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Applied NAPL Science Review (ANSR) is a scientific ejournal that provides insight into the science
behind the characterization and remediation of Non-Aqueous Phase Liquids (NAPLs) using plain
English. We welcome feedback, suggestions for future topics, questions, and recommended links
to NAPL resources. All submittals should be sent to the editor.

Laser-Induced Fluorescence Primer II:
Interpreting Waveforms

Randy St. Germain
Dakota Technologies, Inc.

Ultraviolet (UV) laser-induced fluorescence (LIF) screening tools cause fluorescence in
light non-aqueous phase liquids (LNAPLSs). Total fluorescence readings estimate the
quantity of LNAPL present, but LIF can also capture fluorescence “waveforms” to
qualitatively evaluate LNAPL type.

[This article focuses on UV LIF’s application to petroleum fuels and oils, but NOT creosotes and
coal tar which require the Tar-specific Green Optical Screening Tool or TarGOST. TarGOST and
heavier hydrocarbons will be discussed in a forthcoming issue of ANSR.]

BACKGROUND:

Optical screening tools (OSTs) can “flash” a sample for a few nanoseconds then read the
fluorescence that continues long after the flash has stopped. This fluorescence “lifetime” varies
from well under a nanosecond to tens or even hundreds of nanoseconds.

OSTs have time-resolved LIF built in to simultaneously record the “color” (spectral nature) and
lifetime (temporal nature) of the fluorescence. OST LIF systems can tentatively identify the type of
petroleum, discern false positives, and detect weathering of certain LNAPLSs.

MULTI-WAVELENGTH WAVEFORMS:

The left side of Figure A illustrates the combined spectral/temporal nature of the fluorescence
emitted by the polycyclic aromatic hydrocarbons (PAHS) in diesel, and the right side shows the 2D
“shorthand” style waveform.

3D illustration of diesel's diesel's multi-wavelength
fluorescence emission waveform

350nm 400nm 450nm 500nm

| o Oy o
1 oo oo X n
1.
08
EU,E
2 OST
504
E
02 N
"black box"
ond
150
Ch
l’,/:? Note:  Diesel Taw 105 22.1 385 34.7
Range:3.30 -4.10ft Signal 203.6 *eRE (s 4.1)
\ <4—— 320 nanoseconds——p /
\\ /
N P

Key characteristics of waveforms include:

Intensity (Amount of Fluorescence)
The y-axis represents the intensity or “brightness” of the fluorescence.

® |ntensity generally increases with increasing fuel/oil pore saturation.

® The relative fluorescence intensity is dependent on the composition of the fuel
O Some fuels (diesel and crude) fluoresce more intensely than others (gasoline).
O Low viscosity fuels/oils usually fluoresce better than high viscosity fuels/oils.

The Four Fluorescence Channels (“Peaks”)
The x-axis of Figure A represents 320 nanoseconds of time during which the four wavelengths of
fluorescence arrive at the detector at sequentially delayed times.

® The four channels fluoresce at approximately 350 (blue), 400 (green), 450 (orange), and
500 (red) nanometers (nm).

® The relative intensities of the four color channels fill the LIF log with blended color to
visualize fluorescence trends “at a glance” [note the fill-color boxes in the upper right corner
of the example waveforms below].

® OST systems are calibrated to a Reference Emitter (RE) fluid, similar to calibrating a PID
to a reference gas. The RE fluid is a standard fluorescing NAPL supplied by Dakota
Technologies, Inc. to all OST service providers, and the mixture has been consistent for 15
years.

® The purpose of the RE fluid is to:

O Normalize the data for "hole-to-hole” fluctuations.
O Check the system to ensure all optics are intact and functioning normally.

® All downhole data is normalized to the RE (as a percentage) so that data is consistent
across all OSTs across the globe regardless of who is operating them.

® The area under the curve of the four channels is summed and divided by the RE waveforms’
areas to generate the normalized total fluorescence “Signal” of an LIF log.

® One PAH will usually occupy more than one channel since PAHs fluoresce broadly
(naphthalene is an exception, fluorescing almost exclusively in the blue channel).

® |n general, the shorter wavelength channels (blue/green) are occupied by 2- and 3-ring
PAHSs, the middle (green/orange) by 3- and 4-ring PAHSs, and the rightmost (orange/red) by
4-ring and larger PAHSs [Figure A].

Lifetimes (Decaying Fluorescence)
The x-axis covers an extremely short time period to capture the short PAH fluorescence — lifetime
is the average time the PAH population stays in the excited state.

® PAHSs fluoresce from a few to hundreds of nanoseconds.

® In the characteristic diesel example, the blue channel has a shorter lifetime (right side
intensity falls back toward baseline quickly) than the green channel.

® The lifetimes of some channels “bleed” into subsequent channels (green into orange) and
influence the colorization.

® Short lifetimes often indicate an energy transfer from the excited PAHs to surrounding,
larger PAHs or matrix. This leads to quenching of fluorescence and red-shifting of the
emission toward the right.

® | ong lifetimes often indicate oxygen starvation and/or a solvent-rich fluorescent friendly
environment. Natural gas condensates can have unusually long lifetimes.

EXAMPLE WAVEFORMS:

PAHSs:
PAH logs show the general trend of emission with size/complexity of PAHs (Figure B).

® The upper-left is Naphthalene, fluorescing almost entirely in the blue channel.

® The upper-right is Anthracene, the simple addition of one more benzene ring shifted the
fluorescence by about 75-100 nm (about 1.5-2 “channels”).

® The lower-left is Pyrene, which is one ring larger but more “compact” so the red-shifting is
moderate.

® The lower-right is Benzo (a) pyrene, emitting almost entirely in the red channel.
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Fuels/Qils:

Fuels/oils contain complex chemical populations with broad forms. The “EPA 16" PAHs only
account for approximately 1 percent of the PAHSs in crude oil, so there are usually plenty of PAHs
to fluoresce. From “blue to red” some common fuel/oil waveforms, shown in Figure C, include the
following:

® Jet/Kerosene [Row 1]:

O Naphthalene and Jet/Kerosene waveforms are similar and both are almost

exclusively dominated by naphthalenes.
® Gasoline [Row 2]:

O Intact (unweathered) gasoline has the typical shape shown and will fluoresce well
enough to be delineated with LIF even though gasoline contains only small
concentrations of 2- to 3-ring PAHSs relative to the benzene, toluene, ethylebenzene
and xylenes (BTEX) and aliphatics.

® Diesel [Row 3]:

O Diesel has a short lifetime blue (2-ring) peak that is about the same height as the

longer lifetime green peak. Evidence of weathering in diesels is rare.
® QOils [Row 4]:

O OQils such as crude, lubricating, and cutting types fluoresce well and are usually found

slightly right of center (red-shifted) and have medium to long lifetimes.

[ Cakculates Color - Calculated Color - [
150 2%
2 1
{
100 ~ {
15
10
50 ]
1
|
haote: Jet TS, CA | Tau 175 16.3 152 108 uotz. Kerosene, KS Tau 268 38.3 321 140 | | reate: Jet Fuel, CA Taw 87 &7 59 66
Fanpe 0.30 - 0.80 A | Signat 45,9 %RE (s 1.0) Fange 2405 . 3279 signal 9.8 %RE (s 3.4) Range1.20 - 190 Signat 76 %RE (5 1.0}
Caulatad Color [SRNN | Calkuisted Color Cakulatza Calor
| B0 4

e Gasoline, AK Tau 128 161 167 184 Mot Gaseline, Australia Tau 112 17.5 23.6 376 | | mate: Gasoline, Mi Taw 157 224 245 4438

Ranga 1872 - 2011 ft Signal: 30.2 %RE (s 7.8) Range 6.37 - 6.65m Signat §0.2 %RE (5 24.4) Range9.95-10.365 it Signat 34,1 %RE (s 16.1)

(Calculabed Color -: CakutEed Coor Caiulated Color
o RS )

150

100

a

tate Diesel, FL |‘a4 135 26.4 300 452 tiote' Diesel South Korea Tsu 06 18.9 222 38.2 | | Mate. Diesel. Dubal Taw 113 239 272 838

Rape 4.65-5.00 ] Signal 2696 %RE (s 37.9) Ranged,70 - 5,85 m J Signat 41.6 *«RE (s 45.9) Rage324-334m sSigna 1415 %RE (s 86.5)

Cakcuiabed Color Caiculsted Coior Cakculated Calor
B 000

400 4

[t Crude Ofl, nd ras 43 66 86 8.4 Note. Crude, NN Tau 32 43 60 64 [\t Cutting O, Lab

100

Tau 140 384 455 45.7
Sinal 8119 %RE (86.3)

|Ranpe 371037801 Sinel 12T1%RE(s18) | | Parged80-690R [soa ta0s%REE 1S | |Repe3330- 3410

Weathering:

Weathering typically removes the most soluble, volatile, and metabolized PAHSs first. Large PAHs
remain, which causes a red-shift in the waveform. Simultaneously there is a loss of solvent
aliphatics, which usually shortens the lifetime so a weathered light fuel will start to look like oil or
even tar. Figure D demonstrates weathering of gasoline in a lab experiment resulting in red-shifting
that can make weathered gasoline appear to be “oil”. When jet/kerosene weather they “disappear”
(become non-fluorescent) because there are no larger PAHs to continue fluorescing once the
naphthalenes are gone.

NAPLs (especially gasolines) can vary substantially in their appearance. The degree of red-shifting
is relative to the starting product and site conditions. For instance, one site’s intact (unweathered)
gasoline waveform might very well be identical to a different site’s moderately weathered gasoline.
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False Positives and Oddities:

Areas with little to no contamination may still show false or misleading signals. Figure E contains a
variety of noise, false-positives, or highly unusual waveforms. Be prepared to obtain samples in
order to figure out what materials are causing any odd fluorescence waveforms.
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Real World Limitations: Identification of specific LNAPL types via Laser-Induced
Fluorescence is an estimation that can be very useful as part of an LNAPL Conceptual Site Model,
but should not be relied upon solely for LNAPL fingerprint identification.
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Context Announcements

Volume 2 (2011) of Applied ITRC 2-DAY CLASSROOM TRAINING:

NAPL Science Review

(ANSR) is focused on tools Light Nonaqueous-Phase Liquids (LNAPL): Science,
and scientific concepts to Management, and Technology

improve NAPL conceptual site | October 16-17, 2012
models (CSM). An accurate, Novi, Ml
detailed CSM will

cost-effectively guide risk Register now at http://www.regonline.com/ITRC-LNAPL-MI
evaluations, remedial action

decisions, technology The Interstate Technology and Regulatory Council (ITRC) is
selection, remedial design, offering a 2-day training class from the ITRC LNAPL team on
and end point attainment October 16-17, 2012, in Novi, Ml, in cooperation with ITRC state
(closure) evaluations. member, Michigan Department of Environmental Quality.

Sponsor opportunities are available. Contact ITRC at

Related Links training@itrcweb.org or 402-201-2419 to learn more.

AP| LNAPL Resources In 2012-2014, ITRC may offer the LNAPL 2-day classroom
training course in additional locations. Additional details will be

ASTM LCSM Guide provided at www.itrcweb.org/crt.asp when dates and locations

are selected.
Env Canada Oil Properties DB

ITRC offers this 2-day classroom training course, based on

EPA NAPL Guidance ITRC’s Technical and Regulatory Guidance document, Evaluating
LNAPL Remedial Technologies for Achieving Project Goals

ITRC LNAPL Resources (LNAPL-2). This 2-day ITRC LNAPL classroom training led by
internationally recognized experts should enable you to:

ITRC LNAPL Training

* Develop and apply an LNAPL Conceptual Site Model (LCSM)
» Understand and assess LNAPL subsurface behavior

« Develop and justify LNAPL remedial objectives including
maximum extent practicable considerations

ITRC DNAPL Documents

RTDF NAPL Training

RTDE NAPL Publications * Select appropriate LNAPL remedial technologies and measure
progress
USGS LNAPL Facts * Use ITRC's science-based LNAPL guidance to efficiently move

sites to closure

ANSR Archives |
ANSR Archives ASTM Guide for Calculating LNAPL Transmissivity is Now
- Available for Purchase at www.astm.org.

. ASTM Standard E2856 - Standard guide for Estimation of
Commg Up LNAPL Transmissivity is now available

Look for more articleson |  emmeeeeeeeeen
LNAPL transmissivity as well
as additional explanations of The ASTM LNAPL Conceptual Site Model (LCSM)

laser induced fluorescence, workgroup is actively updating the ASTM LCSM guidance
natural source zone document. If you are interested in participating on this team or
depletion and LNAPL would like to send comments for consideration - please contact
Distribution and Recovery Andrew Kirkman of AECOM (team leader).

Modeling in coming
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Mike Hawthorne of ANSR will be presenting a series of
three short (15 minute) webinars on modern LNAPL science

through the NGWA Interest Group Brownbag Webinar
series.

ANSR now has a companion group on LinkedIn that is open
to all and is intended to provide a forum for the exchange of
guestions and information about NAPL science. You are all
invited to join by clicking here OR search for "ANSR - Applied
NAPL Science Review" on LinkedIn.

If you have a question or want to share information on applied
NAPL science, then the ANSR LinkedIn group is an excellent
forum to reach out to others internationally.
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