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ABSTRACT

The cost of characterizing and monitorng U.S. goverrmnent hazardous waste sites ecutd
exceed $100 bilkion utilizing traditional methods and technology. New sensor technologies are
beig developed to mcet the patior's enviroumental ramediation snd complisnce programs. In
1993, Armstrorg Labarttory and Lotsl Defense Systems, Eagaa (formerdy 3 division of Usisys
Corporation) signed a Cooperative Research and Developmem: Agreement (CRDA) to - -
commecclalize fiber optic laser-induced fluorescence techaology that had been develaped Witk Alr
Force funding st North Dakota State University (NDSU). A consortia consisting of the CRDA.
partners(USAF and Loral), Dakotz Technologies Iuc., and NDSU submitted a proposal to the
Advanced Research Projecis Agency, Tecanciogy Remvestment Pmie;;t and won an award to
fund the commesciglization. The resuls, Rapid Optical Screening Too! or ROST is a state-of-the-
art laser spectroscopy System for apatysis of arometic virocarbou-contaminated soil and
groundwater. With ROST, environmental investigators are able to find, classify, and map the
dismritrution of meny bazerdous chemicels in the fsld instead of waiting for reports to come back
Grom the analyfical laboratory, The research and development program leading to prototype laser
spectrometers is sumenavized glorg with results from laboratory and feld demonstrations
ilnstrating gystem porformance and benefits for site characterization. The technotogy bas recently
bean demongirated i Germany, the Netherlands, and several sites in the United Kirsdom having
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kgm, mediue, and heavy aromstic hydrocarbon contaminaiion from fuel spifls and refinery or
Clicreical pisnt operztions.

INTRODUCTION

The visien of U.S. Department of Defense (DOD), Tri-Service (Air Foree, Army and
Navy) scleetists has become a reality as a partnership between DOD, academis, and privete
industry evolves inte @ combined tecimelozy that can save milons of dollars m long-term
b eearcioes waste site cleawp costs. The DOD has abour 20,000 contaminated sites, most of
which will require Sirther characterization snd many may fequire monitoring for 20 or mors yows,
coging millions of doflars per year. Th:gmstofaheahemcterimtionandmd’mrhghs
tradifionally been ons-third or more of the toital remediation costs.

Traditional methods emploved ducing envirommental site characterizations &e Ume-
consuming , et oftea Jead to msufficient o inadequate sofl and groundwater data. The typieal or
phased approach ievolves many sieps, often widely separated in tirne, including: tavestigation
design; grid layoat; geophyeics; sofl boring: sampling (soll, soil gas, and grouadwater); off-site
anél)sim and data evalugtion. Dueg 1o fhe expense and tme mvolved, sarpling programs are
usually conservative, typically praviding ’the minienum amount of daia necessary to aomglete the :
investigation. The understanding of hydrogeology and contaminant distribution is offen poor aud
remediation designs @il Too many times, steps must be repeated until the oxtent of
contamination is satisfactorily defined.

To address tiis problem, the Tri-Services integrated laser speciyosCOpY with a cone
pesetrometer.  The combinatica provides en opportunity to signibcantly expedits  the
charaserization process by providing In sim, real-fime data of both petroleum comtzminant
distribtion and soil hydrogeology. Thic technology bas been field-tested st mumerous sites and is
acw being commercially deployed. Ongoing research wil extend senstivities, expand capabilities
to detect other contaminants such as solvents, metals, ang explosives; snd make systarn operatinn
more user-fricadly for operating techriciane. The end result is a technoiogy that can sgnificantly
reduce the cost of gite charactedzation apd MoNItOTng.
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BACEGROUND

' The Site Characterization ad Analysis Penetromster System (SCAPS), developed jomtly by
the Tri-Services, bas proven to be an effective technaiogy for cheracterizing contaminazed sites.
The Tri-Services are cooperating on e development ad jmyilemcrtation. of Goite panetrometars
and, associsted tectmologics, The Amay has provided leadesship on developing SCAPS; the
Watarwags Experiment Station. conceived the ides of combining optical measuremants with some
peostrometers 1o determine chenical information about the soll A pavent, enitled “Device for
Measuring Reflectance and Fhuorescence of I Situ Soil* bas been liceased, SCAPS includes the
truck-mountad cone pesetrometer; physical and chemical sensors, environmental saeplers; data
acquisition, axalvsis, and greptical presemation hardware and software, and probe hole srouting.

« ADDITIORAL SERSORS
MEASURE FLECTIICAL
CONOLCTATY ARR
PORE PRESSRE

¥ WATER TRELE

CONE PENETROMETER ROD

COME PANETRONRTER TRET PROBE®

UF SENSOR MODULE

ELECTRICAL SENSQR MEASURING
PENETRATICN RESISTANCE

ELEGCTRICAL SENJOR
MEASURING SIDE FRICTION

Figure 1. Cone Penetvometer
Cone Pengfrometry

: The typical cone penetromeler is mounted on 2 20-ton truck and driven 0 the site roquir B
characterization (Figure 13. Using the truck as 2 reaction mass, the penstromear hydraulically
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puslies an instrumented conical rod into the ground ta be characterized. The cone is pushed info

%?&Eﬁ‘ﬁd&mﬂﬁzﬂﬂsﬂyaamﬁz cemtimetera per second.  Sigaals from the cone arc
comveyed to the surface hrough cables located Withn tie oester of the push rods. The signals are
prcéesmdbyawmwtcrlmwdinthemepmmtmck The cane penelrometer may
characterize several aspects of the subsurface, depending on the types of sensors inregrated into
the penetrometer, Strain gauges measure the forocs agatast the tip snd sleeve of the cons tool
allowing derermination of suil typs; L.e., sand, silt, day, ote.; and stratificetion. Blecrzodes on the
rod allow measurement of the electrical conductivity of the soil which are indicative of changes in
soil type or moisture and can often indicate the presence of contamination. Other sensors provide
\dditions) bydrogeological 1nd cherriea! informasion regarding scil sod comtarination.

Soil, scil gas, and groundwater sampling can be performed using the cous penetrometer.
To collect samples, the instrumented cone Is removed from the push rods and specially designed
sampling tools are attached. The sampiing devices are also hydrautically pushed to the desired
deprh and a sample is collected. The sample i¢ brought to the surface for subsequent analysis in
tho Geld or at an offisite laboretory, The cone penetrometer Sensors provide information on
hydrogeology and contamination; the samplers werify it. The resl-tme ability to recsive and
assess moritoring da1a co-SNe, withont laboratory epalysia, is oriticel. Tt Gachtates decision-
making diiring site investigation projects, while ensuring accurate and efficient completion of site s
irvestigations and optimized site remediation. Cone penetrometer technology cat also be/usad o
provide baselne data for ntrinsic bioremediztion modeling studies, to define sxcavation Hoits,
and to moniter the progress of site remediation. Sampling, monitoring point instaliation, and many
othor capabiities exist when deploying 2 cone peneiromeier for environmental investgations.

La: eter 8§

One of the key sensors deploved for use with the cone penetrometet mvolves the use of
Jaser gystems 1o induce fludrescence of fucl products e the cons pansirometer arsbe is advanced
imio gols. Laser-Induced Fhuorescence (LIF) has besn shows to be uschil in identifing
petroleum contamination such as deisel, gasoline and JP-4 jer el “The first cone penetrometers
fiekded by the Anmy 2nd the Nevy made 3o of & fxed-frequency wifroges laser developed by the
Navy, but aow funable or maftiple-wavelength laser gysiems are available.  Armsirong

4
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Laﬂorm-y's Environics Directorate, working with Narth Dakota State Univessity (NDSU),
acvklopvd a transportable, Jaser spectrometer systern wsing & NAYAG { dyriusaytiee

dumsmm garmet) laser to pump a dye lager, The tunsble, laser-generuted ultraviole: light is
:ransnmtted through optical fibers to the subsurface contaminant.  Optical Sbers are also used
rmsm the resuiting light (Buorescence) for spectrascopic analysis. The derection sysicm constsis
of =1th¢*‘ a moncchromator, photoaultiplier tube, and digital oscificecope or % pated optical
mulnchﬁnn&{ snalyzer. A persopal computer is used for systew control, mrgmasied data

co.ie»tzon, and data analygic.  The sysfem detects aromatic kydrecatbons gxch as benzene,
m’usm, ehylbenzene, and xylens (BTEX), paphthalsoe, and polyesclic aromatic hydrocarbons

DAL } by fluorescence, 1t cap identify enntaminarion fr from pasolie, diesel fuel, fuet ofls_ jet fuel,

\.l .r.u.wl AW WY

cregsote and coal tars, all of which contain aromatic hydrecarbons by their fivorescent specta.

| The basic detection approach takes advarrage of the fact that certain substences Suoresce
whm particular wavelengths of Lght are absorbed. The transporteble laser svstem i unique
becausc its output may be tuned to select the optimum wavetength 10 stmulate fucrescence of
the pollutants while minimizing potential interfzrences. The resubiant spectyel exnjssion inchading
ﬁunrc%cmt [iferime is somowhat fike & fingerprint, useful for identifying the corggminant. The
ﬂuoremt intensity indicates concentration of the cotaminsnt This technology provides

sem:.qua}:tame and sentiguantitative information, on site, in minutes. The LIF respunsz anbe

cm'dated to the total petroleum hydrocarbon (TPH) concentration within the seil using ftanderd
or sita specific calibration murves. The system has been tested in the field with TPH detection
hmﬁSaslowas parts-per-miliion levels on soil when used with a cone penetrometer and o the
laboraxory at parts-per-tillion Yevels for maphthalenc in wator usg Hber optic probes.
1

:i]. 1 Technolesi
l

The combined cons penctrometer and transportable laser spectromater has been used at a
vanely of sites having aromatic hydrocarbon confamination. Sites characterized mchude fizeds (pet,
gasohna. kerosene, dicssl, ete), napitialene, benzene, Creosates end coal fars. The tonzble laser
syst is optimtized for sthmulating contaminauts and detecting the flnorescence. Laboratory
ﬂuomcenme spectra from fuels suggest that maphthalene often produces the maximum

to
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ﬂuoresomce, consequently, 2 laser excitaion wavelength appropriate for naphibtalest is
“"""‘7‘““"““ﬂ=u“‘“-ﬂvuiwwhonn

» 'Ibbwnemmdas:gmdtocoﬂectdﬁam‘wodiﬁ‘erentmodes; “gush” or “statie” Inthe
pushmode lascrm:mmhanﬁeqummﬁmdandms:gnalismomaredasmeme
peueu'ometar probe is advanced, acquiring a fluorescence intensity-veraug-depth (FVD) profile.
Opermon in the static mode, or with the probe siopped, aliows collection of LIF
muludunmswml data sete, typicelly the fiuorescence emission wavelength, intensity, and thne of
dwaymammS(W‘l’M) Wmishawprmmtobcuwﬁdmidmtx&mgwnouamdtypas Tha
commmnal product of this technology, known as ROST, is now aveilable for state-of-the-art
ﬁ&m& sits characterization services (Fig. 2).

Figure 2. ROST Equipment

Technology Transition
lunmuungldhxxunyamdlxnn!Coquxﬁﬁoud@naia(kmmenﬁhefkmakchand
Developmcm‘ Agreemert (CRDA) in 1993 1o commesgizlize the Air Force-developed laser
sp«.etromafer gystemw. A gonsostium consisting of the CRDA partners (USAP/Loral), Dekota
chhnolagles Inc., and North Dakota Stave University submiticd a proposal 1o the Advanved
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|
Ru.‘.{mrch Projects Agency (ARPA), Techuolagy Rainvestment Project (TRF). In December
1993l ARPA scloctod the propossl to recerve a Twao-ysar £1,600,000 grant, indnsiry provide in-
kmd contributions and matching funds.
: The ROST commercialization program has aatowsted the eollection and mapping of data,
mnde equipment components smalier and more rogeed. and developed user-friendly ; interfaces to
ailrm easy use by envircomental techicians. This instrument is 2150 adaptable for monitoring well
appl.cﬂ_".ons ROST has potemal for process control and even medical disgrosics.

' Use of the ROST system should resnlt in substantial savings s costs associated with
;;...._' szation. momtioring, and remadiation of hazardous waste sites. Loralls now offering siie

n services using the ROST system.

Az a result of this techuology transfer, rhe [7.S. DOD will senefit from applicetion of
tecimaiogy and knowledge guined; the private sector will receive g ighly transferakle and
proji ioble technology; and all will benefit from a cleaner envircranent.

rndT At }:_!"i“ APy

BAPID OPIICAL SCREENING TOOL

Degeription )
ROST employs laser-induced fuoresconce spectioscopy for in situ analysis of petrolewm
&ydrwaraons (Figure 3). Ultraviolet fight is required to excie the fluoregeence of most of the
aromatic compouads i petroleur hydrocarbaus. Pulsed Bight in this wavelength region is
bvtamed i ROST by frequency doubling the cuiput of a dye laser pumped by & N&: X AG aser.
Enha* the 2nd or J7d harmonic of the NdYAG can be used as the dye laser pump. The lasee
sourea and detection gystem (spectrometos) are located in a cone penstrometer truck. The pulsed
lascr light travels via fiber optic cable 10 ang fror an cpricet moduls locsted near the cona rod.
There fight is dirccred through & sapphire window onto the surface of soil pressing up against the
wmdaw Aromatic petroleum hydrocarbon molecufes present will absord the excitetion tght nd
emn‘. fluorescence at longar wavelengths, The wavelengih of Eght selected for excitation isma
range that s absorbed by ercmetic petroleum tydrocarbons. A porton of the eritted
ﬂuﬁtesaerw passes heck through the window, is retuwned to the surface, end imaged through a
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|
moriochromamr The wavclength-dispersed radiation is converted to an electrical stgoal by 2

phctomuhxphcr whbe snd the electrical signad Is anatyzed by a digitel oscifioscope and computar.

Figare 3. ROST Optical System Concept

The incoming data are coxtimously processed and displayed in FVD profile for the entire cone

pcnetromcter push. Tho Ruorescence signal from 50 succassive laser shots (aking & rotal time of
seoond) is averaged for each darz paint ax:quzrai and displayed. Since the coneis pushdd a2

i

canﬁmete's per second, the spatial resohstion of the FVI) data is 2 centimeters.

" In addition to FVD profiles, ROST can differemtiste pesroleum ful tyses This is
acoompl o by acquiring WIMs during a short pause (approndmately 1 minute} in the cone
panesrometes push. A WIMisa three-dimensional graph of fluarescence waveleagti,
ﬁlmresomoa Tifetime (Le., time scale over which the fuorescence signals are ematted), aad
ﬁuorescer.ce intensity. Potroloum products bave a Jistinctive fuorescence signature which allows
t‘ne Eeld operator to identify the approximate nature of the contaminzm. Emissions in the 260 to
300 aenomerer (nm) range indicate single-ting eromatics like 3TEX compounds. Emizsions i
the: 300 10 350 nm range indicate TWo-ring aromatics such as naphthalege. Larger polyeyrlic
aromatic hydrocarbons flucresce at waelengths Joppger than 350 am. WTMs are sspecially usefbl
for determiming if muttiple sources of coptamination are prescm.

i
1

!
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ROST can detect and characterize hydrocarbons such a3 gasotine, jet fisel, and dieesl fiale
(Pigum “}.

13508

héﬂ-l- A00xer:
P4
s

309 I i

@l

_ Cﬁé - :
Nom 000 SQ0Tam 3o0%m
Coa! Tar Unieaded Gasoline

- Figure 4. Fluorescence Emissicn Wavdength-Intensiiy-Lifelime Matrices (WIS}

Benefits

ROST is extremely usefil for soil and grovndwater hydrocarbon contaminztion gndtysis
when used with a cone penctrometer. ROST with varable wavelength (hnable), pulsad-taser
souree means that the excitaton wavelcngth can be optimized for the contzminart of interest.
tz-.éynnaticn regarding hydrocarbon type, depth, and distribution is available on-site at the
coé:ciusion of each push. In addition, geotechnical data are also collecred. Yypically, the vertical
hydromfbcn profile (FVD} of a 30-foct push can be detarmined in less han 20 mimrtes, ROST. 2
3d%~oeﬂzaine&, ruggedized system, canbe permansathy of temporanty ostalled on mOsLTIER O

existing cone penetrometer trucks.
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RESULTS AND DISCUSSION

 The ROST system has been demonstrated, field tested and integrated info sie
characterization plans at many comwuercial and government sites (Figure 5). ROST mits have
pe.rﬁ)nm:d ovex 20,000 linear feet of feld tosting over the tast 12 months.

18 { — Y TR
gi y‘"“*-.'-w—‘-.l__i‘ h 3 .

Figure 5. ROST Test Locations

| These technologies are being further refined, demonstrated, and evalusted within rumerous
DQD, DOQE, and EPA programs. The results discussed are from laborztory and field
demonstrations by the Tri-Service and ROST consortiam. Demonsiratices were recertly
completeg under the followlng: g)EPA. Suprafund Innovative Techmology Bealuation (SITE)
ngrnm, b)Under e environmental Data Exchange Agreement (DEA} with the German Ministry
of Definse, c)in the UK. under the Bullding Rescarch Establishment Ageacy program in
{ omdon, Scotlaed, aud Whales, d)With U.S. EPA/DOD/DOE Consortum for Site
Characresization Technology at the National Hydrocarbon Test Site in Califormia, and at
e merous other commercial and government sites.

| The purposs of the EPA SITE Program demonstrations is to evaluats imnovative
tectmology and report s pesults. The German DEA providss for envirarmental technology
ransfer including demonstrations to belp both countries desl efectively with environmerntal
problews. fn London the tochnology was used 1o investigars possitle tank leaknge ot & setadl
péﬂ'olexm': distribution facility. An oil shale site which has been turned into 2 golf course was
charncterized in Scotland with a wide range of contaminants such as coal tag, lamp o, a1d.

10
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detergents. In Whales a BTEX contamination from a chemical manufacruring plact was
chiaracterized. The tssting With the EPA/DOD/DOE Comsortium is part of « Jarger effort to
validase the LIF tachnology end egtablish 2 standard method for itzuse.  The Tri-Services
mnrw-.red A series of laboratory tests regulting in calibration curves with differert Huels on various
soil mamces The calibrarion curve cbrained in the Iaboratory for dicsc! fusl marine on e vand

i indicates & detoction Limit loss thass 30 mg/ke (ppm). P4 calibration curves on sand
showed detection fmits of 5 merks.
A grophical regrasemtation of cuts from oe pushlocaiont iliustrazing vertical contaminazs

dlsnibmon, sofl swatigraphy (bascd op tip resistance and sietye friction) and Wavelenath-Time

Matrix (WTM) data collected by the cone penetrometer/ROST system in in real-time is showz.
(F‘gure 6). Data Logs such as these are produced in the field, saving valsble time normally fost
i o] delays waiing for analytical data when traditional methods (such aa drilling/sofl sampling) are
used.

f f' INTEGRATED ROSTAPT DATALOG

A wKD: VWDe  {|B  WIND, W=
3 3 I, !
[ [ '
) ! g
TR ~“,LW!
E “‘-‘\ {
eE—>
k
7/
: R
1] pnSp=t  S.RINSH VLT Pl ORISR RS
PEHgw  O0RKE gy 2608 WO Cpal A1 QL NE. I
< WD wea_e
lat -
E /""\-\
i3 EZ=\
E‘m\;},——, :
§
- e
P EMETERG AT i
Foaga  aueni@ds | |
Gdewr Dow cxmi A ST(RTrwn b [
= e Ves X0 nuexs | 1
IF] cevesis i b OHE :
S LORAL | S
oS -} e S WAL SYSTENT
T | eed Fog L& 1 i |

Figure 6. Real-Time Qutput
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m:wmhm“mdbudmathamSTmmMupaformedmgamdﬂd
refemnoe check sohution, which i§ comtained in 3 cuvstte ool tharls pressed up against the
sapphire window. This eusures the jostrument it propesty set up, operating correctly, and alse
prov:dc.. a mechamism to potmalize the resulting fuorescence data so data from mmntiple pushes
orsxtes can be quantitatively compared. FVD proﬁl%mak’ be reported in urits that relat & the
ﬁaemm:nc# response of the reference check sohution o using Iaboretory (or field) calibration
curves FVI> profites msy be reported in mg/kg equivalents. The vertical axis represerts depth

balow ground surface. The horizontal displacement to the right is fusregcencs intensity, witeh is

directly related to petroleum hydrocarbon concentration. Daa fom makiple CPI/ROST push
locaﬂons can be integrated using common ccntourmg programs 10 gain 2 view of the overall
distribution of petroleum hydracarbons at the site (Figare 7).

Figure 7. Hydrocarboa Plume Based on ROST Lrata
_ Analytical laboratory results collaboraie the characterization of petrolears hydrocarbors
oy ROST. Areas having relatively high concentrations of petrolenm Wedrocarhons in soi samples

19
P
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correspond to areas where ralativaly high Hucrescenca intensities are observed. Furthermora,
areas showing no fluorescence response are found to contam relmively low concentrations of
peitoleun hydrocsrbons. Figure & compares fuorescence imensity to the resoits of laboratory
analysiz of field sampies for sotal semi-volatile organic campaunds by EPA Method 3318 showing
the redative llucrsscance imensity data is very smilar to that of the laborstery rezults. Aa

excellent correlation was sbtained between ROST and results using tota) semivoliatie organic
compound analysis as well as total recevaneble petroleum hydrocarbons by EBA Method 418.3
m{ym, Data Fom in-situr testing indicates that at this site, material contzining more dan 1 ppm
1otal sem-volatile orgamic compounds by Method 8310, is readily obsarved by ROST.

i
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Figare 8, Fluorescense response versus feld sample anatytical revaits

Data sacumulated verify that ROST can reliable map subsurface petroleum conaniinstion ia sit,
in real-time, and in continuous vertical faskion

13
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CONCLUSIONS

Scroening for hazardous waste normally involves drilling of bore holes and monitoring wells,

The process s sow, expensive, ad results are often Iaconclusive. Remedistion costs for U.S.
gov@:nmm sites alone run as high as 5500 billion. About 15 percant of that figure, of $75
billion, represents the price of scresning and characterization. Laser incuced finorescencs
technology to deisct aromatic hydrocarbous in §itu is nOW & vizble, field proven, < mercazally
avalable tecimology. ROST and relates iwchnologict ropresent & {andmark development ia site
chacacterization, Earvironmental investigators will be able to find, classify and rap the
distribution of many contaminants in days. Ongomg research will be developing techaiques ta
detoet znid monitor contaminants such as chlorinatce solvents, metels, end explocives whirh do
not naturally Sluoresce. Refining 2nd demonstrating these technologies i at the heart of
characterization, remediation and monitoring, These teghuologies may datermine & remsdiation is
needed, what reraediation tecimology should be applicd, whethar the remediation is working, and
when the cleanup offort is complete, all with the mipimam of risk, time, lebor, and cost.

 Loral Corp. and it's partnars are now making the ROST system available for hydrocathon
contarsnated site characterization at both government and commercial sites in North Americs ané
Europe. ROST can lower the cost of testing from thousends of dollars per hale to Just 2 Rew
hundred dollirs, the site characterization savings in addition fo the sine of nproved site data will

be of great benefit.

! gt im o poral registezed erademwark, hereafter referred Lo a3 ROST.
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