oil demonstrate the most consistent response. Note that there is no oil at
the ice/water interface in cells 1-1, 1-2, or 1-3.
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Note: there is even better correlation of the oil distribution with thin ice anomalies in
the ice thickness map. This is the expected result, and suggests the possibility of
combining the reflection attributes with the ice thickness map to minimize the
potential for false positives.

In the rough ice section (cell 2-4), illumination photography was not effective
because insufficient light penetrated the thicker ice. However, underwater video
showed that most of the oil had migrated to the perimeter of the test cell. This was
not surprising since the ice thickness map derived from GPR data clearly showed that
the ice was thinner around the test cell boundary, possibly due to ice growth being
inhibited by the presence of the containment skirt support frame. While amplitude
anomalies in cell 2-4 correlated well with the skirt perimeter, it was not possible to
differentiate the amplitude effects due to oil from those due to scattering from the
skirt.

In cells 1-1, 1-2, and 1-3, GPR reflections were clearly associated with the trapped oil

layer. The area distribution of the oil reflections correlate well with the distribution
mapped using illuminated photography (Fig. 4-1 and App. C).
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Ice Depth (cm)

Figure 5-4  Depth to ice/water interface mapped using 3D GPR and surface location of
GPR profiles. The data were acquired using an 800 MHz common offset
antenna configuration. Ice thickness anomalies are evident at the boundaries
of the containment cells. Image is aligned in the long dimension of the tank,
smooth ice on the left (East), rough ice shown in blue on the right (West).
Outlines of the six smooth ice spill skirts can be seen in the image.
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lce/Water Reflection Amplitude

lce/Water Reflection Amplitude

LA WL

Figure 5-5  Reflection strength of the IW reflection as the ratio to the background
amplitude. The data are taken from the 800 MHz 3D survey
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Although the results of the 3D common offset experiment were very positive, three
major complications need to be addressed in subsequent development phases.

First, a number of amplitude highs are unrelated to the oil distribution. These are
possibly polarization effects due to an irregular ice/water surface, and the
containment skirts. The effect of depolarization on GPR amplitudes is discussed by
Luzitano and Ulrych (1996). Amplitude variability due to polarization will be a more
significant issue in natural sea ice, where GPR amplitude anisotropy due to preferred
crystal growth orientation has long been recognized. This issue is covered further in
the discussion of future R&D needs in Section 8.4.

Second, there was a null response in some areas: that is no significant amplitude
anomaly was observed where oil was known to be present. The null response is
interpreted as being indicative of an oil film that is below the resolution of the signal.

Third, the amplitude anomalies associated with the oil are significantly larger than
predicted by the model (Fig. 2-1). One potential explanation is that the original
model predictions did not consider the effects of electric conductivity. The relatively
high conductivity of urea water may account for the deviation between the modeled
and measured amplitudes, however a more extensive modeling effort is required to
explain this observation. With the existing level of understanding, GPR can be
viewed as a promising tool to indicate either the presence of lack of oil. Once the
modeling anomalies are explained, it may be possible to extend the technology to
provide a quantitative measure of oil film thickness.

5.2.2 2D Antenna Frequency Comparison
Note: the 1200 MHz antenna was not available for this test.

Initially, the calibration profile was located at the approximate centerline of the test
cells (Line 13 of'the 3D survey). This placement assumed that the oil was distributed
evenly within the cells. In the profiles, the Sensors and Software system with 900
MHz antennas showed significant amplitude anomalies at the ice/water interface in
cell 2-2. Similar results were also observed in cells 2-1 and 2-3, although not as well
defined. Anomalies also evident in the 450 MHz data are only marginally above the
background level.

Additionally, there are amplitude highs associated with the locations of the oil skirts
in all cells. Where the vertical skirt intersects the horizontal ice/water boundary, a
lateral permittivity heterogeneity is introduced that results in scattering of the radar
signal. This scattered energy interferes constructively with the specular reflection
from the ice/water interface causing a local amplitude high. These anomalies were
expected and therefore one of the experiment design objectives was to ensure that the
cells were large enough to allow for a significant section of data that was free of skirt
interference effects. This objective was accomplished successfully.
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Over cell 2-4, there are anomalies in both the 900 and 450 MHz data, at the edges of
the test cell. Underwater video obtained five days following the spill in area 2-4
showed that most of the oil migrated to the edges. In the rough ice, it is difficult to
differentiate the amplitude effect due to the presence of the skirt from the amplitude
effect due to the presence of oil. This is discussed in detail in section 5.2.3.

Clear reflections were evident in the 900 and 450 MHz data from the trapped oil layer
present in cell 1-3. Additionally, reflections from the trapped oil are present in the
900 MHz data for cells 1-1 and 1-2, although not as clearly defined. At less than 1
cm measured, the oil film thickness in cells 1-1 and 1-2 may be below the resolution
limits of the 450 MHz data (see Table 4-3).

Similar results were obtained with the MALA system, with the 1000 MHz and 500
MHz systems being comparable to the 900 MHz and 450 MHz antennas of the
Sensors and Software system. The most notable exception is that the 500 MHz
antenna of the MALA system is significantly narrower in bandwidth than the Sensors
and Software 450 MHz antenna. Narrowing the bandwidth results in a pulse that has
an increased number of side lobes making the data appear “ringy”. Resolution is
inversely proportional bandwidth so that a narrower bandwidth signal has lower
resolution potential.

By the time the 1200 MHz Sensors and Software antenna arrived on site, the team
had mapped the oil distribution using backlighting of the ice. Recognizing that the oil
distribution was biased toward the south side of the tank, the 2D acquisition was
repeated with the Sensors and Software system along Line 16 in the smooth ice.

Comparisons of the 450, 900, and 1200 MHz antennas are shown in Figure 5-6. The
relative amplitude anomalies associated with oil in cells 2-1, and 2-2 is evident in all
three profiles, but decreases in relative strength with decreasing frequency, as
expected. Very little oil was present in cell 2-3 along this profile and, as expected,
there is no amplitude anomaly. A reflection from the intra-ice oil film in cell 1-3 is
evident at all three frequencies, with resolution improving with increasing frequency.
Very shallow reflections from films in cells 1-1 and 1-2 are evident in the 900 MHz
data but not well separated from the surface waves (direct air wave and direct wave
through the ice). Oil induced amplitude anomalies at the IW interface in cells 2-1
and 2-2 are clearly defined at 900 and 1200 MHz. At 450 MHz, these anomalies are
present but only marginally above the background level. Little oil was present in and
near cell 2-3 along this profile.
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Oil-in-Ice Detection

It is evident from these tests that radar operating at ~1000 MHz is highly effective for
imaging oil films trapped in and beneath sea ice. Radar operating at ~500 MHz still
images the oil, but appears to be at the low end of practical resolution limits. The
amplitude vs. frequency response is scale dependent so that a thicker oil film will
produce a larger response at lower frequencies. The thickest oil film produced during
this experiment produced a marginal amplitude response at 500 MHz, but a strong
response at 1000 MHz. Other variables, most notably the dielectric permittivity of
the ice, which varies by salinity, liquid brine content, and temperature, will impact the
amplitude response.

5.2.3 Multi-offset Data Acquisition

The trend of the GPR AVO response to the presence of oil at the ice/water interface
closely matches the trend predicted in the modeling study (Figure 2-1). Clearly GPR
AVO analysis has significant potential for identifying oil under sea ice, and based on
previous work in sedimentary systems (Bradford, 2004; Bradford et al., in press) may
prove beneficial in making oil detection more robust. However, given the clarity of
the response observed in the common-offset data, the added cost in processing and
acquisition may not balance the added value.

5.2.4 Airborne Radar Data Acquisition

Data acquired in the airborne configuration showed a clear reflection from the
ice/water interface, but did not repeat the oil-induced amplitude anomalies present in
the surface data. This is likely a resolution problem. Lateral resolution is a function
of the distance from the source and receiver to the target, and is given by the function
(1z/2)"* where 1 is the signal wavelength and z is the distance to the target.
Consequently, raising the radar unit decreases the lateral resolution potential. The
radar footprint at the ice/water interface ranged from ~ 1 to 1.5 m (3.3 to 4.9 ft) at 1 m
to 3 m (3.3 to 10 ft) above the ice respectively. A second limiting factor was that the
crane, which was used to elevate the GPR system, was biased toward the north side of
the cells, but the spill distribution was biased toward the south side of the cells, so the
configuration was not optimal. With a laterally extensive spill, this will not be an
issue, but the spatial limitations of the lab experiment, coupled with the irregular oil
distribution created a non-ideal test for an airborne experiment (not part of the
original test design).
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5.2.5 Electric Permittivity Control Measurements.

Electric permittivity of the urea ice was measured with the 20 cm TDR wave-guide
centered in the ice. The results of these measurements are shown in Table 5-1. The
resulting average relative permittivity of K=4.17 +0.09 was used in the thin layer
model to predict the reflection attributes and to compute radar velocity in the ice for
depth conversion.

Table 5-1
Ice Permittivity Estimates from Downhole TDR Probe

~1.S5mSof | ~1.5mSof | ~1.5mSof | ~1.5mSof | ~1.5m S of Mean
Cell 1-1 Cell 1-2 Cell 1-3 Cell 2-2 Cell 2-4
K=4.09 K=4.17 K=4.31 K=4.12 K=4.15 K=4.17+0.09
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6.0 LIGHTTOUCH™ ETHANE GAS SENSOR

The Shell Global Solutions’ LightTouch™ sensor was used in combination with a flux
chamber (Sec. 3.6) to measure the surface ethane mass flux rates produced by oil trapped
beneath ice in the CRREL tests. These flux values can then be used to assess whether an
airborne LightTouch™ survey would be capable of detecting and mapping the fluxes
resulting from a full-scale oil spill trapped in or under ice.

6.1 Experimental Setup and System Description

The ethane gas sensor used at CRREL was a Tuneable Diode Laser Spectrometer (TDLS),
operating as a second derivative modulation spectrometer scanning over a single ethane CH
transition in the mid infra-red (IR) region. The gas sample is introduced into a multi-pass
optical sample cell, controlled at low pressure. The ethane gas concentration is determined
from the measured total optical absorption at the selected transition wavelength; the
automated system continuously recalibrates itself using ethane-free N, boil-off gas to fix the
zero, and a glass cell, sealed ethane sample to provide a constant fixed known concentration
reference.

The sample gas is continuously replenished along pipes connected to the flux chamber,
which is continuously flushed with ethane-free N2 carrier gas until the equilibrium
concentration is achieved. The chamber’s equilibrium ethane concentration is determined by
the chamber’s “footprint” area, the mass flux through that surface, and the carrier gas volume
flow rate. The ethane gas sensor can accurately measure concentrations to a precision of ~50
parts per trillion (ppt), which is approximately 200 times better than gas chromatographic
measurements. Furthermore, the TDLS measurements are available continuously every
second. The TDLS instrument enclosure and associated Liquid N2 source with pump are
shown in Figure 6-1. The system is further described in Hirst et al. (2004) and Gibson et al.
(2002) and at the following web sites

http://www.physics.gla.ac.uk/Optics/projects/oilProspection/
http://www.shellglobalsolutions.com/products_services/lighttouch.htm
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Figure 6-1 The Shell Global Solutions TDLS ethane gas sensor (inside white box) with
Liquid N, Dewar, vacuum sample pump and associated piping and flow
controls; the spectroscopy and data collection is all controlled by the laptop.

6.2 Ethane Flux Measurements

The atmospheric background ethane concentration was measured at ~2 ppb, which is normal
for November and the latitude of New Hampshire (Rudolph, 1995). Within the cold room
containing the ice sheet concentrations were ~100 ppb at the beginning of the first day of flux
measurements (November 17), dropping progressively to 70 ppb at the start of day 2, and 23
ppb at the end of day 2. The cold room conditions were continually changing: with
unavoidable variations in ventilation, recirculation and temperatures throughout the
experiments; but these do not compromise the flux values obtained via the flux chamber
methodology.

Before starting the experimental programme, the flux chamber was tested over an inert
Polytetrafluoroethane (PTFE) sheet, checking the flux value was zero and that no ethane was
being evolved from any of the surfaces within the chamber or associated gas flow circuit.
The test was perfect and yielded zero flux to within the experimental accuracy (Fig. 6-2).
Tgle chamber volume was 24.5 litres (0.86 ft°) with a cross-sectional area of 0.158 m® (1.7
ft).
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Figure 6-2 Flux chamber pre-test over PTFE sheeting proved no surfaces were
contaminated or producing ethane and the flux chamber equilibrium
concentration was zero to within experimental accuracy of <100 ppt.

The team made flux chamber measurements at 27 locations over 2 days. Each measurement
comprised 30 to 50 minutes of concentration data collection at one-second intervals, with one
minute averaging and recording of all standard deviations. The exact locations of all flux
chamber measurements are shown to scale in Figure 4-1 superimposed on the oiled areas.
Figure 6-3 shows an overall sketch of locations and respective concentrations created early in
the program (later to be converted to fluxes). Greater red saturation signifies greater
concentration.

Some of the earlier concentration measurements were discarded in the full analysis as influx
of background air was detected. The experimental methodology was progressively refined to
improve reliability. For example, it became clear how important it was to ensure a
continuous outflow of carrier gas from the chamber. This was achieved by providing a good
seal between the lip of the flux chamber and the ice, and by increasing the carrier gas flow
rate from an initial value of 5 litres/min (0.18 ft*/min) to the maximum feasible with the flow
monitoring equipment: 7.74 litres/min (0.27 ft’/min). The vent area in the roof of the flux
chamber was shielded without creating any back pressure, by incorporating a diffuse tissue
filter: this prevented ingress of high ethane concentration background air from the turbulent-
recirculated atmosphere of the cold room into the flux chamber.
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Figure 6-4 shows the flux chamber in place over a trapped oil spill 15 cm (6 in) below the
surface of the ice. The ethane-free N2 carrier gas input is on the right of the chamber, via a
hoop of perforated PTFE hose. The sample gas is collected from the left side via a similar
hose. The rim/ice contact is sealed with snow to prevent ingress of background ethane
contaminated air; the air in the test room was quite blustery when the test room fans were on.
This measurement was repeated as a consistency test, yielding very similar values after a
much prolonged equilibration period. Flux chamber measurement location 26a (photo
subject) yielded an equilibrium concentration of 0.71ppb with a standard deviation of £130
ppt. Following Figures 6-5 and 6-6 show the stabilization of the measurement with time and
subsequent stability during the sampling phase.

Figure 6-4  Flux chamber measurement No. 26a over encapsulated oil spill, 15 cm (6 in)
below the ice top surface. The flux chamber is positioned directly above a
discoloured portion of the ice, above oil trapped in the ice but with no
evidence of free oil on the surface.
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Figure 6-5

Figure 6-6
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6.3 Ethane Flux Results and Discussion

The equilibrium ethane concentration is linked to surface ethane mass flux rate by the
equation:

(Mass Flux) X (Area) = (density) X (carrier gas volume flow rate) X (Concentration by Vol.)

This report presents measured flux values or upper limits of flux for the different ice
thickness and spill types. Flux values are also presented for ice that shows oil “weeping” to
the surface (isolated spots of surfaced oil within the test skirts, principally in sites 1-1 and 1[]
2).

For measurement 26a (Figs. 6-5 and 6-6) the measured surface mass emission flux of ethane
through the ice above the trapped oil layer was 8.4 10" kg/(s.m”) with a standard deviation
of 18%.

For LightTouch™ exploration surveys over natural seepage sources, Shell normally quotes
fluxes in kg/(hrkm?) as a useful practical unit. One (1) kg/(hrkm?®) is regarded as a
significant flux value, which is detectable from several kilometers distance (one mile or
more) (for example from an aircraft). Using measurement 26a as an example, the
corresponding flux is 3.0 x 10°kg/(hr.km?) with SD of 18%. This value is approximately
three orders of magnitude lower than the fluxes normally detected in exploration surveys.

All of the flux results are tabulated in Appendix B, with the results grouped in relation to the
spill locations shown in Figures 4-1 and 6-3. Dubious measurements are omitted where the
flux chamber was inadequately sealed against ambient air ingress.

The flux data shows a consistent picture of higher fluxes closer to where oil is present. An
exception of site 1-3, where the ice had been sealed with a skim coat of fresh ice. This was
done to guard against a repeat of experiences with the first two spills. Although the top layer
of the ice was scraped clean for flux measurements 19 and 20, it appears that the underlying
ice in site 1-3 still remained less permeable.

Overall, the flux values for similar regions are consistent to within the standard deviations
quoted. Background flux was not significantly different from zero at position 1 (the lowest
reading obtained). A number of the supposed background measurement sites yielded flux
values greater than zero (e.g., #2, 6 and 16). These values are however consistent with the
ice core and water measurements made after the flux measurements. These indicated that
some free oil (with associated gases) had migrated extensively within the tank.
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6.4 Oil, Ice, Air and Water Sample Analysis

A series of independent oil, ice core, water and air samples were collected in support of the
ethane-sensing component of the project (the application of GPR technology is not affected
directly by oil, ice, or water chemistry). Samples taken before, during and after the flux
measurements include:

1. Fresh oil samples from each drum on delivery
2. Oil samples from core holes in each test area on November 19

3. Upper layer (top 25 cm) clean ice cores for trapped gas analysis, in two oiled sites
and a control area of clean ice, November 24

4. Water samples from holes drilled in the melting ice cover on December 17

In addition, a series of air samples were collected during the course of the ethane flux
measurements and at the time that the water samples were collected. All of these samples
were subsequently analyzed for comparison with the ethane flux results (Sec. 6.2) and to
determine any changes that might have occurred in the oil components during the testing
period.

Figure 4-1 shows all sample locations. Data tables and interpretive notes are contained in
Appendix D. Results are summarized below.

6.4.1 Oil Chemistry

Pre-spill fresh oil samples were collected from the individual drums soon after arrival
at CRREL. Spills took place on November 5, 8 and 15. Radar and ethane flux
measurements were made between November 15 and 18. At the time of collecting
the post-test oil samples, the oil had resided in or under the ice for between 4 and 14
days (Table 4-1).

Table 3 in Appendix D contains the analytical light gas headspace data for the
saturated vapors in the South Louisiana Crude Oil samples, as initially received
before injection under the ice and after the oils were recovered from under the ice
after the field testing. As shown by the analytical data, the headspace ethane
concentrations in the original oil samples are significant and uniform, ranging from
4000 to 5000 ppmv in the saturated vapor headspace in contact with the six oils.
These concentrations are in the upper quartile when compared with examples of other
oils (Table 2-1), indicating that South Louisiana Crude Oil was an excellent choice
for this study.

As expected, the oil in the ice lost only a small quantity of its light and Cs. gasoline
range gases after injection and residence under the ice for four days. Methane is
down about 40% and ethane, propane and butanes are down about 60% after their

recovery from underneath the ice. The Cs; gasoline range components appear to be
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lower by less than 20% from their original values. This data shows that, in spite of
their exposure and handling, these oils still contained significant levels of light C; —
C4 and Csy hydrocarbons when they were removed from underneath the ice.

6.4.2 Ice Core Samples

The pattern of oil spreading under the ice revealed by underwater backlighting
indicates that a substantial portion of the oil escaped through (or was initially spilled
outside) the skirt in spill 2-3 and a much smaller portion in spill 2-2 (Fig. 4-8 and
App. O).

In order to determine whether the escaped oil might have impacted the ice sheet
outside of the skirts, several ice cores were taken within the upper portion (top 25 cm
of the ice sheet), following the test program. Three locations (GC-1, GC-2, and GC[
3) were selected for these supplementary ice cores (Fig. 4-1 & test map App.D). One
was a background core (GC-1) where six core segments were collected from the
upper 25 cm (10 in) of the ice sheet. The other two locations (GC-2 and GC-3) were
placed directly over areas where the injected oil was visible under the ice sheet.

The ice core samples were collected on Nov 24, and kept frozen until transported to
ETT's lab for analysis of light C; — C4 and Cs; hydrocarbons. Detection limits for this
data are in the 5 to 10 ppbv (0.005 to 0.010 ppmv) range, and each ice core samples
was run in triplicate in order to define the variance between samples. The analytical
data from the melted core segments is contained in Table 2 in Appendix D with
further explanatory notes.

The results are interesting in that measurable hydrocarbon (h.c.) concentrations were
observed within all of the ice cores, including the so-called background area (GC-1),
located in visibly clean ice more than 3.5 m (11.5 ft) from the nearest oil spill area (10
1). Even more striking than the presence of light hydrocarbons, is the vertical
hydrocarbon concentration gradient in the upper ice layer in all three areas, including
GC-1 ("background"). As expected, the concentrations of light gases within the ice
cores are greatest within the two areas that overlie the encapsulated oils. Although the
background area is less impacted than the oil spill areas, it is significant that all three
areas (including the "control" core in visibly clean ice) were clearly impacted by the
presence of the oil.

This ice core data demonstrates a vertical hydrocarbon gradient in the ice from the
surface towards the bottom, and suggests that perhaps either the air or the underlying
water might have provided an avenue for migration of these light gas oil components
to these ice core locations.

Four air samples and six water samples were collected from the ice/water interface on
December 17 to evaluate any relationship that might exist between the air and
underlying water. These air and water samples are discussed in the following
sections.
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The light gases in the underlying oil were sufficiently mobile to spread over the entire
tank area. Given additional vertical pathways such as natural cracks and fractures, it
appears likely that in a real spill, these dissolved oil components would reach the
surface with much higher flux levels, compared to values measured in this project
with a completely solid ice sheet.

6.4.3 Water Samples

Water samples collected from holes drilled in the melting ice sheet on December 17
were analyzed for their light C; — C4 hydrocarbons. The water sample analysis and
ambient air data is shown in Table 4 in Appendix D.

With the exception of one invalid leaking sample, the remaining water samples
contained large headspace concentrations. Laboratory detection limits for these
samples is ~30 ppb.

As shown by Table 4 (in App. D), the water samples have very large, nearly uniform
magnitudes of light h.c. gases that have to be derived from the spilled oils. For
example, ethane and propane concentrations range upwards to 35,692 ppb and 79,819
ppb, respectively. The regional distributions of these water samples would imply that
all of the water in the ice tank has been similarly impacted. The high concentrations
of light gases found in these water samples conforms the presence of a sub-ice oil
source that appears to underlie the entire ice sheet. This would explain the wide-
ranging impact and the vertical distribution of oil contamination found in the ice
cores (7.2.1).

Further analysis of the water samples for their Cs; gasoline range hydrocarbons
produced component signatures in the headspace waters that were very similar to the
whole oil sample analysis (as opposed to dissolved phase). The fact that the water
samples are dominated by the less degradable and less soluble gasoline range
components implies that the source of the h.c. vapors in these water samples are
probably very small droplets of free oil that has migrated to the locations where the
water samples were collected.

In this project, the light gases derived from the spilled oil, impacted the surface water
(immediately sub-ice) over the entire tank. On this basis, the oiled under ice water
area would be much larger in a real arctic spill. Significant vertical gas concentration
gradients were established in the ice core samples in only two weeks (previous
discussion). Therefore, it appears probable that ethane would escape to the surface
within a short time under natural conditions. This would provide a suitably broad
target area for remote detection.
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6.4.4 Air Samples

When using an instrument, such as the Shell LightTouch™ system that measures only
one component, it is important to be able to confirm this single component (ethane)
by an independent method, such as gas chromatography. In addition to confirmation
of the Shell LightTouch™ system results, the collection of ambient air bottle samples
also provided backup should the real-time Shell LightTouch™ system fail during the
testing phase. In addition to ethane confirmation, the GC method also allowed for the
detection of other oil-related light hydrocarbon gases, such as propane and butanes.

A series of seven air samples were collected during the first two days of field-testing
for analysis by conventional GC technologies. Although only limited data is available
for comparison, in all cases excellent agreement was obtained between Shell and
ETI’s ambient air data. For example, the initial laboratory air sample collected
adjacent to Shell’s instrument was 29 ppbv (Shell's system at the same time reporting
30 ppbv) and dropped to 17 ppbv on the second day (Shell reporting 10 ppbv). The
initial ethane concentration reported by Shell in the ice-testing chamber was 100 ppb
(ETI measured 115 ppb). This concentration dropped to 70 ppb on the second day
(ETI measured 67 ppb).

Ambient air samples collected after field-testing were also analyzed for light C; — C4
hydrocarbons. Results showed that the ambient air in the chamber had become
considerably more contaminated (particularly by propane and butanes) during the
collection of the ice core and water samples. However, the gas concentrations in
these samples are not nearly large enough to represent a credible source for the light
gas concentrations found in the upper ice layers. In addition, the consistent vertical
h.c. concentration gradients in the ice cores are inconsistent with air contamination,
and can only be explained by a sub-ice oil source (Section 6.4.2).
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7.0 FUTURE DEVELOPMENT

The next logical step, given the very promising results in the CRREL tank tests, would be to
explore the potential for field tests under natural conditions. The ultimate long-term goal is to
develop reliable ground-based and airborne surveillance systems that could be deployed to
check for the presence of oil trapped in ice under a variety of scenarios. This project focused
on proof of concept, with ground-based technologies being used as the first step in the overall
development process. Recommendations are put forward in the following sections to further
develop the technologies proven at CRREL, with the goal of deploying the next generation of
systems in a larger scale field experiment and collecting additional field measurements of
ethane levels over natural sea ice, required to evaluate the future potential of geochemical
methods.

71 Radar Potential

In the analysis of data acquired in the CRREL test basin, anomalies were found in GPR
amplitude, spectrum, and phase that closely tracked the known distribution of oil under ice.
Based on the clarity of the results discussed here, GPR is considered to have significant
potential for detecting oil in and under sea ice. The following priority issues are selected for
further testing and evaluation (see program outline in Sec. 7.3).

1. One of the more important requirements will be ensuring that high frequency
radar (> 450 MHz) can penetrate the range of thickness encountered in naturally
occurring first-year sea ice (up to 2m (6.6 ft) in level ice, 4 m+ (13 ft+) in rubble
ice). In the CRREL tests, radar frequencies up to 1200 MHz penetrated close to 1
m of rough urea ice. Without entrained liquid brine, frequencies in the range of
450 - 1200 MHz should easily image through >2 m (6.6 ft) of sea ice.

2. A second issue involves resolving the polarization effects due to sea ice
anisotropy and irregularities in the ice/water interface in natural sea ice.
Presently, the hardware is available to efficiently acquire multidirectional GPR
data. Gathering this type of data will account for polarization effects, thereby
minimizing the potential for false positives or missed detections. Additionally,
multi-polarization acquisition has the added benefit of measuring the direction of
sea ice anisotropy, which may prove valuable in characterizing future sea ice
environments. Depending on the clarity of the ice/water reflection in real sea ice,
it may be possible to automate the data analysis, which would enable real-time
interpretation and open the use of the technology to a greater number of field
users. Implementing this analysis methodology will require a moderate level of
software development.
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3. Since it is clear that multiple reflection attributes, such as the amplitude and
spectrum, and mapped sea ice thickness profiles are potential indicators of oil
presence, there may be significant added benefit in developing combined
attributes. Combining multiple attributes has the potential to make the analysis
more robust. For example, based on the results of this experiment measuring
coherence between ice depth and high reflection amplitude clearly has potential to
eliminate some false positives.

4. In principal, it should be no more difficult to detect amplitude or other attribute
anomalies from an airborne platform, and the results of this experiment do not
rule out the potential for oil detection with an airborne GPR system. However, a
more extensive spill is required to test this effectively. Preliminary modeling
indicates that minimum spill areas of 10 m x 10 m (33 ft x 33 ft), I8 m x 18 m (59
ft x 59 ft), and 23 m x 23 m (75 ft x 75 ft) would be required for airborne tests at
elevations of 10 m, 30 m and 50 m (33 ft, 100 ft, and 164 ft) respectively. The
important issue of minimum spill size will be considered in planning any future
field tests (Sec. 7.3).

5. Finally, some additional effort is necessary to test the latest generation of
available GPR systems under Arctic conditions. Both older systems tested at
CRREL in 2004 suffered from a variety of electronics and battery failures at the
relatively mild zero °F temperature of those experiments. The manufacturer
claims a system rating to -40°F. Additional work is needed to evaluate the
consistency of this claim and answer the question as to whether the electronics
malfunctions experienced in NH were unique to the particular systems employed
in that project. If problems persist in this next phase, additional engineering may
be required to develop radar systems that will perform consistently under Arctic
climatic conditions.

Additional questions related to field implementation of the GPR methodology include:

Limiting ice thickness: The thinnest ice in which GPR can be effectiv