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ABSTRACT

The TPH (total petroleum hydrocarbon) subgroup of the RTDF (Remediation Technologies Develop-
ment Forum) Phytoremediation Action Team hasinitiated a collaborative tria to test the use of vegetation to
enhance treatment of surface soils contaminated with weathered petroleum hydrocarbons. Collaborators
include PERF (Petroleum Environmental Research Forum), USEPA, DOD, major petroleum and energy corpora-
tions, environmental consultants, and university participants. Petroleum hydrocarbon-contaminated soils are
highly variablein composition and in the physical and chemical characteristics of the soils. The TPH sub-
group has developed a standard protocol for conducting cooperative field trials. Features of the protocol
specify common proceduresfor each trial covering vegetation treatments, experimental design, analytical
parameters, analytical laboratories, and dataanalysis. Asof March 2000, 11 locations have been entered into
the RTDF program. Although each trial has unique features, there is enough commonality to the experimental
design at each location to enable comparison of the results. Nine of the trials have been planted with the
remaining two scheduled to begin in spring 2000. Thisreport will summarizeinitial conditionsfor thefive

locationswhere analytical datawereavailable.
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INTRODUCTION

Phytoremediation isthe namefor aset of
emerging environmenta cleanup technologies
that use vegetation to enhancethedissipation or
Stabilization of environmenta contaminants.
Numerous mechanismsand applicationsof
phytoremediation have been proposed and
studied (Cunninghamet a., 1996; Daviset dl.,
1998; Frick, Farrell, and Germida, 1999;
USEPA, 1999). Totreat petroleum hydrocar-
bon-contaminated soil s, themain effect of
vegetationishypothesized to be enhanced
biologica breakdown of hydrocarbonsby
increased microbid activity (Banksetd.,
1999). Standard operating proceduresand
decision support toolsare being developed to
facilitate assessment and implementation of

phytoremediation (CWRT, 1999; ITRC, 1999).

Thereisacritical need to develop adatabase
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documenting the performance of
phytoremediationinthefield. Thisinformationis
needed to determine potential opportunitiesand
limitationsof phytoremediation gpplications, and
to provide documentation needed for itsaccep-
tanceby theregulatory community. Initia field
studieshave shown that phytoremediation of
petroleum- contaminated soilsispromising
(Bankset al., 1999).

MATERIALSAND METHODS

Protocol

A standardized protocol was devel oped to
guideparticipationintheRTDFfieldtria. The
protocol isavailableon-lineat http://
www.rtdf .org/public/phyto/protocol/
protocol 99.htm. The protocol was devel oped
withthe objectiveto determinetheefficacy of
agricultural and non-crop plantsfor degradation
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Figurel. Approximatelocationsfor 11
entriesinthe RTDF TPH subgroup
phytoremediationtria.

of aged petroleum hydrocarbonsin soil at
multi plelocationsand under varied climatic
conditions. Theprotocol specifiesastandard
experimenta designfor useat the participating
RTDFgtes. Althoughindividua RTDF site
plansvary fromthe protocol, there are enough
common featuresto permit comparison of
resultsfrom different locations.

The protocol specifiesthefollowing
genera features. Threevegetation trestments
areto be compared in arandomized complete
block experimenta designwith four replications.
Thetreatmentsinclude 1) astandard cool-
season grass/legume mixture composed of a
combination of fescue, ryegrass, and alegume;
2) alocally optimized treatment that may include
grassesor speciesmixtures, including trees; and
3) anunplanted and unfertilized control. The
standard mixturemay vary at each site, but the
dominant speciesareintended to be cool -
season grasses. Thisshould produce acompa-
rablevegetation structure at each location. The
locally optimized trestment at many locations
either emphasizesuse of native speciesor trees.

Unplanted treatments are to be kept free of
vegetation, usng glyphosate or an equivaent
post-emergence herbicide, hand weeding, or
tilling. Theunplanted treatment should not be
fertilized. After extensvediscussionof the
fertilizationissue, it wasdecided that the priority
control treetment should smulateaminima
trestment Situation. It wasrecognized that
effectsof fertilizer and vegetation would be
confounded under thistreatment scheme, but
thereare practical benefitsfor comparing
vegetation with fertilization versusno vegetation
without fertilization.

Eachtria will bemonitored for aminimum
of threegrowing seasonswith soil samplingto
be doneat planting and at the end of each
growing season. Soilsareto be sampled at two
depths, 0-15 cmand 15-45cm. Each soil
sampleisto beacompositeof eight randomly
sampled coresper plot. Thesoil samplesareto
be sent to acontracting laboratory and analyzed
for total petroleum hydrocarbons(TPH),
polynuclear aromatic hydrocarbons (PAHS),
biomarkers, and petroleum fractionsestimated
by the TPH CriteriaWorking Group method. A
few soil samplesareasoto beanalyzed for
agronomic conditions, including soil nutrient
status. Onanannual basis, thetrialsarealsoto
be assessed for plant speciescomposition and
plant growth to document the success of reveg-
etation procedures.

Site Descriptions

11 steshave been entered inthe RTDF
trial (Figure1). Theseelevenlocationsrepre-
sent arangeof climates, petroleum contamina-
tionsituations, and regulatory issues. Table1
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summarizesthe climateand contamination eachlocation. Nineof the 11 trialshave been
situation at each of thedites. Inthisdocument, started. Although experimenta designsand
trid locationswill bereferredto by lettersA sampling methods used for thesesitesare
through K. Thesourcesof petroleumhydrocar-  somewhat different than the other Sites, their
bon contaminationvary. Threesitesarelocated  adherenceto the standard protocol issufficient
at present or former ail refineries. Twositesare  to consider them as comparableto the other

at former manufactured gas plants. Four RTDFdites.

locationsrepresent refined product spill Situa- Treatments

tions; onelocationisan oil production site; and All of thesitesincludeat least oneveg-
oneinvolvessedimentscollected fromwaste etated treatment and an unvegetated trestment.

collected at amotor vehiclemaintenancefacility.  a|| of thesites, except siteK, includethe
Hydrocarbonsfromall of thesitesarehighly
weathered. Growing conditionsand climatesof

standard cool-season grassmixture. SiteK
includesthe standard mix of cool-season
theexperiment locationsareadso highly variable grassesasacover under thesingle-vegetation
(Teblel). treatment with poplar trees. Locally selected
Experimental Design treatmentsvary among thelocations. Three
The RTDF protocol describesguideines stesincludepoplar or willow trees, withsite B
usedto designtrialsat eachlocation. Table2 a so having ahackberry treatment. Two Sites
summarizestreatments, experimenta design, includewarm-season grassesand oneincludesa
sampling, and management procedures used at native cool-season grassmixture. Unvegetated

Tablel. Summary of theclimateand siteconditionsfor 11 RTDFtrial locations.

Site
units A B C D E F G H | J K
CA OH AK AK AK NY KS RI MO AR IN
Mean
ana | hes 23 41 45 14.2 109 43 33 46 37 53 45
precipit-
ation
Growing
season days 270 175 up to 56 100 180 175 180 196 175 180 175
length
Average
last frost none 15-Apr | early Juy | 1-May 1-Apr 27-Apr | 15-Apr | 13-Apr | 26-Apr | 16-Apr | 15-Apr
Average .
first frost none 15-Oct anytime 1-Sep 15-Oct | 19-Oct | 15-Oct | 27-Oct | 16-Oct | 22-Oct | 15-Oct
Depth to
ground- feet 2-6 50 - 95 1-3 3-4 < 0.7 1-8 10 25 - 45 3
water
Sortam refined | refined refined | _rehned
crude| slop oil,[ products| products refined former products P former
source . Ny . motor (PRS1,
oils, API API - arctic - arctic| products manu- ool | - No. 2 PRS6) | crude oil manu-
separator | separator diesel, grade| - motor | factured wgst&s and No. and factured
sludge sludge| MOGAS, diesel, | oil, diesel | gas plant 6 fuel refi gas plant
P-5| jet fuel oils| "€V
waste
Depth of
contami- feet up to 12 25 3-5 3+ unknown 20 2 <2 up to 15 2to>6
nation
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plotsare kept free of vegetation by use of the
herbicide glyphosate, hand weeding, or no
weed management. All of theunvegetated
treatmentsarenot fertilized. SiteF planstouse
nofertilizer. SitesC, D, and Easoincludea
fertilized unvegetated trestment. All Steshave
used arandomized block statistical design
exceptsitesC, D, and E. SitesC, D, and E
include both vegetation and fertilization as
treatmentsand usefactoria designs. All sites
have four replications, except siteK with
ninereplications.
Soil Sampling

The RTDF protocol specifiessoilstobe

sampled at two depths, 0-15 cm and 15-45 cm.

Threesites(A, G, and J) follow thisguideline
(Table2). Othershave site-specific consider-
ationsthat suggested other sampling depths.
Site B and siteK sampled to agreater depth
than 45 cm and included athird sampling depth.
SitesC, D, and E have shallow soilsand used

adjusted sampling depths. AtsiteF, alayer of
more highly contaminated soil wasapplied on
top of abase soil. Sampling depthsof 0- 20
cmand 20 - 40 cm at thissiteinclude samples
ineach of theselayers. All soil samplesare
taken ascomposites of multiplecoresineach
experimental unit. Thenumber of coresusedto
formthe compositesvariesfromthreeto nineat
differentlocations.

Laboratory Analysis

All sitesareutilizing one of two contracting
laboratoriesfor analysisof petroleum hydrocar-
bons. Use of common laboratoriesisoneof the
most important cooperative aspectsof the
RTDFtria that enablescomparison of results
fromeachlocation. A standard samplefrom
site A wasprepared for inclusion with each set
of samplesto aid in comparison of analysesthat
wererun at different timesand by different
laboratories. QA/QC measures have been
takento monitor dataquality.

Table2. Summary of theexperimental design detailsfor 11 RTDF Sites.

Site
Site Code A B C D E F G H I J K
State CA OH AK AK AK NY Ks RI MO AR IN
standard | standard | standard mix| S@Ed | standard ooy | gandard . )
- Ny .y mix w/ mix w/ - - standard mix | willow/poplar
mix mix w/ fertilizer o o mix mix
fertilizer fertilizer
. . standard standard .
native hackberry stardarc! mix mix / no mix / no willow/ switchgrass bermudagrass
Treatments grasses / no fertilizer fertilizer fertilizer poplar fescue
willow/ unvegetated | unvegetated | unvegetated volunteer
poplar w/ fertilizer w/ fertilizer w/ fertilizer | revegetation
unvegetated | unvegetated | urnvegetated
unvegetated | unvegetated | o tertilizer | o fertilizer | o fertilizer | UTVEOStated | unvegetated unvegetated | unvegetated
EX;‘;"H‘E' RCBD RCBD Factorial Factorial Factorial RCBD RCBD RCBD RCBD
Replications 4 4 4 4 4 4 4 4 9
SE;zen al Plot 25' x 30’ 35' x 35' 8' x 14 15' x 25' 7' x 14 20" x 20' 20' x 20 400 =q. ft. 24' x 24°
Planting Date 12/3/98 4/23/99 6/23/99 9/2/98 9/4/98 6/6/99 9/15/99 2000 | 2000 10/15/99 May-99
Sampling Depth
(in centemeters):
Shallow 0-15 0-15 15-18 15-20 5-10 0-20 0-15 0-15 0-60
Deep 15-45 15-75 28-35 30-35 15-20 20-40 15-45 15-45 60-120
75-120 120-180
Fertilization:
Vegetated Plots yes yes both both both no yes yes yes
Unvegetated Plots no no both both both no no no no
Weeding Method hand
on Control dlyphosate wsr?:cdérgo i none weeding none dyphosate | glyphosate dlyphosate none
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Anaysesof petroleum hydrocarbons
includethefollowing procedures.
1. Sampleswereextracted by automated
soxhlet following modified ERPA Method
3541 and analyzed for thefollowing
target classes.

a. Totd petroleum hydrocarbonsby GC/FID
following modified EPA Method 8015
andgravimetricaly.

b. Polynuclear Aromatic Hydrocarbons (PAHS)
following modified EPA Method 8270.

c. Biomarker steranesand triterpanesfollowing
modified EPA Methods 8270.

2. Petroleum hydrocarbon fractionsbased on
equivalent carbon numberswere
estimated by GC/FID following the
TPH CriteriaWorking Group Method
(Weisman, 1998).

Data Analysis

Theprimary purposeof thesetrialsisto
monitor changesintotal petroleum hydrocar-
bonsand polynuclear aromatic hydrocarbonsto
determineif vegetation trestment systems
enhance degradation of weathered hydrocar-
bonscompared to no treatment. Thelaboratory
analytica protocol resultsin estimatesof over
65 parametersfor each soil sample. The
primary statistical method that will beusedto
analyzethesedifferencesisanaysisof variance.
Therearemultiple sourcesof variability inthe
soil samplesand field trialsthat contributeto
experimental error and makeit difficult to detect
treatment differences. For thisreason, wewill
monitor changesinindividua compounds,

hydrocarbon fractions, and datanormalized by
biomarkerstointerpret results.

Biomarkers

When used to anayze petroleum hydro-
carbon data, biomarkersaredefined asrela-
tively reca citrant compoundsthat degradeat a
much dower ratethan other components of
TPH. Biomarkerscan beusedtonormalize
highly variable parameterslike TPH andindi-
vidua compoundssuch asthe PAHs(Douglas
etal., 1994). Althoughitisnecessary to
determinethe best biomarker to usefor each
location, hopaneisacommonly used biomarker
that wewill usefor initial andyses. Other
biomarkers such as oleanane and norhopane
asowill beconsideredinfutureanalyses.
During thetimeof treatment, TPH and its
component compounds are expected to de-
grade or decreasein concentration. Asa
recal citrant compound, the concentration of a
biomarker should not decreasewithtime. If
biomarker concentration isexpressed asa
proportion of TPH, itsconcentrationisex-
pected toincreasewith thetime of treatment.
For example, if the hopane concentrationis
expressed inmg/kg onan oil weight basis, the
dissipation of TPH can beestimated by the
increasein the concentration of hopane ex-
pressed on an oil weight basis.

Concentrationsof individua target com-
pounds can be normalized using hopane or
another biomarker. To normalizethedata, the
concentration of eachtarget compoundis
divided by the corresponding hopane concen-
tration of the sample. Normalized datacan be
analyzed by analysisof variance. A potential
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benefit of normalizing the dataisto reducethe
experimental error duetofield variability among
thesoil samples. Thiscanmakeit easier to
detect treatment differences. Percentage
changesinthenormdized datafrom different
sampling timescan be used to estimate the
changein hydrocarbon concentration withtime.

Statistical Analysis

Sincethisreport presentsanaytica results
from the beginning of fivetrias, themaost impor-
tant use of thedataisto identify starting concen-
trationsfor eachtrial and to determine appropri-
ate proceduresto useinfuture dataanalyses.
Concentration datafor al parameterspresented
inthisreport were corrected based on surrogate
recovery percentagesfor appropriate surrogate
spike compoundsfromeach anaysis. Data
were summarized separately for each siteby
cal culating the mean, standard deviation, coeffi-
cient of variation, and rangefor each grouping
of parameterswithinasite. Grouping variables
included soil depth, treatments, and replications.
Anaysisof variancewasused to determineif
thereweresignificant treatment effectswithin

eachdte. Treatment effects are not expected
at thebeginning of thetrials. A least signifi-
cant difference was computed to compare
treatment means.

RESULTS

Time 0 Sampling Results

Thissection presentsasummary of analyti-
ca resultsfor thefivesiteswhere datawere
available. Samplingtimeat thetimeof estab-
lishment of eachtria iscaled TimeO. Although
someof thetrialshave been sampled at theend
of thefirst growing season, thisreport presents
only the TimeOresultsto establish abasdlinefor
comparing futureresults.

Total Petroleum Hydrocarbons

Table3 summarizesthelocation mean
concentrationsfor TPH by GC/FID for thefour
steswhere TimeO TPH datawereavailable.
Site A had the highest mean TPH concentra-
tionsat 45000 mg/kg for the shallow layer and
57000 mg/kg for thedeep layer. SitesB and G
had mean concentrations of 12000 to 15000
mg/kg for both layers. Site F had thelowest

Table3. Time0meansand standard deviationsfor TPH by GC/FID for four RTDF sites. Data
were adjusted based on the surrogate recovery percentage.

Site
A B F G
mean + SD mean + SD mean + SD [ mean + SD
Depth mokg mgkg | mgkg mgkg [mgkg mgkg| mgkg mokg
Shallow® | 45535 + 31225 | 13836 + 4444 1429 + 279 | 14704 + 2542
Deep® 57444 + 21383 | 12155 + 6414 649 + 322 | 12762 + 2504

a Shallow depthis0-15cmfor sitesA, B, G; and 0-20 cmfor site F.
b Deep correspondsto 15-45 cmfor sitesA, G; 15-75 for site B; and 20-40 cm for site .
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TPH concentration with amean of 1400 mg/kg
intheshallow layer and 600 mg/kg inthe deep
layer. Table4 showstreatment mean concen-
trations presented at two sampling depthsfor
eachlocation. Analysisof variance, at most
stes, did not indicate significant differences
among treatment meansat either depth. The
only exception to thiswas at Site B where at
the 15 - 75 cm depth, the willow treatment
had higher analytical valuesthanthe
unvegetated treatment.

Priority Pollutant PAHS

Table5 summarizesthepriority pollutant
PAH datafor thefivesiteswith TimeO data
Thesitesvary in PAH concentration asindi-
cated by thetotal of thepriority pollutant PAHS.
Site G hasthelowest PAH concentrationsand
siteK hasthehighest. SitesFandK are both
former manufactured gasplant stesand would

be expected to haverelatively high PAH con-
centrationsbecause cod tar isthe primary
contaminant source at theselocations.

Seven of the 16 priority-pollutant PAHsS
are considered to be probable carcinogens
(USEPA, 1993). Another useful way to
summarizethecarcinogenic potential of PAHSIs
to expressthe carcinogenic PAHsin termsof
benzo[a]pyreneequivalents. Thistermisa
welghted sum of the seven carcinogenic PAHS
based on the rel ative potency factors compared
to benzo[a] pyrene (B[a] P) developed by EPA
from anaysisof toxicology data(USEPA,
1993). ThePAH compoundsand B[a]P
relative potency factorsarelisted asfollows:

Benzo[aanthracene 0.1
Benzo[a]pyrene 1
Benzo[b|fluoranthene 0.1

Benzo[k]fluoranthene 0.01

Table4. Treatment mean concentrationsof TPH, hopane, and hopane expressed on an oil- weight
basi sfor the Time 0 sampling of four RTDF locations.

Site Treatment

Depth TPH by Hopane Hopane
GC/FID oil wt. basis
cm mg/kg mg/kg mg/kg oil
A Standard mix 0-15 47259 6.3 174
Native 38754 3.8 230
Unvegetated 50591 8.9 206
A Standard mix 15 - 45 64244 10.9 176
Native 61413 11.4 192
Unvegetated 46676 8.6 200
B Standard Mix 0-15 13674 7.0 514
Hackberry 13115 7.0 552
Willow/poplar 12810 7.6 598
Unvegetated 15745 7.1 528
B Standard Mix 15-45 11392 2.9 264
Hackberry 11718 2.6 245
Willow/poplar 17811 3.9 256
Unvegetated 8101 2.5 310
= Standard mix 0-20 1336 0.07 50
Willow/poplar 1340 0.08 58
\Volurteer revegetation 1379 0.07 53
Unvegetated 1663 0.11 61
F Standard mix 20-40 821 0.16 275
Willow/poplar 575 0.07 162
Volunteer revegetation 527 0.08 156
Unvegetated 672 0.11 193
G Standard mix 0-15 16454 5.5 339
N ative 15487 5.8 383
Unvegetated 12921 5.0 389
G Standard mix 15-45 10556 3.9 316
Native 14706 4.4 306
Unvegetated 12572 3.2 280
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Chrysene 0.001 each sampling timeto estimate changesinthe
Dibenzo[ah]anthracene 1 carcinogenic PAHs. SiteK had thehighest
Indeno[1,2,3-cd]pyrene 0.1 B[a]Pequivalentsof al sites, withamean of 72

Theparameter B[a|Pequivaentsis
caculated by multiplying each PAH by its
relative potency factor and summing theresullt.
B[ a] P equivalents summarize concentrations of
potential carcinogenic PAHsinasingle param-
eter. Benzo[a]pyreneand

mg/kg at the shallow depth and 138 mg/kg at
the second depth. Site G wastheonly sitewith
B[a]Pequivaentslessthan 1.0 at both the
shalow and deep layers.

Biomarkers
Hopanewas chosen asthefirst biomarker

dibenzo[a h]anthracene contributemore
proportionaly to this parameter than other
PAHSs. Thisparameter can be monitored at

tomonitor inthe RTDFtrials. Table4 summa-
rizesthe hopane concentration and the hopane

Table5. Summary of mean priority pollutant PAH concentrationsat TimeOfor five RTDFfield trial
locations. Individual PAHsarelisted along with thetota priority PAHS, thetotal of the carcinogenic
PAHSs, and benzo[ a]pyreneequivalents.

Site A Site B Site F Site G Site K
Depth (cm) 0-15 | 15-45| 0-15 | 15-75| 0-20 | 20-40| 0-15 | 15-45| 0-60 | 60-120
mg/kg | mg’kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg’kg | mg’kg | mgkg
Naphthalene 01| 12 | 31| 10 | 245 | 72 | 17 | 52 | 332 | 449
Acenaphthylene 00| oo | o1 | 0o | 83 | 25 | ND | ND | 145 | 254
Acenaphthene 01| 31| 01| 05| 49 | 1.2 | 05 | 08 | 75 | 246
Fluorene 01| 42 | 02 | 05| 91 | 19 | 09 | 14 | 109 | 343
Anthracene 20 | 53 | 06 | 05 | 138 | 32 | 04 | 04 | 218 | 653
Phenanthrene 07 | 220 | 27 | 25 | 428 | 112 | 28 | 38 | 881 | 206.6
Florarthene 03 | 28 | 04 | 14 | 527 | 188 | 04 | 03 | 1285| 2686
Pyrene 40 | 261 | 43 | 140 | 476 | 154 | 09 | 08 |127.2| 2328
Beno[a] anthracene* 18 | 124 | 28 | 81 | 309 | 108 | 02 | 01 | 59.7 | 115.1
Chrysene* 72 | 264 | 91 | 151 | 265 | 91 | 02 | 02 | 587 | 1059
Benzo[b]fluoanthene* 19 | 66 | 32 | 42 | 279 | 127 | 36 | 30 | 655 | 1008
Benzo[ K] fluoranthene* 05 | 16 | 07 | 06 | 147 | 60 | 05 | 05 | 27.7 | 497
Benzo[a] pyrene* 36 | 13| 69 | 76 | 292 | 106 | 01 | 01 | 480 | 951
Indeno[ 1,2,3,-c,d] pyrene* 08 | 12 | 27 | 11 | 183 | 62 | 01 | 00 | 413 | 640
Dibenzofa, H anthracene* 10 | 22 | 31| 20| 34 | 14 | 00 | 00 | 73 | 133
Benzo[g,h] perylene 102 | 132 | 123 | 50 | 11.8| 49 | 01 | 01 | 411 | 601
Total Priority PAHs 343 | 130.8| 523 | 644 | 361.4| 1231 124 | 168 | 7810 | 15152
Total Carcinogenic PAHs 169 | 61.7 | 284 | 389 | 1459| 568 | 47 | 40 |3083| 5528
Benzo[a]pyrene equivalents’ | 5.1 | 156 | 10.9 | 11.0 | 40.0 | 151 | 05 | 04 | 723 | 137.9

tcarcinogenic PAHs
2weighted sum of carcinogenic PAHsbased on rel eative potency factors (US EPA 1993)
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concentration expressed on an oil-weight basis
for four locationsat TimeO. Thesedatacanbe
used to monitor changesin TPH. SitesA, B,
and G had mean hopane concentrationsinthe
rangeof 2.5t0 11.4 mg/kg. SiteF had much
lower concentrationsof lessthan 0.2 mg/kg,
making use of the hopane biomarker more
difficult. Initia inspection of the hopanedata
could suggest theamount of wegthering and
previous degradation each soil layer hasexperi-
enced; however, itisimportant to carefully
consider thesituation at each location. For
sitesA and G, the hopane concentration at both
soil depthsissimilar when expressed onanoil-
weight basis. For theselocations, changesin
hopane expressed on an oil-weight basismay
reflect changesin TPH asexpected from
analysisof biomarkers(Douglaset d., 1994).
AtgteA, however, the surface soil ismore
highly weathered than thebase soil. If thetwo
layersarestarting thetria with smilar hopane
concentrationsexpressed on an oil-weight basis,
then the source materid for thetwo layersmay
bedifferent. Thesite G soil iscomposed of
freshly applied sedimentsso the shallow layer
and the deep layer are expected to beginthe
trial from the same starting point. For site B, the
hopane concentrationinthe surfacelayeris
higher than the deep layer, bothin absolute
concentration and as expressed on an oil-weight
basis. Thismay indicatethesurfacelayeris
more highly weathered than thedeep layer, but
it coulddsoindicatedifferentinitia compostion
of theoil a thetwo layers. Thehopanedata
will bemost useful when comparing different
samplingtimeswithinasteand soil sampling

depth. At siteF, hopane concentrationsare
low and near thedetection limitsof theanalytica
method. Thismakesinterpretation of the
hopanedatadifficult. Inaddition, originsof the
shallow and deep soil layersat SteF are
different. Theshallow layer was spread ontop
of thedeep layer at site F becausethe lower
layer wasa ready highly degraded. Thetop
layer was expected to have more potential to
show bioremediation treatment benefits. The
relatively low concentration of hopaneex-
pressed on an oil weight basisinthe shallow
layer may indicatethat it islessweathered than
the deeper soil.

Weathering of Contaminants

Hydrocarbon contaminantsat all RTDF
trial siteshave been subjected to weathering
processes. Weathered petroleum hydrocar-
bonsarelikely to belessbioavailablefor further
degradation than for unweathered contaminants.
The extent of weathering may predict the
potential successof phytoremediation treatment.
Several indicatorsare used to show the extent
of wesathering.

Inwesathered contaminated soil, the most
readily degraded compoundsare ofteninlow
concentration or are not detectable. This
includesBTEX compounds (benzene, toluene,
ethylbenzene, and xylene) and easily degraded
PAHslikenaphthalene. For most of the RTDF
locations, BTEX washot directly estimated.
The TPH CriteriaWorking Group method
estimatesthe carbon number fractionsthat
would contain BTEX compounds, and these
fractionsareall below detection limitsfor the
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siteswhere Time O dataisavailable (datanot
shown). Another indication of weatheringisthe
relaively low concentration of theunmodified
two-ring PAH, naphthalene (Table5).
Asanother indication of weathering, the
alkylated formsof many PAHsmay bein
relatively high concentration comparedtotheir
unmodified parent compounds (datanot
shown). Douglaset a. (1996) showed that
Site-gppropriate weathering ratios can be
developed using alkylated PAH compounds
with different degradation potentials. A useful
wesethering ratio must utilize PAH compounds
that will be present in detectable concentrations
over the course of themonitoring period. A low
vaueof thewesatheringratioindicatesamore
highly weathered samplethan ahigher vaue.
Oneof theseweathering ratiosisD3/C3 or C3-
dibenzothiophenes/C3-chrysenes. TheD3/C3
weathering ratiofor SitesA, B, and Faregiven
inTable6. For sitesA and B, theD3/C3
weathering ratiosarelower in the surface soll
(0.08) compared to the deeper layer (0.39 and
0.43). Thisindicatesthat thesurfacesoil is

more highly weathered than the deeper soil. At
steF, the surface soil hasahigher weathering
ratio thanthedeep soil. Atthissite, thesurface
layer was applied on top of the moreweathered
deep layer specifically becausethetrial manag-
erswanted to test asoil with higher potentia to
benefit from phytoremediationtreatment. The
wegthering ratio at TimeO confirmsthisexpec-
tation. Over thecourseof thetrias, itisex-
pected that weathering ratioswill decreaseasan
indication of further biodegradation.

Source Ratios

Douglaset a. (1996) a so developed
sourceratiosthat might beuseful for determining
if the contaminant sourcefromtwo soil layersis
thesame. Over thetimeof thetrials, source
ratiosshould not changewhilewesthering ratios
should change. Two potential sourceratiosare
D2/P2 — (C2-dibenzothi ophenes/C2-phenan-
threnes/anthracenes) and D3/P3—(C3-
dibenzothiophenes/C2-phenanthrenes/an-
thracenes). Theseratiosaresummarizedin
Table6. For siteA, therearedifferencesinthe

Table6. Summary of mean hopane concentrations, D2/P2 and D3/P3 sourceratios, and D3/C3

weatheringratiofor RTDF Time O data.

Site A Site B Site F Site G
Depth (cm)
0-15|15-45(0-15|15-75( 0-20|20-40| 0-15| 15- 45
hopane (mg/kg) 7.34 10.31 | 7.18 291 0.08 0.11 5.44 3.86
D2/P2 0.12 0.24 0.26 0.22 0.32 0.21 0.62 0.64
D3/P3 0.14 0.26 0.30 0.29 0.37 0.26 0.85 0.90
D3/C3 0.08 0.39 0.08 0.43 0.86 0.53 na na

D2/P2 -- C2-dibenzothiophenes/C2 - phenanthrenes/anthracenes potential sourceratio
D3/P3 -- C3-dibenzothi ophenes/C3 - phenanthrenes/anthracenes potential sourceratio
D3/C3 -- C3 - dibenzothiophenes/C3 - chrysenes potentia weathering ratio
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sourceratiosfrom the shallow layer to the deep
layer. Thisindicatesthat thetwo depthsat site
A may comefrom different sources. SiteFaso
showed adifference between the shallow and
deeplayers. Thisconfirmsthedifferent origins
of the source material at site Fwherethe
shallow layer was spread on top of the deep
layer. AtsitesB and G, sourcesratiosfor the
two depths appear to besimilar. Site G sedi-
mentswere spread at the experimental sitefrom
onesourceprior tothetrial.
Summary of First-Year Plant Growth at
SitesA, B, and F

Since phytoremediation dependsonthe
interaction of vegetation and soil, documentation
of plant growth isimportant to show the extent
vegetation hasgrown at asite. Aboveground
bi omass production and root growth were
estimated at three of the RTDF Sites at theend
of thefirst growing season.

Plant growth wasestimated by sampling
the aboveground biomassfromtwo 0.5x 0.5
meter quadratsin each plot. A soil corewas
taken within each quadrat to recover root
samplesat two depths, 0-15 cm and 15-30 cm.
Theaboveground biomasswasdried and
weighed to estimate biomass production. For
each soil core, rootswere separated from the
soil, cleaned, and stained using amethyl violet
stain. Stained rootswere spread and scanned
to obtain adigital imagethat was processedto
estimateroot-length density. Thestained roots
werethen dried and weighed.
Site A

Site A wasplanted on 12/3/98. First-year
plant growth was sampled 4/23/99. All veg-

etated plots had good growth that covered the
soil surface. Thetwo vegetation trestmentshad
similar amountsof plant growth (Table7). The
aboveground biomassat site A was higher than
at StesB and F, although root growth wasless
thantheother sites. Site A did not have
remnant root growth from previousgrowing
seasons because the surface soil that had
vegetation growth prior to the phytoremediation
trial wasremoved in preparing thetrial. Root-
length density isagood measure of the extent of
plant root development inasoil. Bothtreat-
mentsat Ste A had smilar rooting patterns.
Most of therootswereinthetop 15 cm of soil.
Site B

Site B wasplanted on 4/23/99. First-year
plant growth was sampled 10/11/99. The
|ocation experienced below normal precipitation
through the growing season that limited plant
growth. Site B had three vegetation treatments,
thestandard grass/legume mixture, willow/
poplar trees, and hackberry trees. Sincethe
tree plantingshad very limited growth, root and
aboveground biomasswas estimated only for
grasses. Thegrasscover inonewillow/poplar
plot was sampled. Oneestablished patch of tall
fescue on the stewas sampled to estimate
potential rooting of healthy established vegeta-
tion. Theaboveground biomass production at
site B waslow, reflecting the poor moisture
conditions(Table7). Inyearsprior tothetrid,
ryegrass had been seeded at site B. Therefore,
root-length density estimatesincluded remnant
root growth from previous growing Seasons.
Rooting was reduced with the depth of sam-
pling, but asignificant amount of rootswere
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recovered at 15-30cm. Theestablished patch
of tall fescue had very denserootingto 30 cm,
indicating that healthy, dense vegetation growth
can be established at thislocation.
Site F

Site F was planted on 6/6/99. First-year
plant growth was sampled on 10/7/99. SiteF
also had reduced preci pitation through much of
thegrowing season, dthough anirrigation
system supplemented naturd rainfal. Two
vegetation treatmentswere sampled at site F to
estimate plant growth. Thevolunteer vegetation
treatment was not sampled. The standard mix
at ste F produced aboveground biomassthat
wasin between theamount produced at sitesA
and B. Root-length density inthetop 15 cm of

soil of the standard mix plotswasexcellent,
averaging 267 mm of rootsper ml of soil. Since
thetop layer of soil at thissitewasmoved onto
thedite, al of theroot growth was produced
during the current growing season. Prior to
establishingthetria at siteF, thesitehad been
heavily vegetated with naturalized vegetation.
Theremaining root systlemsfromthisnaturalized
vegetation were apparent in the samplesfrom
the 15— 30 cm soil depth. Most of theroots at
thisdepth were dead remnantsfromtheold
vegetation rather than new roots. Although
some new treerootswere evident inthewillow/
poplar plots, thetreeroot systemswere not well
developed inthe surface soil at theend of the
first growing season.

Table7. Mean valuesfor root weight, root-length density, and aboveground biomassfor RTDF
sitesA, B, and F sampled at the end of thefirst growing season. Aboveground biomassfrom trees
hasnot beenincluded inthissummary.

. Root Length | Aboveground
Site Treatment Depth Sample Size Root Weight Density Biomass
cm g >
mnm/ml o/m
0-15 8 0.315 64.5 375.4
Standard Mix 15 - 30 8 0.023 4.3
30- 45 1 0.001 0.4
A
0-15 8 0.379 67.0 412.6
Native Mix 15 - 30 8 0.056 11.7
30- 45 1 0.001 0.5
0- 15 8 0.364 168.2 170.6
Standard Mix
15 - 30 7 0.117 68.3
0-15 2 0.305 97.3 139.12
B Willow/Poplar
15 - 30 2 0.035 14.3
0-15 1 1.370 260.6
Established Tall Fescue
15 - 30 1 0.970 262.1
0-15 8 0.411 267.0 232.1
Standard Mix
15 - 30 8 1.309 163.9
F
0-15 8 0.360 42.4 68.9
Willow/Poplar
15- 30 8 1.340 87.2

2 Site B biomassinwillow/poplar plot wasagrass cover growing between thetrees. Treebiomass
wasnot estimated.
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| SSUESDISCUSSION

RTDF TPH subgroup participantshave
consdered alarge number of issuesin develop-
ing theexperimental protocol and establishing
thephytoremediationtrials. Many decisonsand
compromiseshadto bemadetoimplement a
ampleand cogt-effectivestudy. Other issueshave
ariseninconddering how best toandlyzethefield
datacongderingissuesof fieldvarigbility, fluctua:
tionsindimateconditions, and consegquencesof
treating highly westhered contaminants

Some of theseissueswill bebriefly dis-
cussed heretoillustrate some of thediscussions
that havetaken placeandtoaid ininterpretation
of theexperimental resultsasthetrialsproceed.

Fertilization

Twomainissuesregarding fertilization
were addressed during the protocol develop-
ment, whether or not tofertilizethe unvegetated
control treatment and how muchtofertilize. It
was decided that the unvegetated control should
not befertilized because aprimary objective of
many of the RTDF participantsisto compare
vegetation treetmentswith minima plot manage-
ment. Many petroleum-contaminated sitesare
maintai ned free of vegetation without added
nutrients. Participantsunderstand that the
effectsof fertilization and vegetation will be
confoundedinthisexperimental design. The
optimal experimenta desgnwouldinclude
unvegetated control treatmentsthat arefertilized
andunfertilizedinafactoria design. SitesC, D,
and E havethistypeof design. Thedesignfor
gteFexcludesfertilization for dl treatments.

Severd congderationsgo into determining
theproper rate of fertilization. Bioremediation
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trestment without vegetation usesvarious
carbon, nitrogen, and phosphorusratiosto
determinetheappropriateleve of nutrient
additions. Plant growth createsadded demands
for nutrientsas plantsuse nutrientsin competi-
tionwithmicrobia populations. If fertilization
rates are determined based on the carbon
content from analysisof contaminant concentra-
tions, therecommended nutrient additionscould
be harmful to plant growth. RTDF participants
decided that vegetation trestment plotsshould
befertilized at therate of 50to 1 carbonto
nitrogen and 100 to 1 nitrogen to phosphorus.
Applicationsof fertilizer should be spread over
thetime period of thetrial to avoid over fertiliza-
tion and damagetotheplants. Fertilization rates
would beincreased to account for plant require-
mentsfor nutrients.

Inmany cases, plant-mediated
bioremediation may not benitrogenlimited. In
thiscase, theaddition of nutrientsmay havelittle
effect ontherate of degradationin avegetation
trestment system.

Mowing Experimental Plots

Theeffect of mowing on phytoremediation
potential isnot known. Regular clipping of
vegetation likely would reduce root growth and
lead to devel opment of amore shallow rooting
zone. Itisnot known if the stresson plant root
systems caused by mowing would increaseroot
exudation and encourage microbial activity, or if
it would reducethebeneficid effectsof vegeta
tion by limiting root development. Instuations
wherethereisluxuriant growth of vegetation,
including under high ratesof fertilization, dense
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matting of vegetation can cause shading and
reducethehealth of thestand. Limited mowing
hastheadvantage of reducing management
operations. Intheinterest of establishing
common management practicesat the RTDF
gtes, it wasdecided to limit mowing of the
experimentd plots. Plotswill bemowed only if
necessary to maintain health of thevegetation
stand and mowing will belimited to onceduring
the dormant season.

I nterpretation of Analytical Data

Many issueshavearisen concerning
interpretation of theanalytical data. A few of
theseissuesare mentioned here. Theseconsid-
erationswill beincreasingly important asdatais
availablefromfuturesamplingtimes.
Correction of Data Based on Surrogate
Spike Recovery Percentages

One QA/QC measuretaken when anayz-
ing each sampleistheinclusion of surrogate
spikes. Surrogate spikes can be used to track
theefficiency of extraction and samplerecovery
for eachanalysis. Dataquality objectivefor
surrogate recovery percentageisbetween 45
and 125 percent. Thedatasummaries submit-
ted by theanalytical laboratoriesreport the
analytica datawithout correction for differences
inthe percentage recovery of surrogate com-
pounds. Withintherangeof acceptablesurro-
gaterecoveries, surrogate-corrected dataval ues
canbesubgantidly different thantheorigind
vaues. Datapresented in thisreport have been
corrected for surrogate spikerecovery percent-
age. If aparticular surrogaterecovery valuewas
outs dethe acceptabledataqudlity objective, the
next closest surrogate compound wasused to

makethecorrection. Oneuseful functionof this
correctionistoincreasethe comparability of data
fromdifferent setsof andyses.

Interpretation of TPH Fraction Data
Estimated by the TPHCWG Method

Each soil sampleinthe RTDFtrial isbeing
anayzed usngthe TPH CriteriaWorking Group
(TPHCWG) method. Theprocedureusesa
pentane extraction to fractionate the hydrocar-
bonsinto 13 or more fractions based on equiva-
lent carbon numbers. The primary purposefor
developing thismethod hasbeento usethedata
on the hydrocarbon fraction concentrationsto
develop risk-based screening levelsfor TPH,
based on site-specific risk assessment scenarios
that usetoxicity parametersspecifictothe
hydrocarbon fractions (Weisman, 1998;
Vorheesetd., 1999).

A second valueof the TPH fraction datais
to monitor changesinthe proportionsof hydro-
carbon fractionsduring thetime of treatment. If
vegetativetreatment isableto enhancethe
dissipation of TPH, it may act to changesome
hydrocarbon fractionsmorethan others.
Changesinthe proportion of hydrocarbon
fractionswill beanayzed asdatafromfuture
samplingtimesareavailable.

Thereisanother issueto consider when
estimatesof TPH estimated by GC/FID (modi-
fied EPA method 8015) are compared with
estimates of TPH estimated by the TPHCWG
method. The TPHCWG vauesareusudly
considerably lower than the GC/FID values.
Thisisdueto pentane being alessefficient
solvent for petroleum hydrocarbonsthan
dichloromethane used in method 8015. Itis
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necessary to assumethat the hydrocarbon
fraction proportionsestimated by the
TPHCWG method are applicableto TPH
estimated by other methods. Thisissuewill be
consderedinfuturedataanadyss.

CONCLUSION

Thisreport summarizesactivities, data, and
discussion of the RTDF Phytoremediation
Action Team TPH Subgroup that took place
during thefirst growing season of the coopera-
tivefieldtrias. It representsthefirst phaseof
three-year field trial sto test the effect of vegeta-
tion for enhancing bioremediation of petroleum
hydrocarbon-contaminated soils.
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