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ABSTRACT

Light, medium and heavy crude oils were studied at three concentrations and with
two different sediments in experimental microcosm settings to determine the ability of
Spartina alterniflora and associated microbes to breakdown total extractable
hydrocarbons (TEH) in the water. It was a baseline experiment designed to quantify the
rates of biodegradation under relatively quiescent conditions from different crude oils at
moderate doses ranging from 0-150 mg/g soil. Upon the completion of the experiment
there were several key findings: (1) The lethal dosage for Spartina alterniflora was not
reached within the 90 day experiment at these dosages, and all plants survived; (2) More
than 97% of the total extractable hydrocarbons (TEH) were shown to be degraded by
plants and rhizosphere microorganisms within the 90- day experiment; (3) The dose of oil
introduced as a slick (simulated spill) on day zero did not significantly affect the results
for TEH degradation within the range of dosages from 50-150 mg/g -- these dosages
could be degraded by the marsh cord grass system; (4) A sediment type which was
acclimated to oil for several months and one which was non-acclimated did not show
significantly different results for TEH degradation in the microcosms -- both sediment
systems resulted in TEH degradation over the 90-day experiment; and (5) A
mathematical model was developed which simulated experiment results quite closely
including TEH diffusion from the crude oil slick into the water and subsequent

biodegradation.



TABLE OF CONTENTS

LI = 7N =TI =S OOONY vii
LIST OF FIGURES ...eoeevvevveeeesoeeeseseseseeeoeeesssesssssseesessesssssessssseesssssssseesssseeessessssessees viii
LIST OF SYMBOLS ... ooovveeceeeeeseeeeeeeeeeessseeesesseseeeeessseesssessesseeseeeeesseessssseesssesessessseseeees Xii
CHAPTER 1 - INTRODUCTION ......orreeeeeeeeeeoeeesseesseseeesesseessesssssseesessesssessssseseeseseeeen 1
BACKGROUND .....coerieeeeeeeeeeesssseseseeeeeessessessssssseeessesssssssssseeesssesessessees 1
OBIECTIVES .....oooeseeeeeeeeeosseeeseeesseeseessesssssesssseeeesseessesessssseeessseesesessesreeene 3
CHAPTER 2 - LITERATURE REVIEW......oovoocooooesseeeseeeeeoesesssssesssssessssesssessssseseesseseen 5
BP oo eeeeeeeeee e e ees et r e 5
CRUDE Ol c.vvvocoooeeeseeeeeeeeeoeeeessesessesseesssesssssesssseeeseeeessssessssseeeseessessssesseeenes 7
HEALTH RISKS ...ccoovrreesoeeeeeooiseessssesseeeeesssesssssssssseeessesssssssssseeessesssssesees 8
OIL CLEANUP ....oooeeeveeeeeeeeeseeesseeeeceeessssesssseeesesessssessssseeeseessssessesseeenes 9
PHYTOREMEDIATION w..ooovocooeeeeeeeeeeeeeeoeeeesseesseseeeeeseesssssssseseeesseesseseeeees 9
PHYTOREMEDIATION CASE STUDIES.....c.vvvveeeereeesseeeeeeeeereseesssssenen 11
INFLUENCE OF ENVIRONMENT ON PHYTOREMEDIATION.......... 12
SALINITY weoooeeeeeveeeeeeeseeeeeseeeeeessseessesesssseessseseessssssssseeeessessesseseeenes 12
SONL covvvveeeeereeeeeeeeeeeeeeeeeeeesseessesseessseseessesesseseees s eeeeseeesssssee e eeesseeessereeenes 13
NUTRIENTS c..ooroeeeoeeeeeoeoeessseessseeeeesseeeessesssssseeessssessesessesseeeseesseseseees 14
TEMPERATURE AND SEASON ......ovvvoccooreesseeeeeeeeesesesssessesseeesseenn 14
SALTMARSHES ... vvvveceereesseeeeesseeseesssseesseseeeseesssesesseseeeeessssessssseeenes 14
GRASSES ..oovvveeeooeeeseeeeeeeeeesesessesesssseesseeeesssessesseeseeesesssesssseeeeessssessseeeeenes 15
SMOOTH CORDGRASS (SPARTINA ALTERNIFLORA) .........vvveernnns 15
SALTMEADOW CORDGRASS (SPARTINA PATENS)..........ovvveeeeee. 16
SMALL CORDGRASS (SPARTINA MARITIMA) .......ovecerreeerrerreereeene 17
COMMON CORDGRASS (SPARTINA ANGLICA) ........ooccrreerererecr 18
PLANT SELECTION .ceevvvveeeeeoeeeseeeseeeeeessesesesesesseeesseseesssesssssseeeseessssseeees 19
MODELING ..ot eeeeeeeeeeessseesseeeeesseeessssessseseeseeessesesssseeese e essesseeees 20
CHAPTER 3 - EXPERIMENTAL METHODS ......ooovvveveeeeeeeseeeesseeeceseessssessssseeesseesn 22
ANALYTICAL METHOD ...oooeeevveeeoeeseesseseeeeeeeessesssessssseseeeseesssssssssseeene 22
PLANT SAMPLING ..o vevveeeeeeesseseseeeeeeseseseseeesesseeesseeessesssesseeeseessesseeees 23
SOIL SAMPLING ..o eesseeeeeeeeeseeesesseesseseeeseesesssesseseeeeesssssesseeeeenes 37
HYDROCARBON EXTRACTION ......ovvvccoorreseseeeeeeeeeseeeesessseeseeeseessesseeen 37

GAS CHROMATOGRAPH — FLAME IONIZATION DETECTOR
(S IoR 1) oo 39
MATHEMATICA MODEL ...ccooormeieoeeeeeeseeessseeeseseessseessesssssseeeseessseseeees 40
EXPERIMENT w.oovvcoooooeeseeeeeeeecoeeesssesssesseessseesssssssssseessseeessesssssseeeseeesssssenees 44
IMIODEL ... evveeoeeee e eeeeeeeseessseessseseessseesssesessseeeseeeessesesssseeese e esses e 55
DECISION TREE..........oosooovvveecoeeesssessseseeeeessssssssssseesseeessesssssseeesseesssssesees 60
CHAPTER 4 - CONCLUSION AND RECOMMENDATIONS ........ccoreeenrereeeeeeereeeenn 62
RECOMMENDATIONS .....vvvccoooeeeeseeeseeeeeoneesssessssseeesssesessesssssseesseeessessesees 63



BIBLIOGRAPHY ... 65
APPENDIX A: METHOD USED BY STATE HYGIENIC LABORATORY AT

THE UNIVERSITY OF IOWA... ..o 73
APPENDIX B: RESULTS TABLES..... .o 84
APPENDIX C: SAMPLE GC-FID RESULTS.......oiiiiiiiiiieeee e 87
APPENDIX D: DECISION TREE .......oiiiiii e 91
APPENDIX E: MATHEMATICA ... 99

Vi



Table 2-1:

Table 2-2:

Table 2-3:

Table 2-4:

Table 4-1:

Table B-1:

Table B-2:

Table B-3:

Table B-4:

Table B-5:

Table B-6:

LIST OF TABLES

This table was created and presented to BP in an effort to receive

funding for the research conducted in this thesis. ..........cccevviiiieiinieniennenn, 6
Make-up of quarter-strength Hoagland nutrient solution for

IMICTOCOSITIS ..ttt iteeste ettt e e e et e e ese et eesbe e s e sbeebeeseesbeebeeneesreenteereesreeneeans 36
Provides the GC-FID parameters used by the University (State)

HyQIienic LabOratory. ... 40
Rate consants used in the Mathematica model. ...........c.cccceviiiiiiiiiiienenn, 41
Mass balance results from model of 50mg medium crude oil/g soil ............ 58

Data used to show the change in total extractable hydrocarbons for
light, medium, and heavy oil at a concentration of 10mg of oil/g of
0] | SRR 84

Data Used to show the change in total extractable hydrocarbons for
light, medium, and heavy oil at a concentration of 50mg of oil/g of
0] | SRR 84

Data Used to show the change in total extractable hydrocarbons for
light, medium, and heavy oil at a concentration of 150mg of oil/g of
0] | PSPPSR 85

Data used to demonstrate the change in total extractable hydrocarbons
for varying concentrations over time with respect to light crude oil ............ 85

Shows the data used to demonstrate the change in total extractable
hydrocarbons for varying concentrations over time with respect to
Medium Crude Ol .........oveiree s 86

Shows the data used to demonstrate the change in total extractable

hydrocarbons for varying concentrations over time with respect to
NEAVY CrUTE Ol .......eiiiciiiie s 86

vii


file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995536
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995536
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995536
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995537
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995537
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995537
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995538
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995538
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995538
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995539
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995539
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995540
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995540
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995540
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995541
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995541
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Luke_Smith_Thesis_Final.docx%23_Toc354995541

Figure 1-1:
Figure 2-1:
Figure 2-2:
Figure 2-3:

Figure 2-4:
Figure 2-5:
Figure 2-6:
Figure 2-7:
Figure 2-8:

Figure 2-9:

Figure 2-10:

Figure 2-11:

Figure 2-12:

LIST OF FIGURES

How phytoremediation WOIKS............cocoiiiiiiiiiiicccecee e 3
Shows the BP oil spills between 2001 - 2010........ccccevveveiieneniesee e 5
Shows the effect of salinity on the degradation of crude oil...................... 13

Shows why it can be so difficult to model what goes on in a
saltmarsh. Not only are there many different environmental
conditions to try and model in salt marsh, but the plants can

constantly be changing as Well. ..., 15
Shows the location of Spartina alterniflora globally. ............cc.ccooeine. 16
Shows a map of Spartina paten locations globally............ccccccovvviiviinnenn. 17
Shows the locations of Spartina maritima globally..............c.cccoiiiinn, 18
Shows the locations of Spartina anglica globally. ............c.ccooiiiiiiienn, 19

Shows the location of Spartina alterniflora in saltmarshes. Since

Spartina alterniflora are hardy plants they are always located in the
intertidal zone no matter the temperature. However, warmer

temperatures will cause competition by other species with Spartina
alterniflora for supra tidal SPace. ..........ccocvviiiiiiiiiic e 20

A control that does not contain an oil slick or any oil in the

sediment. The container that is shown is a 1 liter beaker with a side

port located about % of the way up the beaker. The side port was

created to allow for water sampling with the use of a sampling

syringe. The bottom, brown phase is the uncontaminated sediment

and the clear blue phase is the water. In future graphs soil that was

not mixed with oil will be abreviated N-S. .........ccccooovieiiiiniee e, 25

Treatment without plants and which does not contain an oil slick,

but does contain oil in the sediment. The bottom, gray phase is a

mix of 5 mg of Louisiana Sweet Crude oil per gram of organic

potting soil the clear blue phase iswater. ........cccccooevieviv i, 26

Treatment which contains an oil slick, but does not contain any oil

in the sediment (organic potting soil). No plants are present. The

bottom, brown phase is the sediment, the middle, clear blue phase is

the water and the top, clear yellow phase is the oil slick............c.cccccven... 27

Treatment with soil that has been mixed with 5 mg of Lousiana

Sweet Crude oil per gram of organic potting soil. The bottom, gray

phase is the sediment, the middle, clear blue phase is the water and

the top, clear yellow phase is the Oil. ...........ccooviiiiiiii 28

viii


file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460845
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460846
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460847
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460848
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460848
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460848
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460848
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460849
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460850
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460851
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460852
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460853
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460853
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460853
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460853
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460853
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460854
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460854
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460854
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460854
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460854
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460854
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460854
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460855
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460855
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460855
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460855
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460856
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460856
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460856
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460856
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460857
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460857
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460857
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460857

Figure 2-13:

Figure 2-14:

Figure 2-15:

Figure 2-16:

Figure 2-17:

Figure 4-1:

Figure 4-2:

Figure 4-3:

Figure 4-4:

Figure 4-5:

Control with plants, non-contaminated soil, and no oil slick. The
bottom, brown phase is normal sediment, the clear blue phase is the

water and the green is Sparitina alterniflora. ...........cccccooe i,

Treatment with plants, oiled soil, and no oil slick. The bottom, gray
phase is contaminated sediment, the clear blue phase is the water

and the green is Sparitina alterniflora.............cccoooiiiiiiini

Treatment with plants, oil slick, and clean sediment. The oil slick
with the plants varied in concentration from 10mg oil/g soil to
150mg oil/g soil. In this figure the sediment at the bottom of the

beaker has not been contaminated. ........cooevveeeeeeeee e,

Treatment with plants, oil slick, oiled soil. The oil slick with the
plants varied in concentration from 10mg oil/g soil to 150mg oil/g

soil. In this figure the sample has contaminated sediment.....................

The top image demonstrates how the six beakers are situated in the
cardboard box if the top were removed. The bottom picture actually
shows the system with the lid closed and holes created to allow for

the PlANTS T0 GrOW. .......oiuiiiiiiiieeee s

Compares the change in total extractable hydrocarbon concentration
over time with respect to light, medium, and heavy crude oils at a
concentration of 10mg of oil slick/g of soil. The figure also
compares the non-oiled soil (N-S) and the oiled soil (O-S). The plot
shows that the type of oil and the type of soil does not affect much
the shape of the response curve or the rate at which the TEH in the
water is degraded. The plot also shows that by 90 days relatively all

TEH has disappeared from the water phase...........ccccocevereiiienininnnnn.

Shows the change in total extractable hydrocarbons for light,
medium, and heavy crude oil for samples that contained an oil
concentration of 50mg of oil slick/g of soil. The figure also
compares the non-oiled soil (N-S) and the oiled soil (O-S). The
dashed curve with the maximum point at 940 mg/L is believed to be

in error (contaminated SampIe). ...

Shows the concentration of total extractable hydrocarbons for light,
medium, and heavy crude oil samples that contain a concentration of
150mg of oil slick/g of soil. The figure also compares the non-oiled

soil (N-S) and the oiled SOIl (O-S). ....cooeiiiiiiiicice e

Shows the change in concentration of total extractable hydrocarbons
for light crude oil with three different concentrations: 10 mg of oil/g
of soil, 50 mg of oil slick/g of soil, and 150mg of oil/gram of soil.
The figure also compares the non-oiled soil (N-S) and the oiled soil

(0 255 YOO

Shows the change in concentration of total extractable hydrocarbons
from medium crude oil at concentrations of 10mg of oil slick/g of
soil, 50 mg of oil/g of soil, and 150mg of oil/g of soil. The figure

also compares the non-oiled soil (N-S) and the oiled soil (O-S)............

.29

.31

.34

.46

AT

.48

.49


file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460858
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460858
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460858
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460859
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460859
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460859
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460860
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460860
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460860
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460860
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460861
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460861
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460861
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460862
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460862
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460862
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460862
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460863
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460863
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460863
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460863
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460863
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460863
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460863
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460863
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460864
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460864
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460864
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460864
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460864
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460864
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460865
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460865
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460865
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460865
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460866
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460866
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460866
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460866
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460866
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460867
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460867
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460867
file:///C:/Users/Kyla/Dropbox/Work/Thesis/NEW/Second%20Draft%20Thesis%20Table%20of%20Contents%20Fixed.docx%23_Toc353460867

Figure 4-6:

Figure 4-7:

Figure 4-8:

Figure 4-9:

Figure 4-10:

Figure 4-11:

Figure 4-12:

Figure 4-13:

Figure C-1:
Figure C-2:

Shows the change in concentration of total extractable hydrocarbons

from heavy crude oil at concentrations of 10mg of oil slick/g of soil,
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compares the non-oiled soil (N-S) and the oiled soil (O-S). The
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Shows the different controls and treatments used in the experiment

and their relative change in concentration over time. N-S represents
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The two different soil samples were both organic potting soils, but
one was mixed with 5mg 0il/g of SOil.........c.cccooiiiiiii, 53
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Shows the model results for the movement of TEH in the water
throughout the experiment. The model is then compared to
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Figure C-3:
Figure C-4:

Shows GC-FID extraction results for sample 48 at time 60 days

Shows GC-FID extraction results for sample 48 at time 90 days
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M, = Total Mass of TEH in the system (g)
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Cuwend = integration of Cw with respect to time
Cseng = Integration of Cs with respect to time
Vs = Volume of the sediment (L)
V, = Volume of the oil (L)
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CHAPTER 1 - INTRODUCTION

Background

Crude oil consumption is continuing to grow world-wide with an increase of 0.7
million barrels per day in 2011 (BP, 2011). Even though the Deepwater Horizon
catastrophe occurred in 2010 it did not curtail oil production by BP: “2012 will be a busy
year for us in the deep water regions of Angola, Brazil and the Gulf of Mexico” (BP,
2011). While this attitude of not letting a catastrophe overshadow continued exploration
and drilling for oil is on one hand commendable, blindly continuing without determining
what action can be taken to minimize the impact of another Deepwater Horizon
catastrophe would be foolish. To continue in coming centuries as a viable and productive
society, we must be stewards of our environment. For a company like BP — one of the
largest producers of hydrocarbons in the Gulf of Mexico region (BP, 2011) —it is
imperative to ensure that they not only understand the impact of another spill, but also
that they have the resources and emergency measures to appropriately handle another
disaster if it were to occur.

Is offshore drilling really that bad though? Humberto Fontova would argue that
the production of oil is usually relatively clean and that it is its transportation that usually
results in problems. Examples of transportation errors include the Exxon Valdez, Amoco
Cadiz, and the Argo Merchant (Haerens, 2010). But even if offshore drilling was
foolproof, which it is not, the issue of oil spills in the oceans would persist and its effects
on our ecosystems would still be a problem with which to contend.

When an oil spill occurs in the ocean, it can affect entire ecosystems and possibly
eliminate certain species. One of the most biologically productive habitats in the world is
wetlands (Nebel & Kormondy, 1981). Wetlands can be broken into six basic
classifications: swamps, marshes, bogs, fens, wet meadows, and shallow water. Swamps

are ecosystems where trees become rooted in hydric soil, such as the mangroves in the



floodplains of the Mississippi (Keddy, 2010). Hydric soil refers to soil flooded for long
enough periods of time to create anaerobic conditions in the upper portions of the soil
(Hydric Soils - Introduction). Marshes, like swamps, have hydric soil but are dominated
by herbaceous plants instead of trees, as for example the Louisiana salt marshes. A bog
IS a moss-based ecosystem that has a pH<5. Fen wetlands contain a predominately
sedge- and grass-based ecosystem grounded in peat. The fifth type of wetland, the wet
meadow, occurs along rivers in the floodplains and usually has herbaceous plants. The
final type of wetland is the shallow water wetland, which refers to regions where plants
are covered by at least 25cm of water (Keddy, 2010).

Of all wetlands, ocean oil spills are most likely to affect coastal saltmarshes,
which serve as the first coastal buffer before oil moves inland. As a consequence, salt
marshes are more likely to be exposed to higher or even lethal concentrations of oil
compared to inland plants. For this reason, it is important to understand the impact of
varying concentrations of oil on salt marshes. Salt marshes could also be used to ‘clean
up’ oil, as they are known to be extremely effective filters of the water that passes
through them. They can reduce the energy of tropical storms; and they can also remove a
variety of waterborne toxins. Their ability to clean-up oil raises the question as to
whether we need to act at all if an oil spill occurs which could potentially be cleaned-up
by the native wetland plants. The plants are capable of cleaning up the contaminants in a
process called phytoremediation demonstrated in Figure 1.

Even though we know that the coastal marshes will be the first to be impacted
when a spill occurs, we do not know how oil moves throughout the saltmarsh. The
research conducted here attempts to determine at what concentration hydrocarbons move
throughout different physical phases (oil slick, water, soil, and plants) of a microcosm,
intended to represent crudely the saltmarsh ecosystem at microcosm scale. This
movement of hydrocarbons was also simulated using a mathematical program called

Mathematica.
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Figure 1-1: How phytoremediation works (Rice, 2012).

After the model was generated and compared to the research results, a decision
tree was created that takes into account both the experimental results and the
Mathematica model simulations to create a plan-of-action based on important decision-

variables of an oil spill.

Objectives

The thesis has three main objectives: (1) To determine the extent of
biodegradation and disappearance of Total Extractable Hydrocarbons (TEH) in small
microcosms over three months of exposure; (2) To create a mathematical model to

determine the movement and concentration of hydrocarbons throughout different phases



in the experimental environment (microcosm/beaker); (3) To create a decision tree for BP
to use if an oil spill occurs.

The model created does not consider degradation due to photolysis,
physical/chemical weathering processes at sea, or possible increases in volatilization
caused by wind and wave mixing. These processes could not be simulated in the
quiescent beakers and greenhouse environment available for experimentation. The
“microcosms” were covered in cardboard boxes, so photolysis in the oil layer, water and
sediment was precluded. The microcosms were open to the atmosphere in a greenhouse
so gases could easily exchange, but there were no wind, tides, or wave action. For this
reason, it is hypothesized that the rate at which oil degrades in the microcosm will be
slower than its rate of degradation in nature and therefore would represent an engineering
“safety factor”. The Mathematica model was created to follow the movement of
hydrocarbon concentrations when a spill occurs if the spill concentration is “mimicked”
by one of the experimental concentrations tested.

The decision tree that has been created for BP is meant to be used with caution as
there are many environmental and health factors that are hard to take into account based
on a simple microcosm study. It is recommended that more experimental and field

research be conducted to improve the reliability of the decision tree for actual field cases.



CHAPTER 2 - LITERATURE REVIEW

The world record depth for ocean drilling is 35,055 feet — over a mile deeper than
Mount Everest is high — set in 2009 by Deepwater Horizon drilling in the Keathley
Canyon in more than 4,000 feet of water (Contreras, 2011). Deepwater Horizon was
tapping into 4-6 billion barrels of oil (Contreras, 2011). Six months later, in a fireball
that could be seen 35 miles away, Deepwater Horizon exploded in a blowout that killed
11 people. Perhaps as part of that tragedy, BP is now committed to studying how oil

spills can be cleaned by plants, a process known as phytoremediation.

M Oil spills to land 1200
M Oil spills to water
Contained oil spills
== | 0ss of primary containment — all materials
900
1 1 600

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Figure 2-1: Shows the number of BP oil spills between 2001 - 2010 (BP,
2011).



Table 2-1: This table was created and presented to BP in an effort to receive funding for
the research conducted in this thesis.

Location Oil APl | Plant Climate Salinity

(Ppt)
Angola Dalia 23.2 | Spartina maritima Semiarid 36.4
Australia® | Cossack 47.7 | Spartina anglica Temperate 35

Pioneer
Libya” Azeri 34.8 | Sarcocornia fruticosa | Mediterranea | 38
n

Gulf of Southern Green | 28.2 | Spartina alterniflora | Temperate/Tr | 30
Mexico Canyon opical
North Sea | Alba 19.7 | Spartina anglica Temperate 34

The table provides the location, type of oil, API of the oil presented the type of
salt marsh plants closest to the drilling location, the climate of that region, and the ocean
salinity in that region. Only one type of crude oil was selected from each region, due to
the overall abundant variety of crude oils. The oil selected was based on the lowest API
value.

Locations were taken from BP website (BP Crude Assays, 2013).
*Climate information was taken from (Climate Zone, 2013).

*All information relating to oil was taken from the BP website.

@ Deepwater exploration in the Ceduna Sub Basin is taking place; however, no oil
is currently being extracted from there. Cossack Pioneer is taken from the North West
Shelf Venture field in Australia.

b Deepwater exploration is currently being conducted so crude oil is not from
Libya, but still is being extracted from the Mediterranean.




Crude Oil

Crude oil (petroleum) is a mixture of hundreds of organic compounds and trace
amounts of inorganic compounds. Although each organic compound has unique physical
and chemical properties, collectively they are often divided into the paraffins, naphthenes
and aromatic hydrocarbons (Screening-Level Hazard Characterization, 2011). Amongst
the inorganic compounds are trace amounts of metals and sulfides (Chaudhuri, 2011).

Some of the most problematic organic components in crude oil are the polycyclic
aromatic hydrocarbons (PAHSs). Their bioaccumulation, airborne transportation and
persistence in the environment are of concern since PAHs have been identified as
carcinogenic, mutagenic and teratogenic (Kalf, Crommentuijn, & van de Plassche, 1997).
In addressing PAHs and other components of crude oil, an effective petroleum
remediation strategy (such as phytoremediation) must demonstrate treatment of bulk oil,
measured as Total Extractable Hydrocarbons (TEH), and treatment of special constituents
like PAHSs, in the context of restoring or re-establishing the complex marsh grass
ecosystem affected by offshore spills.

Different types of oil must also be tested. One metric to classify oil is the
American Petroleum Institute (API) gravity, a measure of the density of crude oil relative
to water. The API gravity is used for economic purposes and is related to the specific
gravity (Head, Martin, & Larter, Biological Activity in the Deep Subsurface and the
Origin of Heavy Oil, 2003). The equation used to relate specific gravity to API gravity
can be seen in equation 1. In brief, crude oil with an API gravity >10 is lighter than
water and floats, while crude oil with an API gravity <10 is heavier than water and sinks.
Although API gravity is used to compare relative densities of petroleum, it may affect the
rate of degradation. In addition to the API gravity, crude oils can differ in viscosity,

color and solubility. (Screening-Level Hazard Characterization, 2011).



Equation
1: Relationship between API gravity and specific gravity
(Chaudhuri, 2011)3
API ity = 141 31.5
gravity = Specific gravity '
Health Risks

There are many health risks associated with crude oil that vary based on the
concentration, length and type of exposure. For example, exposure can be through
inhalation, ingestion or dermal contact (touching) (Screening-Level Hazard
Characterization, 2011). For each route of exposure, the concentration of a given type of
crude oil that is harmful will vary; and because crude oils differ in their relative
concentrations of harmful compounds, such as benzene or benzo[a]pyrene, some crude
oils will be more toxic than others.

The EPA has made some attempts at creating a ‘generic concentration’ of crude
oil that should be avoided since it is impractical to test all oils for health effects.
However this process is not straightforward. For example, dermal contact at
concentrations above 2500mg/kg-day in male mice result in reduced body weight over a
28-day period but in female mice there is no noticeable adverse effect. It is only when
the exposure drops to below 250mg/kg-day in male mice that there is no observable
adverse effect. This level is referred to as the no-observable-adverse-effect level
(NOAEL), and experiments like this show that the NOAEL is sex dependent, further
compounding the difficulty in identifying a toxic ‘generic concentration’ for oil.

Another issue is the definition of toxicity. For example, a 90-day dermal study
showed that dosages as low as 30 mg/kg-day caused hypertrophy and hyperplasia of cells
(hypertrophy - an increase in cell size; hyperplasia — an increase in cell number)

(Screening-Level Hazard Characterization, 2011) (Muscle Fiber Hypertrophy vs



Hyperplasia, 2009). While not harmful by themselves hyperplasia and hypertrophy can

increase cancer risk (Non-Cancerous Breast Conditions, 2012).

Oil Cleanup

A variety of methods can be used to cleanup oil spills including containment,
chemical, biological, and physical methods (Oil Spill Response Techniques, 2011). For
example, gelling and dispersive agents are two chemical methods of cleanup: the former
binds oil into a solid while the latter breaks oil apart (Gelling Agents, 2011). Their use is
not equivalent - dispersants will not work as well on heavy crude oil as on light crude oil
(Dispersing Agents, 2011).

Biological agents are usually bacteria, fungi or yeast, selected to speed up the rate
of degradation by facilitating the breakdown of complex compounds to simpler
compounds (Biological Agents, 2011). Physical methods of cleanup involve pressure
washing, raking, bulldozing or wiping with sorbent. These techniques are usually faster
acting but also more invasive than the chemical and biological techniques (Oil Spill
Response Techniques, 2011).

The rate at which oil can be cleaned up is a function of the method used and the
environmental conditions present. Our research focuses on phytoremediation —a

biological method — and how it is impacted by environmental factors.

Phytoremediation

Phytoremediation is a relatively new field that focuses on the use of plants
to address specific environmental problems without the need to excavate the contaminant
material under consideration. It has gained in popularity over the past 20 years with the
realization that plants have an extraordinary ability to clean up the environment (Pilon-
Smits, Phytoremediation, 2004). Phytoremediation as applied to petroleum cleanup in

salt marshes is attractive because of its low cost, low environmental impact, and
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demonstrated ability to remove pollutants from the aqueous, soil, and biological
compartments of ecosystems.

There are six basic ways plants can clean up a contamination: rhizodegradation,
phytoextraction, phytovolatilization, phytodegradation, rhizofiltration, and
rhizostabilization (Pilon-Smits, Phytoremediation, 2005). The first and most important
for the degradation of TEH is rhizodegradation, a process that occurs in the rhizosphere.
The rhizosphere is a small area (between 1-2 mm) surrounding the roots of a plant that is
abundant in nutrients and respirations. It contains microorganisms, which breakdown
contaminants, making the study of the rhizosphere especially important (Rhizosphere)
(Rovira, 1969). Available data have shown that the larger the microbial population the
faster the rate of degradation, hinting at the importance of the rhizosphere and the habitat
it provides for the microbial populations (Gunther, Dornberger, & Fritsche, 1996). In the
rhizosphere petroleum compounds can be transformed to simpler, less toxic molecules or
mineralized completely to water and carbon dioxide. The rhizosphere also removes
harmful petroleum hydrocarbons from soil and water by promoting volatilization through
transpiration, and by accumulating organic compounds through lignification (Srujana &
Anisa, 2011).

The second process, phytoextraction, refers to the process by which plants take up
a contaminant. The ability of a contaminant to enter cells depends in great deal on its
hydrophobicity (Pilon-Smits, Phytoremediation, 2005). Naphthalene, for example, has a
Kow 0f 3.29 and does not enter plants because it is too hydrophobic; benzene, in
comparison, has a Ko, 0f 2.13 and potentially can be taken up by plants and stored inside
cell walls (Naphhalene, 1-Methylnaphthalene, and 2-Methlynaphthalene) (EPA).
Translocation of organic pollutants requires that the pollutant pass through the membrane
between the root symplast and the xylem apoplast using diffusion (Pilon-Smits,

Phytoremediation, 2005). The symplast is a continuous system of protoplasts located on
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the inner side of the plasma membrane, while the apoplast is the outer pathway. The
apoplast facilitates the transport of solutes and water (Cambell & Reece, 2002).

The third process, phytovolatilization, is when a water-soluble pollutant is
released by the plant into the environment through volatilization. Once the pollutant is
transported through the shoots and enters the leaves, its chemical characteristics
determine whether it can leave the plant by volatilization. This process is variably
successful and depends a great deal on the pollution that is being absorbed (Soil and
Water Remdiation, 1998).

The fourth method of phytoremediation, phytodegradation, deals with the ability
of plant cells to break down chemical compounds that enter the plant tissue. Plant cells
are capable of breaking down many different compounds, including petroleum and
aromatic compounds (Newman & Reynolds, 2004).

The fifth and sixth methods for phytoremediation, rhizofiltration and
phytostabilization, take place in the root system. Rhizofiltration refers to the
concentration of pollutants around the root system as they settle out of the dissolved
phase, while phytostabilization is exudation of chemicals and enzymes from the plant
into the surrounding soil, leading to reaction with and breakdown of the contaminant
(Soil and Water Remdiation, 1998). Plants not only cleanup contaminants, they also slow

groundwater hydraulics and reduce the spread of pollutants.

Phytoremediation Case Studies

Various plant species have been proven capable of remediating petroleum-
contaminated soils in bench-top studies, including Vicia faba, Zea mays, Triticum
aestivuml, and Glycine max (Diab, 2008) & (Njoku, Akinola, & Oboh, 2009). In
greenhouse and field studies of the Indiana Harbor riparian zone, plantings of sedge
(Carex stricta), switchgrass (Panicum virgatum), and gamagrass (Tripsacum dactyloides)

were found to significantly reduce TPH in one year of growth (Kaimi, Mukaidani, &
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Masahiko, 2007). In the salt marsh environment, phytoremediation of petroleum using
the native Spartina would be most appropriate given the unique oxygen and salinity
demands. Multiple studies have shown that Spartina alterniflora is tolerant of high oil
concentrations (Bergen, Alderson, Bergfors, Aquila, & Matsil, 2000) & (Lin,
Mendelssohn, Suidan, Lee, & Venosa, 2002).

Spartina alterniflora has been shown that in the presence of petroleum
hydrocarbons, the gas exchange and photosynthesis rates decrease by 53 to 80% of
controls (Pezeshki & DelLaune, 1991). The decreased gas exchange rate and
photosynthesis rate usually is linked to a decrease in exudates released in the plant roots,
which provide a healthy environment for bacteria.

Each plant affects the rate of degradation differently (Reilley, Banks, & Schwab,
1996). When discussing phytoremediation considerations include the plant’s ability to
degrade the compound, the lethal dosage, rate of degradation, and type of plant. Table 2-
1: This table was created and presented to BP in an effort to receive funding for the
research conducted in this thesis. Since BP is operating around the world, any oil spill

must be considered in the context of the environmental location in which it occurs.

Influence of Environment on Phytoremediation

Salinity

The salinity of the water in which the oil spill occurs has an effect on the rate of
degradation. There is an optimal salinity of approximately 6% or 60ppt, which is higher
than any naturally occurring saline water (Coulon, Pelletier, Gourhant, & Delille, 2005).
Ocean salinity is often in the range of 30-40ppt, as can be seen in Table 2-1; this salinity
range is tolerable by Spartina alterniflora (Spartina alterniflora Loisel. Smooth
Cordgrass). Figure 2-3 shows that salinity concentrations in the 30-40ppt range are the

second most optimal salinity after 60ppt.



13

80

50 |
40 |

30 +
—@— 0%salt
20 B 3% salt
—k— 6% sall
10 ¢ —+— 10% salt

% Loss of oil weight

Time , weeks

Figure 2-2: Shows the effect of salinity on the degradation of
crude oil (Coulon, Pelletier, Gourhant, & Delille,
2005).

Soil

The type of soil that the oil contacts has an effect on how well the oil is degraded.
It has been shown that soils higher in organic matter actually slow the rate of oil decay
(Dowty, 1998). This counterintuitive finding may reflect the fact that hydrocarbon-
consuming bacteria may preferentially consume natural organic matter over oil
(Pezeshki, Hester, Lin, & Nyman, 2000). There are also studies to suggest that the type
of soil (sand, clay, silt) affects the rate of degradation, soils containing larger pores being
capable of breaking down hydrocarbons faster since the oil can percolate through the soil
at a faster rate (Apitz & Myetes-Schulte, 1996). It is pertinent that a slower rate of
degradation can be detrimental to plants since they are then exposed to oil for a longer

time period, which may result in chronic problems.



14

Nutrients

Adequate nutrients during phytoremediation are very important since plants and
microbes are under stress. Lower nutrients have been shown to occur in the presence of
hydrocarbons, since petroleum hydrocarbons are low in nitrogen and phosphorous but
high in carbons (Xu & Johnson, 1997). Crude oil also physically reduces the space

available for water, which contains important nutrients for plants (Schwendinger, 1968).

Temperature and Season

Studies have shown that light contamination of crude oil to plants during anytime
of the year does not affect plants in the long term (Baker, 1971). However, in the short
term plants are more impacted by oil if it occurs during the growing season (Pezeshki,
Hester, Lin, & Nyman, 2000). The effect of temperature variation from 4°C - 30°C
(39.2°F - 86°F) on bacterial degradation of diesel oil has been studied, with maximum
biodegradation occurring between 10°C - 20°C (50°F - 68°F) (Margesin & Schinner,
1997).

Saltmarshes

When trying to conduct remediation of an oil spill in a salt marsh, it is difficult to
predict the movement and degradation of compounds since there are many complex
physical-chemical reactions taking place. Tidal movement, storms, wind, and daily and
seasonal cycles are all highly difficult environmental conditions to model in the lab
settings and all can have a large impact on the rate of degradation. Figure 2-3 shows
some of the conditions that can be present in a salt marsh and not only how these would
be difficult to model, but also how they determine the kinds of plants that are present in

an ecosystem.
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Figure 2-3: Saltmarsh grasses experiencing climatic changes (Keddy, 2010). Not
only are there many different environmental conditions to try and
model in salt marsh, but the plants can constantly be changing as well.

Grasses
Smooth Cordgrass (Spartina alterniflora)

Spartina alterniflora are located in the low marsh regions and can grow up to
250cm tall. The optimal salinity for them is between 10 and 20ppt, but they are capable

of surviving up to 60ppt, higher than any major ocean waters (Spartina
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alterniflora/hybrids, 2001). Figure 2-4 shows where Spartina alterniflora is located
around the world. During September and October seedheads that are approximately a foot
long emerge at the ends of the stems. A non-threatening rust-like fungi is common to the
Spartina alterniflora. The optimum water depth for smooth cordgrass is between 1 and
18 inches. Smooth cordgrass can grow in a pH range of 3.7 to 7.9 and aerobic or

anaerobic conditions (Smooth Cordgrass).

Figure 2-4: Shows the location of Spartina alterniflora globally
(Sparina alterniflora).

Saltmeadow cordgrass (Spartina patens)

These plants are often located in similar areas as Spartina alterniflora; however,
instead of being located in the lower marsh land they are located in the middle and upper
marsh regions. They are capable of growing up to 80 cm tall and usually will not
experience initial concentrations of a contamination. When attempting to establish

Saltmeadow cordgrass they should contain 3-5 stems per pod when planting (Saltmeadow
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Cordgrass). Figure 2-5 shows the locations of Spartina patens around the world, as noted
earlier they are in similar locations as Spartina alterniflora. They are not as invasive as
Spartina alterniflora and as a result have not spread around the world as extensively as
alterniflora’s have. One thing that can be noted is that the spread of smooth cordgrass
was caused by ships coming into port and collecting seeds on the boat and then

transporting them unintentionally.

Figure 2-5: Shows a map of Spartina paten locations globally
(Sparina alterniflora).

Small Cordgrass (Spartina maritima)

These plants are native to southern Europe and during the colonial period were
transported to western Africa on boats. These plants can grow up to 70 cm tall and are
not as widely spread as smooth cordgrass. Figure 2-6 shows the major locations where

Spartina maritima can be found around the world.
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Figure 2-6: Shows the locations of Spartina maritima globally
(Sparina alterniflora).

Scientists have found that due to the expression of different genes in Spartina
alterniflora as compared to Spartina maritima, smooth cordgrass has become more of an
invasive species while small cordgrass is on the decline. Thus it is predicted that
Spartina alterniflora will continue to spread throughout the world while Spartina

maritimia will lose habitat (Chelaifa, Mahe, & Ainouche, 2010).

Common Cordgrass (Spartina anglica)

This plant is a hybrid of spartina x townsendii, Spartina maritima, and Spartina
alterniflora. It is now found throughout European estuaries and has taken over salt
marshes in Europe and taken over Spartina maritima. This species is capable of growing

up to 130cm tall and handling salinities up to 40ppt. Figure 2-7 shows the locations of
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Spartina anglica around the globe. Spartina anglica are located in the intertidal zone

similar to Spartina alterniflora (Nehring & Henning, 2009).

Figure 2-7: Shows the locations of Spartina anglica globally
(Sparina alterniflora).

Plant Selection

For the phytoremediation experiments presented in this thesis, the species
Spartina alterniflora, smooth cordgrass, was chosen. Figure 2-8 from Paul Keddy shows
where Spartina alterniflora are located in the salt marsh land. As can be noted from the
picture, Spartina alterniflora are a good selection for initial studies on the ability for
plants to degrade oils since they will be the first species to be in contact with the oil.
Studies have shown that smooth cordgrass are very hardy plants and capable of handling
a variety of environments and conditions (Lin, Mendelssohn, Suidan, Lee, & Venosa,
2002). Since the environment in which Spartina alterniflora lives is so diverse, the study

is only capable of capturing a fraction of the variables present.
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Figure 2-8: Shows the location of Spartina alterniflora in saltmarshes. Since
Spartina alterniflora are hardy plants they are always located in the
intertidal zone no matter the temperature. However, warmer
temperatures will cause competition by other species with Spartina
alterniflora for supra tidal space.
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Modeling

While numerous models have been created to deal with the movement of oil
between different phases without plants, the ability of plants to clean up soil, or
phytoremediation of individual oils, no models have been created to show
phytoremediation of three different types of oil in the same environment. A model
created by Thomas et al. demonstrated phytoremediation for a single type of oil, in the
soil, with varying root lengths. Their model focused on how oil is degraded in the soil
due to the contact with the rhizosphere (Thomas, Lam, & Wolf, 2003). Nagheeby et al.
created an impressive model that demonstrated two-phase transport of an oil slick in
estuarine water, but they did not consider phytoremediation (Nagheeby & Kolahdoozan,

2010).
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Most of the models that try to predict the movement of oil account for many more
parameters than we have set forth in this paper. The model we present is designed to
predict the most basic movement of hydrocarbons through four different phases. Some of
the variables that have been ignored but are common in estuaries or during oil spills
include tidal movement, photolysis, wind, dispersants and turbulent flow. These
variables tend to be very important in the degradation or dispersion of oil so that the
concentration of oil affecting a plant would not be as intense. As a result of excluding

these variables from the model works in a way as a safety factor.
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CHAPTER 3 - EXPERIMENTAL METHODS

Analytical Method

Multiple methods will be presented for the different aspects of the research that
was undertaken. The “Plant Sampling” portion of the methodology will discuss
acquiring the appropriate materials, setting up, and running the experiment. The Section
“Soil Sampling” will discuss and explain how the TEH in the soils were found. The third
Section “Hydrocarbon Extraction” discusses the method that was used to extract the
hydrocarbons from the water samples. The fourth section “GC-FID” discusses the
method used by the University (State) Hygienics Laboratory for Gas Chromatography
Flame lonization Detector (GC-FID). The Mathematica model description, parameters,
and assumptions are described in the “Modeling” section.

The following flow chart shows the steps taken in the experiment. Detailed

explanations of the flow chart can be found in later parts of the methodology.

1) Half of Organic Potting soil mixed with 5mg oil/g of soil

2) Immediately take soil samples of oiled and non-oiled soil

v

3) Send samples to the State Hygienic Laboratory at the University

of lowa

¥

4) After four months take soil samples of oiled and non-oiled
soil, send samples to State Hygienic Laboratory at the

University of lowa and begin experiment

v
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5) Combine water, soils, oils, and plants in beakers
6) Take water sample from beakers
7) Perform hydrocarbon extraction on water samples
8) Send extraction samples to Hygienics Laboratory for GC-FID analysis
9) Repeat steps 6-8 at t = 30, 60, and 90 days
10) At t =90 days take soil samples from beakers with:
e No oil slick, no plants, and non-oiled and oiled soils
e No oil slick, plants, and non-oiled and oiled soils
e Qil slick with medium oil at a concentration of 50mg oil/g

soil, plants, and non-oiled and oiled soil

Plant Sampling
One of the most difficult and important parts of the experiment was acquiring the

appropriate crude oil and therefore this step was started immediately following the grant
funding from BP. Once the oil was obtained the soil was purchased and the appropriate
amount of oil, 5mg oil/g soil, was mixed with half of the soil. Both non-oiled and oiled
soils were left for four months in similar conditions so that oiled soil could acclimate to
the new conditions.
During the period when the soil was acclimating hundreds of Spartina alterniflora

were ordered from various plant nurseries and a final batch of plants was selected based
on the strength and uniformity between the plants. The plants that were selected were

freshwater, which is one of the reasons that salinity was not part of the experiment. It
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was assumed that introducing the plants to a saline environment could shock the plants
and cause mortality that was not related to the oil concentration.

One hundred one liter beakers were purchased and then modified to have a glass
side port on the side of the beaker at the 750mL mark. The side port contained a plastic
stopper that could be penetrated with a syringe, but did not allow water to flow out. The
port allowed sampling to occur without having to penetrate the oil layer and risk
potentially skewing the data. One liter beakers were also selected due to their size which
allowed noticeable root growth and due to the large opening which allowed plants to be
removed at the end of the experiment so soil sampling could occur. Figure 2-9 through
Figure 2-16 show a variety of side views for the different kinds of samples that were

present throughout the experiment.



Figure 2-9: A control that does not contain an oil slick or any oil in the sediment.
The container that is shown is a 1 liter beaker with a side port located
about % of the way up the beaker. The side port was created to allow
for water sampling with the use of a sampling syringe. The bottom,
brown phase is the uncontaminated sediment and the clear blue phase

is the water. In future graphs soil that was not mixed with oil will be
abbreviated N-S.
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Figure 2-10: Treatment without plants and which does not contain an oil slick, but
does contain oil in the sediment. The bottom, gray phase is a mix of 5

mg of Louisiana Sweet Crude oil per gram of organic potting soil the
clear blue phase is water.
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Figure 2-11: Treatment which contains an oil slick, but does not contain any oil in the
sediment (organic potting soil). No plants are present. The bottom,
brown phase is the sediment, the middle, clear blue phase is the water
and the top, clear yellow phase is the oil slick.



Figure 2-12: Treatment with soil that has been mixed with 5 mg of Lousiana Sweet

Crude oil per gram of organic potting soil. The bottom, gray phase is
the sediment, the middle, clear blue phase is the water and the top,
clear yellow phase is the oil.
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Figure 2-13: Control with plants, non-contaminated soil, and no oil slick. The
bottom, brown phase is normal sediment, the clear blue phase is the
water and the green is Sparitina alterniflora.
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Figure 2-14: Treatment with plants, oiled soil, and no oil slick. The bottom, gray
phase is contaminated sediment, the clear blue phase is the water and
the green is Sparitina alterniflora..
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Figure 2-15: Treatment with plants, oil slick, and clean sediment. The oil slick
with the plants varied in concentration from 10mg oil/g soil to 150mg

oil/g soil. In this figure the sediment at the bottom of the beaker has
not been contaminated.
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Figure 2-16: Treatment with plants, oil slick, oiled soil. The oil slick with the
plants varied in concentration from 10mg oil/g soil to 150mg oil/g
soil. In this figure the sample has contaminated sediment.
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Following the four months of soil acclimation the experiment was started. Plants
were placed in beakers with water, oil, and soil. Once the soil has been placed in the
beaker and submerged with water it will be referred to as sediment. The beakers were
then placed in cardboard boxes that were covered. Covering the boxes prevented
photolysis from occurring and prevented algae from growing. The greenhouse was kept
at 68°F. The boxes had slits in the top for shoots to penetrate, but the opening was kept
small again to reduce sunlight penetration and to reduce volatilization. Figure 2-17
provides a schematic of how the beakers were setup in the greenhouse and covered by the

cardboard boxes.



Figure 2-17: The top image demonstrates how the six beakers are situated in the
cardboard box if the top were removed. The bottom picture actually
shows the system with the lid closed and holes created to allow for the
plants to grow.

34



35

Soil was filled to the 400ml line allowing for approximately 10 cm of water above
the soil; this was chosen as readings suggested that optimal water depths for cord grass
are approximately 2.5cm to 45cm (Materne, 2009). Since the soils found in salt marshes
are not load bearing the soil was not compacted when the plants were added to the
beakers. The normal soil found in salt marshes has a very low organic content, anaerobic
and usually grows outside the tidal zone (Materne, 2009). We were unable to mimic
these criteria in the experiment and instead purchased potting soil that that we could
verify uniformity. Some of the soil was then contaminated with oil while some of the
soil was left alone.

Soil was initially weighed and then added to the beakers followed by the addition
of the cordgrass. Three shoots or one plug was added to each beaker. The amount of
plants to add was decided based on a study that tested the spacing of plants and found
that plugs are best planted with a spacing of 2'-3' (Materne, 2009). Once the cordgrass
was established in the beaker water and oil was then added to the beaker. Plants were
watered with ¥ Hoagland solution best mimicking the nitrogen found in a saltmarsh
(Childers, McKellar, Dame, Sklar, & Blood, 1993). Table 2-2 shows the makeup of

quarter strength Hoagland solution.
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Table 2-2: Make-up of quarter-strength Hoagland nutrient solution

for microcosms

Stock Solution Vol. Stock Solution per 12 L batch
1M Ca(NOs)*4H,0 12 mL
2M KNO3 9mL
2M NH4H;PO4 6 mL
MICRONUTRIENTS 6 mL
20mM Fe-EDTA 6 mL
1M MgSO4*7H,0 3 mL

1M NaOH Add until pH =6.8

The plants were weighed, watered, and photographed weekly. This allowed for
calculations to be done determining the rate of biomass growth and the rate of
volatilization. Every week the plants were given water so that the water level was kept at
the 1000mL. The plants were placed in a greenhouse where the temperature was kept at
68°F and no additional lighting was provided. The plants were initially placed in the
North West facing greenhouse; however, due to infection of spider mites the plants were
moved to the South West facing green house at 60 days.

Water samples were taken through the side ports at time 0, 30, 60, and 90 days.
During water extractions, two different sampling syringes were used. Between samples
the sampling syringes were wiped clean and rinsed with pure Hoagland solution. The
sample volume was 5mL even though only 1 mL was used for hydrocarbon extraction.

The samples were placed in 5ml vials and then stored in a fridge until extracted.
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Soil Sampling

Soil sampling was conducted by initially taking two bags of all-purpose organic
potting soil and adding a concentration of 5mg Louisiana Sweet Crude oil /g soil in one
of the containers and then mixing thoroughly. Samples of the soil were then taken to the
State Hygienic Laboratory at the University of lowa and tested for hydrocarbon
concentration. The soils then acclimated for four months before being retested for
hydrocarbons and the experiment beginning.

After the conclusion of the 90 day experiment the plants were removed, any oil in
the beaker was skimmed from the top, the water was poured out, and the soil was then
collected and tested by the State Hygienic Laboratory at the University of lowa for
hydrocarbon concentration. This part of the experiment was run in hopes that it would be
another means of relating the experiment to the Mathematica model. The soil samples
were collected in glass jars provided by the hygienics lab, kept in a fridge, and then
delivered as soon as possible.

The extraction process that was run by the hygienics lab on the soil samples can
be seen in greater detail in Appendix A. The main steps involve the initial addition of
sodium sulfate to the soil mixture. Following the addition of sodium sulfate methylene
chloride, CH,ClI,, and ortho-terphenyl, C1gH14, was added to the sample, mixed, and then
sonicated. The solution was then decanted and the above steps were repeated two more
times. Once enough liquid was collected it was run through a GC-FID and the results are
recorded (Method for Determination of Extractable Petroleum Hydrocarbons by

GCIFID).

Hydrocarbon Extraction

The method for hydrocarbon extraction was taken from the University (State)
Hygienic Laboratory which was based off of EPA 3510: Extraction of Total Extractable

Hydrocarbons in Water. Modifications had to take place due to the size of the sample
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that was taken from the plants. As well, the cleaning method was modified due to the
sampling size and the limited time allowed between extractions. Once the water was
sampled from the plants all of the samples had to be extracted within one week according
to the procedure, to reduce and degradation of hydrocarbons.

The cleaning method that took place for the equipment used during the extraction
was the use of scrubbing the equipment with detergent and hot water. Then filling the
equipment with approximately 50mL of dichloromethane (DCM) and shaking vigorously
for approximately 1 minute and venting to prevent any pressure buildup. Finally the
instrument was then rinsed with approximately 100mL of nanopure water and let to dry.

The necessary equipment and supplies that were needed to conduct the extraction
were: 2L Separatory funnels with appropriate polytetrafluoroethylene washers, nuts, and
rubber O-rings, 250mL pear shaped flasks, hot water bath, glass funnel, DCM-rinsed
glass wool, disposable glass pipets, and 2mL screw top vials. The appropriate reagents
were: sodium sulfate, DCM, oil spike, and nanopure water.

Once all of the equipment that was used in the experiment was cleaned with DCM
the extractions could begin. If samples were not being extracted they were stored in a
refrigerator at less than 4°C and stored up to 1 week. Each set of 18 samples contained
one blank and one spike. Three spikes were prepared by the University (State) Hygienics
Laborator one for each type of oil present in the experiment (light, medium, and heavy
crude oil).

The extractions began by placing 1mL of extracted water into 1000mL of
nanopure water for all samples excluding the blank which does not receive the 1ml of
sample. The mixture was then poured into a clean 2L separatory funnel. Sixty mL of
DCM was then added to the separatory funnel, capped and shaken for 2 minutes. During
the shaking process the funnel was vented often due to pressure buildup. After the two
minutes of shaking the funnel sat for 10 minutes to allow DCM to separate from the

water. DCM will naturally settle to the bottom of the funnel due to its density and water
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solubility characteristics (Public Health Goals for Chemicals in Drinking Water
Dichloromethane (Methylene Chloride, DCM), 2000).

After the 10 minutes the DCM was allowed to flow into the glass funnels that
contained glass wool with sodium sulfate placed on top of the glass wool. The sodium
sulfate was placed on the glass wool to absorb any water that may accidentally leak from
the funnel. The glass funnels were placed inside the opening of the 250mL pear shaped
flasks and allowed to drain into them. Only the DCM was allowed to drain into the
flasks. The process of adding 60mL of DCM, shaking/venting for 2 minutes, sitting for
10 minutes, and then draining into the flasks was repeated two more times.

Once the third DCM extraction had occurred an additional 30mL of DCM was
added to the sodium sulfate funnels and then the 250mL flask were taken to the hot water
bath. The bath was set at 45°C since the boil temp of DCM is approximately 40°C and
the GC-FID starting temperature will be 50°C (Public Health Goals for Chemicals in
Drinking Water Dichloromethane (Methylene Chloride, DCM), 2000). The liquid in the
flask was then concentrated to 0.5mL. The sample extract was added to a 2mL screw top
vial and an additional 0.5 mL of DCM was added to the flask, shaken, extracted, and
placed in the screw top vial for a final volume of ImL. The screw top vials were then
labeled and stored in the fridge until all samples were finished extracting. Once all the
extractions were done the samples were taken to the University (State) Hygieinics

Laboratory for the samples to be run on the GC-FID and analyzed.

Gas Chromatograph — Flame lonization Detector (GC-FID)

Once the sample extracts were created they were sent to the State Hygienic
Laboratory at the University of lowa to be run on a GC-FID and then analyzed. The
State Hygienic Laboratory at the University of lowa used EPA method 8015B to identify
they hydrocarbon concentration in the sample. The following parameters shown in Table

2-3 were used to detect total extractable hydrocarbons.
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Table 2-3: Provides the GC-FID parameters used by the University (State) Hygienic
Laboratory.

Column 1

Carrier gas (Helium) flow rate: 5 mL/min

Oven temperature program:

Initial temperature: 50°C, hold for 5minutes
Program: 50°C to 300°C at 10°C/min
Final temperature: 300°C, hold for 31 minutes
Injector temperature: 300°C

Detector temperature 300°C

Make-up gas: 25ml/min

Once the sample has been run the results are plotted out and the area under the
curve was calculated. The area under the curve was then used to calculate the

concentration of total extractable hydrocarbons in the sample.

Mathematica Model

The model created does not take into account the degradation rate of photolysis,
oxidation, reduction, or possible increases in volatilization caused by any wind. While
the model does not include some common advective and dispersive forces that are
present in nature not including these forces works as a good “safety factor”. Without

these forces included in the model the result from the model are more conservative then
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would be expected in nature which is good when dealing with a situation as devastating
as an oil spill.

For this model many assumptions had to be made since the study that the model
was based off of didn’t constantly measure all of the phases that the model is predicting.
The environment that was modeled in this experiment was a 1 liter beaker with 300 g of

soil, Spartina alterniflora, 600ml of water, and varying oil concentrations.

Table 2-4: Rate consants used in the Mathematica model.

Rate Constants  Rate (1/days)  Source

KL 0.05 (Gamst, Olesen, Jonge, Moldrup, & Rolston, 2001)
Kn 4.83*10*  (EPA)

Ko 0.05 (GSI Chemical Properties Database, 2010)

Kbio 2 Calibrated for model

Kobios 1.7*10°® (Al-Bashir, Cseh, Leduc, & Samson, 1990)

Equation 1 was used to model the movement of Total Extractable Hydrocarbons
from the oil to the air phase. The assumption was made that the chemicals volatilize in
the air relatively fast, with respect to the entire study and therefore reached equilibrium
almost instantaneously. In equation 1 p is the vapor pressure of Naphthalene
(Naphthalene, 2007), MWoil is the average molecular weight of medium oil

(Boduszynski & Rechnsteiner, 1998), Ca is the concentration of TEH in the air, and kH is
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the Henry’s constant for Naphthalene (On-line Tools for Site Assessment Calculation,

2012).

_ MWoil xp

Equation 1: C
quation a AT

Equation 2 was used to calculate the volume loss of oil that occurred as it
dissolved in the water phase. From equation 1 it was found that the amount of oil that
was lost due to evaporation was not important to consider in the remaining equations.
That is why equation 4 does not contain the volume loss due to volatilization. In
equation 2 the rate constant for the transfer of TEH from the oil phase to the water is ko
(Naphthalene, 2010), t is representative of time, Vo; is the initial volume of oil, and Vo is
the final volume of oil. It was assumed that the concentration of TEH in the oil would
remain constant for the purposes of this model. In reality it would be expected that the
light hydrocarbons would dissolve faster and therefore change the concentration of the

TEH in the oil.

Equation 2: V, =V, * e kot

Once the first three equations were solved equations 3 and 4 had to be solved
simultaneously. Equation 3 is used to solve for the concentration of TEH in the water
phase (Cw). Equation 4 is used to solve for the concentration of TEH in the soil, (Cs). In
the equation 3 ky;, is the rate constant for biodegradation of the hydrocarbons, (GSI
Chemical Properties Database, 2010). The rate transfer of TEH between the water and
soil phase is given as kL (Gamst, Olesen, Jonge, Moldrup, & Rolston, 2001). Ky is the
rate constant for the biodegradation of TEH in the soil from microorganism (Al-Bashir,

Cseh, Leduc, & Samson, 1990).
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) dCw
Equation 3: V,, 9 C,K,V, — C,,Vi,Kpio — CL VW K,
) dCs
Equation 4: Vsd—t = Cy VWK — CsVsKpios

The mass in each phase was then checked by multiplying the concentration in that
phase by the volume in that phase. Finally the total mass was summed and compared to
the initial weight in the system. Equation 5 shows the mass balance of TEH in the system

and was used to help check and plot values for concentrations.

Equation 5: Mt = Ma + Mo + Ms + Mw

Once the program had been created and was running the model showed results
that match the experimental data showing no statistically significant difference at a
probability less than 0.05. The model being explored was for a medium crude oil with

50mg oil/gram of soil and for a control with no oil slick, but oiled soil.
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CHAPTER 4 - RESULTS AND DISCUSSION

Experiment

The results from the experiment showed that with the help of the plants and
associated microbes total extractable hydrocarbons (TEH) in the water rose to
concentrations in the aqueous phase of approximately 500 mg/L and then declined to less
than 100 mg/L within the 90 day experimental period. The results from the GC-FID
provided by the State Hygienic Laboratory at the University of lowa had a recovery rate
greater than 89%. The experimental data suggest that the type of oil does not noticeably
affect the TEH concentration in the water. Not only does the type of crude oil not matter,
but based on the experimental setup the concentration of oil used in the experiment also
does not matter, in part, because the spread of the oil was limited by the size of the
beaker. The amount of surface area for the water and oil to interact was the same for all
oil concentrations, and as a result, the TEH in the oil entered the water at approximately
the same rate for all concentrations.

Figures 4-1 to 4-6 show the change in total extractable hydrocarbons present in
the water for the different types and concentrations of oil. Figure 4-7 shows the TEH in
the water for the samples. Figure 4-8 and figure 4-9 show the TEH concentrations in the
soil over time. Throughout Figure 4-1 through Figure 4-9 the symbol O-S is used to
represent soil that was oiled four months prior to the experiment beginning. Non-oiled
soil is represented by N-S meaning that the soil was never oiled throughout the entire
experiment.

The first data set presented is Figure 4-1 shows the change in total extractable
hydrocarbons for all samples that had an oil slick concentration of 10mg of oil per gram
of soil. This equates to approximately 4 grams of crude oil that was applied to each
microcosm. The figure shows the three different types of crude oil (light, medium, and

heavy) and their respective soil type. In Figure 4-1 and all preceding figures the
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abbreviation N-S is used for samples that had “non-oiled soil” and O-S is used for the

samples that had “oiled soil”.

Change in TEH Concentration in Water Over

Time for 10mg oil slick/g soil Concentration
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Figure 4-1: Compares the change in total extractable hydrocarbon concentration over
time with respect to light, medium, and heavy crude oils at a concentration of
10mg of oil slick/g of soil. The figure also compares the non-oiled soil (N-S) and
the oiled soil (O-S). The plot shows that the type of oil and the type of soil does
not affect much the shape of the response curve or the rate at which the TEH in

the water is degraded. The plot also shows that by 90 days relatively all TEH has
disappeared from the water phase.
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Figure 4-2 is a similar representation as figure 4-1 except that it shows the results
for an oil slick concentration of 50 mg oil/g soil. This results in approximately 20 grams
of crude oil that was applied to each microcosm. One of the data sets is thought to be an
outlier due to its abnormally large TEH concentration for the extractions that occurred at

time equal to 30 days. The outlier data is shown with a dotted line to help identify it from

the other samples.

Change in TEH Concentration in Water Over
Time for 50mg oil slick/g soil Concentration
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€ 400.00
€ N-S
g 300.00 ete=— Medium Oil Slick,
S 200.00 0-S

100.00 - =i Heavy Oil Slick, N-S
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Heavy Qil Slick, O-S
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Figure 4-2: Shows the change in total extractable hydrocarbons for light, medium, and
heavy crude oil for samples that contained an oil concentration of 50mg of
oil slick/g of soil. The figure also compares the non-oiled soil (N-S) and
the oiled soil (O-S). The dashed curve with the maximum point at 940
mg/L is believed to be in error (contaminated sample).
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Figure 4-3 is similar to Figure 4-1 and Figure 4-2 except that all samples in Figure
4-3 contained an oil slick concentration of 150 mg of oil per gram of soil. This equates to
approximately 60 grams of crude oil that was applied to each microcosm. At this high of
a concentration in the slick, the amount of TEH added to the microcosms through the soil
(O-S) is negligible. As a result N-S and O-S for light oil should be almost the same
unless acclimation to low levels of oil in the soil caused greater rates of biodegradation
by rhizosphere microorganisms; this hypothesis applies for the medium and heavy crude
oil microcosms as well. As can be seen from Figure 4-3 this hypothesis shows some
promise especially for the light crude oil slick. The medium and heavy crude oil slicks

each have slight differences at time 30 days, but then show similar results for the other

days.
Change in TEH Concentration in Water Over
Time for 150mg oil slick/g soil Concentration
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Figure 4-3: Shows the concentration of total extractable hydrocarbons for light,
medium, and heavy crude oil samples that contain a concentration of 150mg
of oil slick/g of soil. The figure also compares the non-oiled soil (N-S) and
the oiled soil (O-S).
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Figure 4-4 through Figure 4-6 shows the same data as Figure 4-1 through Figure
4-3; however, the data is presented in a different manner and compares the concentration
of the oil slick and not the type of oil. Figure 4-4 shows the light crude oil with three
different types of oil concentration. The highest concentration of 150mg of oil per gram
of soil appear to reach a max concentration at time 60 days instead of at time 30 days,

which occurs for the other lower oil concentrations.

Change in TEH Concentration in Water Over
Time for Light Crude Oil slick
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Figure 4-4: Shows the change in concentration of total extractable hydrocarbons for light
crude oil with three different concentrations: 10 mg of oil/g of soil, 50 mg of
oil slick/g of soil, and 150mg of oil/gram of soil. The figure also compares the
non-oiled soil (N-S) and the oiled soil (O-S).
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Unlike Figure 4-4 it is hard to draw any adequate conclusions from Figure 4-5.
Figure 4-5 shows how the change in the concentration of oil affects the concentration of
TEH in the water for an oil slick with medium crude oil. Again the planted microcosms
demonstrate that the presence of plants helps to degrade the varying oil concentrations

whether the soil has already experienced oil prior to the experiment beginning or not.

Change in TEH Concentration in Water Over
Time for Medium Crude Oil slick
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Figure 4-5: Shows the change in concentration of total extractable hydrocarbons from
medium crude oil at concentrations of 10mg of oil slick/g of soil, 50 mg of
oil/g of soil, and 150mg of oil/g of soil. The figure also compares the non-
oiled soil (N-S) and the oiled soil (O-S).
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Finally Figure 4-6 compares the different oil slick concentration for a heavy crude
oil. In this sample there was an outlier during the 30 day sampling. Like the previous oils
sampled the heavy oil usually has a peak concentration around 500 mg of TEH per liter
of water. Similar to Figure 4-5 there are no strong conclusion that can be drawn from the

data except that the plant and microbes do appear to clean up the oil within a 90 day

period.
Change in TEH Concentration in Water Over
Time for Heavy Crude Oil slick
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Figure 4-6: Shows the change in concentration of total extractable hydrocarbons
from heavy crude oil at concentrations of 10mg of oil slick/g of soil, 50
mg of oil/g of soil, and 150mg of oil/g of soil. The figure also compares
the non-oiled soil (N-S) and the oiled soil (O-S). The dashed line and the
maximum concentration of 940 mg/L is believed to be in error
(contaminated sample).
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Figure 4-7 shows the controls and some treated samples over the 90 day time
period. The graph is showing the concentration of TEH in the water for the different
types of controls and treatments. Based on the results it is believed that there may have
been some contamination with respect to the initial controls and the equipment not being
cleaned enough at the beginning of the extractions. For example, the control microcosm
(No Oil Slick, No Plants, N-S) has no oil added whatsoever, yet it ranges from 100 mg/L
to 230 mg/L in TEH concentration during the experiment. This indicates that
contamination of sampling syringes in the greenhouse could have added as much as 100-
230 mg/L of TEH to the microcosms , but it is unlikely that contamination was so large

because many samples were significantly <100mg/L TEH at the end of the experiment.

Concentration of TEH in Water for
Controls and Treatments
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Figure 4-7: Shows the different controls and treatments used in the experiment and
their relative change in concentration over time. N-S represents non-
oiled soils and O-S represents oiled soils. It is expected that the TEH
concentration in the samples with an oil slick and no plants would
increase due to diffusion of TEH from the oil to the water. It is also
expected that there could be a slight increase in TEH in the non-oiled
plant samples due to the exudates released by the plants. However, we
would not expect to see any increase in TEH in the non-oiled non-
planted controls which means some contamination may have occurred.
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The other control microcosm (No Oil Slick, Plants, N-S) has no oil added
whatsoever, yet it ranges from 0 mg/L to 200 mg/L of TEH present in the water during
the experiment. Again this shows that contamination of sampling syringes in the
greenhouse could have added as much as 200 mg/L of TEH to the microcosms because it
is unlikely that plant and soil dissolution products could have added so much.

As described in the methodology section soil samples were taken four months
before the experiment began, the same time that Louisiana Sweet Crude oil was mixed
with half of the soil. Soil samples were taken again at time 0 days, just before the
experiment began and a final time 90 days later, when the experiment ended. Figure 4-8
shows the results from the first and second soil extractions, four months before the
experiment began and when the experiment began respectively. The graph shows the
change in total extractable hydrocarbons for the non-oiled soil and the oiled soil. As can
be seen from the figure the non-oiled soil contained noticeable amount of hydrocarbons
even though none were added. There was also no change in hydrocarbon concentration
in the non-oiled soil. However, in the oiled soil there was a large TEH concentration and
there was also a noticeable decrease in the TEH concentration. This would suggest that

there might be bacteria degrading microorganisms present in the oiled soil.
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Figure 4-8: Shows the degradation of TEH after 4 months of soil acclimation. The two
different soil samples were both organic potting soils, but one was mixed
with 5mg oil/g of soil.
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Figure 4-9 shows the final concentration of TEH in the soil samples taken when
the experiment ended at 90 days. The graph represents three oiled soils and three non-
oiled soils. The samples were taken from three different categories each containing an
oiled and a non-oiled sample. The different soil samples are: (1) No oil slick, plants, and
both oiled and non-oiled soil (2) no oil slick, no plants and both oiled and non-oiled soil
(3) oil slick with medium crude oil at a concentration of 50 mg of oil per gram of soil,
plants, and both oiled and non-oiled soil. The dotted line in Figure 4-9 shows

concentration at time t = Odays.
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Figure 4-9: Shows the difference in TEH concentration in the soils between oiled and
non-oiled soil at the end of the experiment. Six different samples were
taken of non-oiled and oiled soils. The non-oiled samples showed a
decrease in oil throughout the experiment while the oiled sampled actually
appeared to increase.



55

There was noticeable variability in measurements of soil concentrations in Figure
4-9. 1t is believed that the soil may not have been mixed well enough initially, and that
variability resulted from “hot spots” within the system. The soil shows an initial decay in
TEH, Figure 4-8; however, the soil also shows an increase in TEH concentration, Figure
4-9, in soil that was oiled and placed in a beaker with no oil slick or plants. One would

expect this concentration to stay relatively the same or possibly to decrease.

Model

The model was created to simulate the processes that occurred in the experimental
microcosms. Once the model was compiled and executing and all the samples were
analyzed, the model results were compared against the experimental data. Figure 4-10
shows the relationship between the model results and the results obtained during the
experiment. Figure 4-10 only shows four data points from the continuous model which
correspond to the sampling times in the microcosms. The four data points are at time 0,
30, 60, and 90 days. As can be seen in Figure 4-10 the model matches the experimental
data very closely. Using a one tailed paired t-test between the experimental data and the
model data shows no significant difference at the probability less than 0.05 significance

level.
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Figure 4-10: Shows the model results compared to experimental data for a crude oil
slick with medium oil and a concentration of 50mg of oil/g of soil. Only
four data points were selected from the model to demonstrate what was
collected during the experiment.

Since a model was created, one has the ability to hypothesize what might be
happening to the TEH concentration in the water between the extraction points shown in
Figure 4-10. Figure 4-11 shows the results from the continuous model and what may
have been missed between extractions at times 0, 30, 60, and 90 days. These model
results suggest that more samples should have been taken in the initial 30 day period,
where it is believed the TEH concentration in the water actually peaked.

Something else that should be noted is that based on the Mathematica model the
initial assumption that the rate of diffusion of TEH into the water was limited by

molecular diffusion is likely not correct. The rate constant for the model suggests that the



total extractable hydrocarbons are moving into the water at a faster rate likely due to

mixing that occurred during sampling periods.
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Figure 4-11: Shows the model results for the movement of TEH in the water
throughout the experiment. The model is then compared to comparable
experimental data. The data represented is medium grade crude oil at a
concentration of 50mg of oil per gram of soil. It should be noted that the
model will never reach a concentration of zero TEH.

The model mimics the results of the experiment with respect to the TEH
concentration in the water for the samples. However, we were also curious if the model
could represent the results from the controls that showed a continued increase in TEH

throughout the length of the experiment. The model was changed to represent an
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experimental situation where there was no oil slick present. It was then assumed that

without the plants present there would be reduced bacterial degradation in the soil. The

model results compared to experimental data can be seen in Figure 4-12. Figure 4-12

also shows experimental data for a control that contains plants, no oil slick, and non-oiled

soil. Based on our earlier hypothesis bacteria would be present in this control and

therefore the TEH concentration in the water would be closer to 0 mg/L throughout the

experiment. Since this is not the case, the model simulation lends credence to the

explanation that some contamination did occur during the experiment, quite possibly due

to inadequate cleaning of the syringes at the greenhouse.

Table 4-1: Mass balance results from model of 50mg medium crude oil/g soil

MASS BALANCE TABLE

(50mg Medium Crude Oil/g soil)

Phase

Air

Oil

Water

Soil

Degraded by Bacteria in Water

Degraded by Bacteria in Soil

Time 0 days Time 90 days
Mass (q) Mass (q)
0 1.10E-09
20 0.17
0 0.10
0 0.86
0 18.87
0 1.90E-05
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Table 4-1 shows the mass balance results from the Mathematica model that was
created for a 50 mg medium crude oil/g non-acclimated soil. The mass balance shows
that the bacteria present in the water are the primary reason for the degradation of TEH in
the microcosm. Had more soil samples been gathered then the TEH concentration in the
soil, shown in the model, could have been proven statistically significant or modified to

better represent the movement of hydrocarbons in the system.
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Figure 4-12: Shows the data collected from the model versus the experimental data
that was collected. The model data shown is representative of a control
that did not contain an oil slick or plants, but did contain oil in the soil.
Additionally the model assumes that no hydrocarbons volatilize into the
air. One set of experimental data presented shows the same information
(No oil slick, O-S, and no plants present). The other data shown is for a
control that also contained no oil slick, non-oiled soil, but did contain
plants.
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Decision tree

A decision tree was created by using the information that was gathered from the
experiment and the model. With respect to oil concentrations that could cause mortality
to the plants that concentration was not reached during the experiment and therefore the
decision tree currently does not show a lethal dose. Previous research done by Elliott
Beenk, at the University of lowa, showed that a lethal dosage to S. alterniflora had been
reached at oil concentrations of 250mg oil/gram soil. The decision tree was still created
with the intent that it could be modified if further research is conducted that helps show
the effects that other factors such as waves, wind, diurnal variation, and in general
increased oil surface area exposure can have on plants and the concentration of TEH in
the water. The entire decision tree can be seen under APPENDIX D: DECISION TREE.

A sample scenario is presented that shows the portion of the decision tree that
would be used and how the decision tree works.

Scenario: A Light crude oil spill that affects a saltmarsh containing Spartina
alterniflora. The oil slick is about 2mm thick and there has never been an oil spill in this

location before.



Yes Has an oil spill occurred at this site before, but not within the | NO
last 4 months?
Yes Is the oil that spilled a ‘light’ oil (API > 31.1)? No
Yes Is the oil slick less 0.7mm? No
Yes Is the oil slick between 0.7mm and 3mm thick? No
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experiments and as high as 750mg/l based on models.

Research suggests that the plants will survive and the marsh system will be able to clean up

the spill within 90 days. The TEH concentration in the water could reach 500mg/L based on

Figure 4-13: Sample case scenario, showing the use of the decision tree.
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CHAPTER 4 - CONCLUSION AND RECOMMENDATIONS

The model and experimental data provided important insight into how total
extractable hydrocarbons diffuse from an oil-slick phase to the water phase and are
subsequently biodegraded in a plant/soil marsh system. The results identify relevant
factors likely to be important in some scenarios, such as the rate of hydrocarbon
movement and biodegradation, but it also identifies factors that could not be modeled
well, such as the surface area interaction between water and oil, which effects the
concentration of hydrocarbons that enter water. A physical model to predict the spread
(areal extent) of the spill and the thickness of the slick were not included in the scope of
this research, but other models exist in the literature which can simulate these processes.

With those caveats in mind, there are several important conclusions that can be
drawn from this work. First, the data suggest that neither the type of oil nor its
concentration significantly altered the rate of degradation in these quiescent microcosms.
The practical application of this result is the importance of forcing oil into a smaller area
once a spill occurs to reduce the areal impact.

Second, irrespective of the type of oil or the concentration of the oil, Spartina
alterniflora and associated microbes show that they are capable of degrading oil to within
97% of its maximum concentration within a 90 day period. In these experiments, the
lethal dosage for plants was not exceeded and although there was some decrease in
biomass growth for some plants, there were no plant deaths. Based on the experimental
data no conclusion can be drawn about the TEH concentration in water if a plant were to
die.

Third, with respect to the concentration of TEH present in the soil samples no
major conclusions can be drawn. The soil samples taken varied by up to 50 percent and
as a result no conclusions can be drawn about TEH concentration in the soil. Itis

assumed that the reason for the variance in the soil samples was due to poor mixing of the
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soil when the initial oil was added. The soil samples do successfully show that there was
a small initial TEH concentration in both “clean” potting soils, in soil contaminated
lightly with oil, and in soil that was not mixed with oil.

The experiment showed that the oil concentrations tested did not make a
statistically significant difference on the TEH concentration in the water. Using a one
tailed paired t-test between the experimental data and the model data there was no
significant difference at the probability less than 0.05 significance level. This result may
be secondary to area limitation. If the oil was allowed to spread out fully and was not
limited by area, then more volume would be affected at similar concentrations. Thus
having a larger surface area to allow the oil to fully mix could provide better results with

respect to dissipating the volume and mass of oil faster.

Recommendations

The experiment provided insight into the degradation of oil by plants and bacteria.
There are many variables present in saltmarshes and our study only focused on three —
different soil conditions and acclimation to oil, oil types and densities, and TEH
concentrations. In future studies, it would be valuable to model wave movement as well
and to increase the available surface area so that oil concentration is not limited by the
container but rather is limited by the quantity of oil used. Other variables that might
impact oil degradation could be salinity concentrations and time of year. The latter are
likely to be important since during the winter months less sunlight is available for the
plants. With less sunlight, photosynthesis is reduced resulting in nutrient production
decreases which lead to reduced exudates for bacteria in the rhizosphere.

Another area of study which would be interesting is the effect of temperature.
Since deep water drilling occurs throughout the world and will likely expand as the
Arctic ice cap melts, the impact of oil spills in cold climates should be modeled. | would

also recommend that another study focusing on a variety of soil samples. Due to the low
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number of soil samples in these experiments, the effect of soil type could not be studied.
A final interesting experiment would be to relate the impact of the oil spill on aquatic life.
Agquatic life can be affected in multiply ways because of oil two of them being a decrease
in the dissolved oxygen in water when there is a noticeable oil slick on the surface and

the TEH compounds entering the water that could be harmful to aquatic life.
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METHOD FOR DETERMINATION OF EXTRACTABLE
PETROLEUM HYDROCARBONS BY GC/FID
1. Scope and Application
1.1 Analytes
1.1.1 This method is designed to measure the concentration of Extractable
Petroleum Hydrocarbons in water and soil. This corresponds to an alkane
range of C12-C40.

1.1.2 The method is designed to measure mid to late-range petroleum
products, such as diesel and spent motor oil, where contamination extends
beyond diesel range organics. If, based on a
review of the chromatogram, the presence of these product types is
suspected, additional efforts may be performed including but not limited
to, analysis of additional reference materials. These additional efforts are
not contained within this method.
1.2 Quantitation Limits
1.2.1 Quantitation limits are based on 100 ug/ml of diesel/and or motor oil
in the extract and are 0.10 mg/L for waters and 4.0 mg/kg for soils.
1.3 Dynamic Range
1.3.1 Dilutions should be performed as necessary to put the
chromatographic envelope withinthe linear range of method. This is
approximately equivalent to 100 ug/mL to 5000 ug/mL of oil in the final
extract.
1.4 Experience
1.4.1 This method is based on a solvent extraction, Gas Chromatography
(GC) procedure. This method should be used by, or under supervision of,
analysts experienced in the use of solvent extractions and gas
chromatographs. The analysts should be skilled in the interpretation of gas
chromatograms and their use as a quantitative tool.
2. Method Summary
2.1 One liter of water or 25 grams of soil is spiked with a surrogate compound
and extracted withmethylene chloride. The extract is dried and concentrated
to a volume of 1.0 mL. An (optional)internal standard is added to each
extract, and 2 uL of extract is injected into a capillary column gas
chromatograph equipped with a flame ionization detector (FID). Quantitation
is performed by comparing the total chromatographic area to the response of
oil/diesel.
2.2 This method is based in part on USEPA Methods 8000 and 8100, SW-846,
"Test Methods for Evaluating Solid Waste", 3rd Edition (1), Method OA-2
(2) and work by the EPA Total Petroleum Hydrocarbons Methods Committee
(3).
3. Definitions
3.1 Extractable Petroleum Hydrocarbons (EPH): All chromatographic peaks
eluting in the same retention time window as a representative diesel/oil
standard mix.
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3.2 Diesel/Oil Standard mix: An aliquot of commercial motor oil (10W30)
obtained from a local outlet mixed 1 to 1 with an aliquot of diesel fuel(fuel
oil #2) also obtained from a local outlet.

3.3 Surrogate Control Sample: A reagent water or method blank sample spiked
with the surrogate compound used in the method. The surrogate recovery is
used as a laboratory control. See 7.4.2.

3.4 Laboratory Control Sample: A reagent water or method blank sample spiked
with diesel fuel (fuel oil #2) as a quality control check. The spike recovery is
used as a laboratory control and must be greater than 50%. See 7.4.5.

3.5 Other terms are as defined in SW-846.

4. Interferences

4.1 Other organic compounds; including chlorinated hydrocarbons, phenols and
phthalate esters are measureable. As defined in the method, the EPH results
include these compounds.

4.2 Method interferences are reduced by washing all glassware with with hot
soapy water and then rinsing it with tap water, methanol, and methylene
chloride. Reagent blanks must be analyzed with each batch or for every 20
samples to demonstrate that the samples are free from method interferences.

4.3 High purity reagents, such as Burdick and Jackson GC2 methylene chloride or
Baker capillary grade methylene chloride, must be used to minimize
interference problems.

4.4 Contamination by carryover can occur whenever high-level and low-level
samples are sequentially analyzed. Whenever an unusually concentrated
sample is encountered, it should be followed by an analysis of a solvent
blank to check for cross-contamination.

5. Safety Issues

5.1 The toxicity or carcinogenicity of each reagent used in this method has not
been precisely defined. However, each chemical compound should be treated
as a potential health hazard. From this viewpoint, exposure to these
chemicals must be reduced to the lowest possible level by whatever means
available. The laboratory is responsible for maintaining a current awareness
file of Occupational Safety and Health Administration (OSHA) regulations
regarding the safe handling of the chemicals specified in this method. A
reference file of Material Safety Data Sheets (MSDS) should also be made
available to all personnel involved in the chemical analysis. Additional
references to laboratory safety should be available and should be identified
for use by the analyst.

6. Apparatus

6.1 Glassware

6.1.1 All specifications are suggested only.
6.1.2 4 0z. amber glass wide mouth jars.
6.1.3 Separatory funnel - 2000 mL with Teflon stopcock. 6.1.4
Concentrator tube. Kuderna-Danish - 10 mL graduated (Kontes K-
570050-1025 or equivalent). Calibration must be checked at the volumes
employed in the test. Ground glass stopper is used to prevent evaporation
of extracts.
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6.1.5 Evaporative flask, Kuderna-Danish - 500 mL (Kontes K-570001-
0500 or equivalent). Attach to concentrator tube with springs.

6.1.6 Snyder column, Kuderna-Danish - three ball macro (Kontes K-
503000-0121 or equivalent). Rotary evaporation set-up may also be used
alternatively.

6.1.7 Vials - Amber glass, 10 to 15 mL capacity, with Teflon-lined
screwcap. One mL glass vials with teflon-lined cap.

6.1.8 Reaction flask - Pyrex glass, 15 to 25 mL round bottom flask with
standard tapered joint, fitted with a water cooled condenser and U-shaped
drying tube containing granular calcium chloride.

6.1.9 Disposable pipets: Pasteur

6.2 Boiling chips - Approximately 10/40 mesh. Heat to 4000C for 30 minutes or
Soxhlet extract with methylene chloride.

6.3 Microsyringes: 1 uL, 5uL, 10 uL, 25 uL and 100 uL

6.4 Water bath - Heated with concentric ring cover, capable of temperature
control (+/-20C). The bath should be used in a hood.

6.5 An analytical balance capable of accurately weighing 0.0001g should be used
for standards. A top-loading balance capable of weighing to the nearest 0.1 g
should be used for sample analysis.

6.6 Gas Chromatography

6.6.1 Gas Chromatograph: Analytical system complete with gas and all
required accessories, including a flame ionization detector, column
supplies, gases and syringes. A data system capable of determining peak
areas using a forced baseline and baseline projection is required. A data
system capable of storing and reintegrating chromatographic data is
recommended.
6.6.2 Columns
6.6.2.1 Column 1: 12M x 0.2mm ID x 0.33 micron film thickness
DB-1, or equivalent.
6.6.2.2 Other columns may be used - capillary columns are required.
See 9.2.2 for GC criteria.
6.7 Sonication
6.7.1 Ultrasonic cell disrupter: A horn-type sonicator equipped with a
titanium tip should be used. A Heat Systems Ultrasonics, Inc. Model W-
385 (475 watt) sonicator or equivalent (power wattage must be a minimum
of 375 with pulsing capability and No. 200 1/2" Tapped Disrupter Horn)
plus No. 207 3/4" Tapped Disrupter Horn, and No. 419 1/8" Standard
tapered Microtip probe.
6.7.2 A Sonabox is recommended with the above disrupter for decreasing
sound (Heat Systems-Ultrasonics, Inc., Model 432 13 or equivalent).
6.8 Soxhlet extraction apparatus is described in Method 3540.
6.9 Nitrogen evaporator with high purity nitrogen gas source.
7. Reagents and Standards
7.1 Reagent water: Carbon filtered deionized water
7.2 Methylene chloride, hexane, acetone - pesticide grade or equivalent.



77

7.3 Sodium sulfate - (ACS) granular, anhydrous. Purify by heating at 400° C for 4
hours in a shallow tray.

7.4 Stock standard solution - Prepare the following stock standards. Unless noted,
all are prepared in the methlyene chloride listed in 7.2. Standard preparartion
should follow guidelines in Method 8000.

7.4.1 Optional Stock Internal Standard: 1000 ug/mL 5 a -androstane.
7.4.2 Recommended Surrogate Standard: 2000 ug/mL ortho-terphenyl
(OTP). A working solution is made at 20 ug/mL in acetone (a water
soluble solvent). Other appropriate surrogates may be used.
7.4.3 Diesel/Oil Standard: 1 to 1 Commercial diesel/motor oil mix at
approximately 100 ng/uL up to 5,000 ng/uL.
7.4.4 Stock Laboratory Control Sample - 5000 ug/mL diesel. A working
solution is made at 1000 ug/ml in methylene chloride.
8. Sample collection, Preservation, Containers, and Holding Times
8.1 Water samples are collected in an one liter glass container, acid preserved and
soils in a glass jar. The samples are stored at 4° C from the time of collection
until extraction. Extraction must be performed on waters within seven days
and soils within 14 days. All analysis must take place within 40 days.
9. Procedure
9.1 Sample preparation
9.1.1 Waters are extracted according to SW-846 Method 3510 (Separatory
Funnel LiquidLiquid Extraction) or Method 3520 (Continuous Liquid-
Liquid Extraction). Soil samples are extracted using Method 3550
(Sonication). Method 3540 (Soxhlet Extraction) may also be used.
9.1.2 Water extraction - Separatory Funnel
9.1.2.1 Measure a 1-L portion of the sample and transfer to the 2-L
separatory funnel. If the sample is in a 1 liter or smaller bottle, mark
the water meniscus on the side of the sample bottle for later
determination of the sample volume. If the sample is in a larger
bottle, use a 1 liter graduated cylinder. Pour the sample into a 2 liter
separatory funnel. For blanks and quality control standards, pour 1
liter of carbon filtered water into the separatory funnel.
9.1.2.2 Check and note the initial pH.
9.1.2.3 Add 1 mL of ortho-terphenyl surrogate standard at 20 ug/mL.
9.1.2.4 For every batch or 20 samples extracted, prepare duplicate
laboratory control samples by adding 1 mL of 1000 ug/mL diesel
(laboratory control standard) to each of
two blank matrices. Daily or for every 20 samples, prepare a
blank/surrogate control standard using 1 L of carbon filtered water.
9.1.2.5 For samples that were mixed before extraction, add 60 mL
CH2CI2 to the sample bottle to rinse the inner walls. Do NOT cap
and shake the bottle, rinse the glass only; transfer the solvent to the
separatory funnel. Extract the sample by shaking it for two minutes
with frequent ventilation.
9.1.2.6 Allow the layers to separate. If there is an emulsion, break it.
If the emulsion cannot be broken (recovery of <80% of the
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methylene chloride, corrected for water solubility of methylene
chloride), transfer the sample, solvent, and emulsion into the
extraction chamber of a continuous extractor and proceed as
described in 9.1.3.
9.1.2.7 Drain the bottom layer (CH2CI2) into a 250 mL beaker.
9.1.2.8 Repeat the extraction twice more using a 60 mL aliquot of
CH2CI2 each time. Collect the solvent in the same beaker described
in
9.1.2.7. Record the volume recovered.
9.1.2.9 Put a plug of glass wool in a funnel and fill about 2/3 full
with Na2S04. Rinse the funnel and Na2SO4 with 30-40 mL of
CH2CI2, discard. Pour the extract through the Na2SO4 into a 500
mL Kuderna-Danish (K-D) evaporative concentrator. Rinse the
beaker then the Na2SO4 with small amounts of CH2CI2. Add these
rinses to the K-D.
9.1.2.10 Add a boiling chip to the K-D and attach a 3 ball Snyder to
the top. Pre-wet the column by adding about 1 mL of CH2CI2 to the
top. NOTE: The concentration step is critical; losses can occur if
care is not taken.
9.1.2.11 Place the K-D in a heated water bath set at 95° C so that the
receiver tube is immersed in hot water and the entire lower rounded
surface is bathed in steam. At a
proper rate of distillation, the balls of the column will actively
chatter, but the chambers will not flood. When the apparent volume
reaches 5-10 mL, remove the K-D from the bath and allow it to cool
completely.
9.1.2.12 If the extract is highly colored or a precipitate forms during
concentration, the final volume should be higher (5-10 mL).
9.1.2.13 After the K-D has cooled, rinse the Snyder column and
middle flask with a small amount of CH2CI2. Transfer the extract to
a calibrated 15 mL centrifuge tube, rinsing with a small amount of
CH2CI2. Be sure to rinse all of the ground glass joints well, as
compounds collect on the ground glass.
9.1.2.14 Carefully concentrate the extract to 1.0 mL under a gentle
stream of nitrogen using the N-evap apparatus. If the extract is
highly colored, forms a precipitate, or stops evaporating, the final
volume should be higher (5-10 mL). Transfer to a labeled 4 mL (or
12 mL) vial with Teflon lined cap, mark the meniscus.
9.1.2.15 Record the prep information for the extraction and
concentration steps. The sample extract is ready for analysis (See
Section 9.2 through 9.6).

9.1.3 Water extraction - Continuous liquid liquid extraction
9.1.3.1 Mount the continuous extractor on appropriate racks.
9.1.3.2 Put 250 mL CH2CI2 in a round bottom flask and add a few
boiling chips. Add 300 mL of CH2CI2 to the extractor flask.
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9.1.3.3 When pouring water into the extractor, minimize the
disturbance of the solvent layer and avoid getting water into either
sidearm by pouring the water down the back of the extractor.
9.1.3.4 Check and note the pH.
9.1.3.5 For samples in 1 liter of smaller bottles, mark the meniscus
on the side of the sample bottle and pour approximately 1 liter of the
sample into the extractor flask.
Measure the exact volume by adding tap water to the bottle to the
marked level and measuring the volume with a graduated cylinder.
For samples in bottles larger than 1 liter, measure 1 liter of the
sample in a graduated cylinder. Record the volume.
9.1.3.6 Add enough carbon filtered water to the extractor flask to
allow the solvent in the removable sidearm to just begin to drip into
the round bottom flask. Record the total volume carbon filtered
water that was added on the prep sheet.
9.1.3.7 Remove the condenser from the rack and wipe the lower joint
and lip with a tissue soaked with solvent. Place the condenser on the
top of the extractor. Turn on the cool water supply and check the
flow indicators.
9.1.3.8 Turn on the heating mantle. Record the starting time on the
prep sheet. Check after 15 minutes to be sure that the solvent in the
round bottom flask is boiling, that solvent is dripping from the lip on
the condenser, and that the volume of the solvent in the round
bottom flask is still about 240 mL.
9.1.3.9 Check all extractor joints for leaks with a Kimwipe. Allow
the extraction to proceed for 18-24 hours.
9.1.3.10 Turn off the heating mantle and allow the apparatus to cool
(30-60 minutes) with water flowing through the condenser.
9.1.3.11 The solvent contained in the round bottom flask is the
extract. Transfer the extract to a 400 mL beaker, rinsing with a small
amount of CH2CI2. If the volume of solvent is less than about 250
mL, record the solvent volume.
9.1.3.12 Go t0 9.1.2.9 and proceed with the prep.

9.1.4 Soil preparation - Sonication
9.1.4.1 Remove large rocks or other foreign materials and mix the
sample well. Chop any vegetation into small pieces. 9.1.4.2 Weigh
25 g of the original sample into a 250 mL centrifuge bottle. Add 25 g
of dried Na2SO4 and stir the mixture well with a steel spatula. The
sample should have a grainy texture - if it forms a large clump, add
more Na2S04 and note it on the prep sheet.
9.1.4.3 Add 100 mL of CH2CI2 to all samples.
9.1.4.4 Add 1 mL of 20 ug/mL ortho-terphenyl to all samples and
standards. Mix the samples immediately.
9.1.4.5 Add 1 mL of 1000 ug/mL diesel (laboratory control standard)
to the duplicate laboratory control standards. These standards should
contain 25 g of Ottawa Sand. In addition, prepare a reagent
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blank/surrogate control standard containing 1 mL of 20 ug/mL ortho-
terphenyl.
9.1.4.6 Sonicate the samples for 1.5 minutes at an output setting of
10 with the 3/4 inch sonicator horn 1/2 inch below the surface of the
solvent. The sonicator should be in the 1 second pulse mode, with
the duty cycle set at 50%. Centrifuge the samples for
3-5 minutes at 35 RPM.
9.1.4.7 Decant the solvent layer into a rinsed 400 mL beaker.
9.1.4.8 Repeat the extraction twice more using 100 mL aliquots of
CH2CI2 each time. Collect these extracts in the same beaker
described in 9.1.4.9.
9.1.4.9 Record the total volume of the solvent that is recovered.
9.1.4.10 Go t0 9.1.2.9 and proceed with the prep.
9.1.5 Dilution Technique
9.1.5.1 This is used for product or waste samples which are soluble
in methylene chloride.
9.1.5.2 Weigh 1 g of sample into a 10 mL volumetric flask. Dilute to
10 mL with CH2CI2. Store in a 12 mL vial.
9.2 Gas Chromatography
9.2.1 Conditions (Recommended): Set helium column flow to 1 mL/min.
Set column temperature to 35° C for 14 minutes, then 10° C/min to 210° C
, then raise to 320° C at 40/min and hold 10 min. The FID temperature
should be set at 300° C and the injector to 250°
C. These conditions may vary depending upon equipment.
9.2.2 Performance Criteria: GC run conditions and columns must be
chosen to meet the following criteria:
9.2.2.1 Resolution from the solvent front and o-terphenyl of C22.
9.2.2.2 The column must be capable of separating typical oil
components from the surrogate and internal standards.
9.3 Calibration
9.3.1 Calibrate the GC with an initial five point calibration using the
commercial diesel/oil standard (7.4.4). Tabulate the area response of the
diesel/oil standard. The ratio of the response to the amount injected,
defined as the response factor (RF), can be calculated for the standard at
each concentration. If the percent relative standard deviation (%RSD) is
less than 25% over the working range, linearity through the origin can be
assumed, and the continuing calibration response factor can be used in
place of a calibration curve. Response Factor = Total area of commercial
diesel/oil x 1.S. amount (mg/mL) / Total diesel/oil standard amount
(mg/mL) x I.S. area Note: I.S. = Internal Standard (optional)
Alternately, external standard calibration may be used (See SW-846
Method 8000).
9.3.2 The working response factor or calibration curve must be verified on
each working day by the injection of a continuing calibration standard
(CCS), mid-point. If the response for this standard varies from the
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predicted response by more than +/-25%, a new calibration curve must be
prepared.
Percent Difference = R1 - R2 / Ravg x 100
where: R1 = Average RF from the calibration curve
R2 = Response Factor from CCS
Ravg = (R1 + R2)/2
9.4 Retention Time Window Definition
9.4.1 Before establishing windows, be certain that the GC system is within
optimum operating conditions. Make three injections of the method
standard throughout the course of a 72-hour period. Serial injection over
less than a 72-hour period result in retention time windows that are too
tight.
9.4.2 Calculate the standard deviation of the three absolute retention times
for the surrogate and/or internal standard.
9.4.2.1 The retention time window for individual peaks is defined as
plus or minus three times the standard deviation of the absolute
retention time for each component.
9.4.2.2 In those cases where the standard deviation for a particular
analyte is zero, the laboratory should use +/-0.05 min as a retention
time window.
9.4.3 The laboratory must calculate retention time windows for each
standard on each GC column and whenever a new GC column is installed.
The data must be retained by the laboratory.
9.5 Gas Chromatograph Analysis
9.5.1 Samples are analyzed by GC/FID. Suggested injection volumes are 2
uL using the conditions established in 9.2.
9.5.2 For internal standard calibration, 5-a androstane internal standard is
spiked into each sample and standard at a concentration of 20 ug/mL of
sample extract. 20 uL of 5-a Androstane stock at 1000 ug/mL may be
spiked into the 1 mL final volume or a corresponding amount may be
added to an aliquot of the final extract.
9.5.3 If initial calibration (9.3.1) has been performed, verify the calibration
by analysis of a mid-point CCS (9.3.2). The midpoint standard must also
be run once every ten runs and at the end of each sequence.
9.5.4 Calculate the percent difference of the response factor from the mean
response factor as in 9.3.2. If the response factors have a percent
difference >+/-25%, the instrument must be recalibrated (9.3.1).
9.5.5 A methylene chloride blank must be run in every sequence to
determine the area generated on normal baseline bleed under the
conditions prevailing in the 24 hour period. This area is generated by
projecting a horizontal baseline between the retention times observed for
C12 and C40. This area is subtracted from the EPH area generated in the
same manner for the samples.
Methylene chloride blanks should also be run after samples suspected of
being highly concentrated to prevent carryover.
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9.5.6 If the product concentration exceeds the linear range of the method
in the final extract, the extract must be diluted and reanalyzed.

9.6 Calculations

9.6.1 Internal Standard Calibration: The concentration of Extractable
Petroleum Hydrocarbons in the sample is determined by calculating the
absolute weight of analyte chromatographic peaks eluting in the defined
retention time window of oil, using the calibration curve or the response
factor determined in 9.3.2. Refer to 9.4. The concentration of Extractable
Petroleum Hydrocarbons is calculated as follows:

Aqueous/Soil samples:

Cs=(Ax/As) x (Cis/ RF) x (Vt

IVs)xD

Where:

Cs = Concentration of Extractable Petroleum Hydrocarbons (mg/L or
mag/kg).

Ax = Response for the Extractable Petroleum Hydrocarbons in the sample,
units in area.

RF = Response Factor from continuing calibration (See 9.3.1).

As = Response for the internal standard, units same as for Ax.

Cis= Concentration of Internal Standard (mg/mL).

Vt

= Volume of Final extract (mL).

D = Dilution factor

Vs = Volume of sample extracted in L or kg.

9.6.2 Alternately, external standard calibration may be used (See SW-846
Method 8000).

10. Quality Control
10.1 The laboratory must establish the ability to generate acceptable accuracy and

precision. This should include the analysis of QC check samples plus the
calculation of average recovery as outlined in Method 8000, Section 8.0.

10.2 The laboratory must, on an ongoing basis, demonstrate through the analysis

10.3

of quality control check standards that the operation of the measurement
system is in control.

After successful calibration (Section 9.3), analyze a Surrogate Control
Sample. This standard is also the reagent blank sample and is analyzed with
every analytical batch or sequence. The surrogate recovery should be within
established limits (Table 1) and the sample should not have Extractable
Petroleum Hydrocarbons above the practical quantitation limit.

10.4 Every batch or 20 samples, duplicate Laboratory Control samples must be

analyzed. The accuracy and precision of the duplicate standards must be
within established limits (Table 1).

10.5 Each laboratory should generate control limits based on the average recovery

10.6

+/-3 standard deviations.
If any of the criteria in 10.3 and 10.4 are not met, the problem must be
corrected before samples are analyzed.
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10.7 Calculate the surrogate standard recovery in each sample. If recoveries are
outside established limits, verify calculations, dilutions and standard
solutions. Verify instrument performance.

10.7.1 High recoveries may be due to a coeluting matrix interference;
examine the sample chromatogram.
10.7.2 Low recoveries may be due to the sample matrix.

10.8 Field blanks, duplicates and matrix spikes are recommended for specific
sampling programs. Matrix spikes should use the spike levels specified for
laboratory control samples.
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APPENDIX B: RESULTS TABLES

Table B-1: Data used to show the change in total extractable hydrocarbons for
light, medium, and heavy oil at a concentration of 10mg of oil/g of

soil.
Light Oil | Light Oil | Medium Oil| Medium Oil| Heavy Oil |Heavy Oil
Day N-S 0-S N-S O-S N-S 0-S
0 <1 <1 46 59 72 <1
30 482 346 212 479 419 397
60 176 129 289 376 229 432
90 <1 79 <1 <1 16 <1

Table B-2: Data Used to show the change in total extractable hydrocarbons
for light, medium, and heavy oil at a concentration of 50mg of

oil/a of soil.
Light Oil | Light Oil | Medium Oil| Medium Oil| Heavy Oil |Heavy Oil
Day N-S O-S N-S O-S N-S O-S
0 <1 <1 <1 <1 6 82
30 542 462 299 429 272 942
60 146 59 242 179 556 429
0 32 2 12 <1 <1 <1
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Table B-3: Data Used to show the change in total extractable hydrocarbons
for light, medium, and heavy oil at a concentration of 150mg of

oil/g of soil.
Light Oil | Light Oil | Medium Oil| Medium Oil| Heavy Oil |Heavy Oil
Day N-S O-S N-S O-S N-S O-S
0 <1 <1 82 <1 29 82
30 192 222 532 <100 386 572
60 322 299 139 129 342 386
90 39 <1 <1 <1 <1 <1

Table B-4: Data used to demonstrate the change in total extractable
hydrocarbons for varying concentrations over time with respect

to light crude oil

N-S O-S N-S 0-S N-S O-S

Day 10 10 50 50 150 150
0 <1 <1l <1 <1 <1 <1
30 482 346 542 462 192 222

60 176 129 146 <100 322 299
90 <1 79 32 2 39 <1




Table B-5: Shows the data used to demonstrate the change in total extractable

hydrocarbons for varying concentrations over time with respect to
Medium crude oil

N-S 0-S N-S 0-S N-S 0-S

Day 10 10 50 50 150 150
0 16 59 <1 <1 82 <1
30 212 479 299 429 532 56
60 289 376 242 179 139 129
a0 <1 <1 12 <1 <1 <1

Table B-6: Shows the data used to demonstrate the change in total extractable
hydrocarbons for varying concentrations over time with respect to
heavy crude oil

N-S 0-S N-S 0-S N-S 0-S

Day 10 10 50 50 150 150
0 72 <1 6 82 29 82
30 419 397 272 942 386 572
60 229 432 556 429 342 386
90 16 <1 <1 <1 <1 <1
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APPENDIX C: SAMPLE GC-FID RESULTS

State Hygienic Laboratory
at the University of lowa

Quantitation Report

Bedroc 58901l TEH Agalysis inH20

SampleName = 68830 Ui Eng. Sanple Set Name = 2012 11 28 333 PM
Injection Id = 18972 Result Id = 18999 Date Acquired = 11/30/2012 1:27:25 AM _CST
Vial#= 7 ¢ Date Processed: 11/30/2012
Inj. Vol = 2.00ul Acquired By = et
Run Time = 55.0 Minutes Acqg. Method Set: diesel full
Proj = B 11 Processing Method = Mid oil
SystemName = TEH1 Report Method Name = Clien mple H2
TEH Chromatogram
40.00
30.00~
> 20,007
5
10,00+
000 "I'*‘:-LT?\‘"Jé‘?«,"}‘-"-ﬁ'r'W*.‘v—.ﬂ"rf*'—“f'r“ A R -
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00
Minutes
Group Peak Results
r TEH_Final_Result Quantitation_Limit
Naie RT Atea Height Water_ug/L Water_ug/L
1 Midoill 421 420515 35071 225114.8 100000
Report Method: Client_Sample_H20 Printed 7:00:19 AM U 11/30/2012 Page: 10f1
Final Extract Vol (mis)__ 1.00 TEH Daily_

Resoponse Factor 1858
Sample Amount (mis)__ 1.000

Dilution__ 1

Figure C-1: Shows GC-FID extraction results from sample 48 for time Odays.



State Hygienic Laboratory
at the University of lowa

Quantitation Report

Bedroc 5890 | TEH Analysis in H20

SanpleName = 74164 Ul Eng. Sanple Set Name = 2012 12 17 352 PM
Injection Id = 19494 Result Id = 19513 Date Acquired = 12/19/2012 4:54:39 AM _CST
Vial#= B4g Pr ed: 12/18/2012
Inj VoL = 2.00ul Acaquir = mal
Run Time = 55.0 Minutes Acg. Method Set: diesel full
Proiect Name = BEDROC TEH 2011 Processing Method =  Mid oil
SystemName = TEH1 Report Method Name = Client Sample H20
TEH Chromatogram
40.00—
1 |
30.00-
> 20007
£

10.00
4 I TITO R J o I - —
0.00- 4 %‘Q; O NN T ce ]
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45,00 50.00 55.00
Minutes
- Group Peak Results S
TEH_Final_Result Quantitation_Limit
Wane Y Aes o Water_ug/L Water_ug/L
1] Midol | 430 1897026 171829 730187.0 100000
Report Method: Client_Sample_H20 Printed 6:56:35 AMU:  12/18/2012 Page: 10f1
Final Extract Vol (mis)__ 1.00 TeH Daily_

Resnonse Factor 2598
Sample Amount (mis)__ 1.000

Dilution__ 1

Figure C-2: Shows GC-FID extraction results for sample 48 at time 30days.
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State Hygienic Laboratory
at the University of lowa

- Quantitation Report

Bedroc 5890 Il TEH Analysis in H20

SarmpleName = 77499 Uleng Sample Set Name = 2013 01 18 018 PM
Injection Id = 20139 Result Id = 20189 Date Acquired = 1/19/2013 2:58:01 AM _CST
Vial# = %46 Date Processed:  1/22/2013
Inj. Vol = 2,00 ul Acquired By = pmal
Run Time = 55.0 Minutes Acqa. Method Set: diesel full
Project Name = BEDROC TEH 2011 02 Processing Method =  Mid oil
SystemName = TEH1 Report Method Name = Client Sample H20
TEH Chromatogram
40.00 S,
30.00-
> 20007
E

10.00-
1]
0.00{~ . |
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00
Minutes
S Group Peak Results - ) )
wre [ wr [ ama [ veon [Pmeeieen] comen i
1] Md o [aas | o708 | 83676 4370455 | 100000
Report Method: Client_Sample_H20 Printed 6:43:46 AMU  1/22/2013 Page: 10f1
Final Extract Vol (mis)__ 1.00 TEH Daity_

Response Factor 1595
Sample Amount (mis)__ 1.000

Dilution__ 1

Figure C-3: Shows GC-FID extraction results for sample 48 at time 60 days
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State Hygienic Laboratory
at the University of lowa

Quantitation Report

Bedroc 5890 Il TEH Analysis in H20

SarrpleName = 81535 Ulena. Sanple SetName = 2013 02 18 048 PM

Injection Id = 21467 Result Id = 21493 Date Acquired = 2/20/2013 2:21:42 AM CST

Vial#= 3Fve Processed: 2/20/2013

ljvol=  200ul AcquiredBy= pmal

Run Time = 55.0 Minutes Acg. Method Set: diesel full

Project Name = Bl TEH 2011 02 Processing Method = Mid oil

SystemName = TEH1 Report Method Name = Client Sample H20
TEH Chromatogram

40.00T— -

Minutes

Group Peak Results
TEH_Final_Result Quantitation_Limit

Name RT Area Height Water_ug/L Water_ug/L
1 Mdol | 446 791856 | 98208 3057301 | 100000 |
Report Method: Client_Sample_H20 Printed 6:43:42 AM Ut 2/20/2013 Page: 1of1
Final Extract Vol (mis)__ 1.00 TEH Daily _

Response Factor 2001
Sanmple Amount (mis)__ 1.000

Diution__ 1

Figure C-4: Shows GC-FID extraction results for sample 48 at time 90 days
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APPENDIX D: DECISION TREE

This decision tree has been created for saltmarshes that contain Spartina
alterniflora and are going to be affected by an oil spill. The decision tree should not be
the only reason for acting as there are variables that were not taken into account during
this experiment. The decision tree also does not discuss the health effects that the spill
may have on aquatic or human life. The decision tree has been setup to allow for changes

as more research is discovered in this field.

Yes Has an oil spill occurred at this site No
before, but not within the last 4 months?

Continue

Yes | Is the oil that spilled a ‘light’ oil No page 89

(API > 31.1)?

Yes | Isthe oil that spilled a ‘Medium’ | No
oil (22.3 < API <31.1)?

Continue Yes | Isthe oil that spilled a ‘heavy’ oil | No
page 87 (APl < 22.3)?
I
Continue Currently no research has been done on your
page 88 situation

Yes | Isthe oil slick less than 0.7mm thick? | No

Yes | Isthe oil slick between 0.7mm and 3mm | No

thick?
' |

Continue Continue S

page 86, page 86, Yes Is the oil slick between 3mm and 10mm No
— thick?

part a part b
Research suggests that the plants and associated microbes will
survive and be able to clean up the spill within 90 days. The TEH Currently no research
concentration in the water could reach 500mg/L based on has been done on your
experiments and as high as 750mg/I based on models. situation
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Parta) Begin here for site that has previously been contaminated with oil and a

light crude oil.

Yes | Isthe oil slick between 0.7mm and 3mm | No
thick?
Research suggests that the plants and associated microbes will Continue
survive and be able to clean up the spill within 90 days. The TEH page 2,
concentration in the water could reach 500mg/L based on part b
experiments and as high as 750mg/l based on models.

Part b) Begin here for site that has previously been contaminated with oil and a

light crude oil

Yes

Is the oil slick between 3mm and 10mm No

thick?

Research suggests that the plants and associated microbes will
survive and be able to clean up the spill within 90 days. The TEH
concentration in the water could reach 500mg/L based on
experiments and as high as 750mg/Il based on models.

Currently no
research has been
done on your
situation
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Begin here for site that has previously been contaminated with oil and the oil that

spilled is a medium crude oil

Yes | Isthe oil that spilled a ‘Medium’ | No
oil (22.3 < API < 31.1)?

Yes | Is the oil slick less than 0.7mm thick? | No

Yes | Isthe oil slick between 0.7mm and 3mm

No
thick?

Yes | Isthe oil slick between 3mm and 10mm No

thick?

Research suggests that the
plants and associated
microbes will survive and
be able to clean up the spill
within 90 days. The TEH
concentration in the water
could reach 500mg/L based
on experiments and as high
as 750mg/l based on
models.

Research suggests that the
plants and associated
microbes will survive and
be able to clean up the spill
within 90 days. The TEH
concentration in the water
could reach 500mg/L based
on experiments and as high
as 750mg/l based on
models.

Currently no
research has
been done on
your situation

Research suggests that the plants and associated
microbes will survive and be able to clean up the spill
within 90 days. The TEH concentration in the water

could reach 500mg/L based on experiments and as
high as 750mg/l based on models.
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Begin here for site that has previously been contaminated with oil and the oil that

spilled is a heavy crude oil

Yes | Is the oil that spilled a ‘Heavy’ oil | No
(API < 22.3)?

Yes | Isthe oil slick less than 0.7mm thick? | No

Yes | Isthe oil slick between 0.7mm and 3mm No

thick?

Yes | Isthe oil slick between 3mm and 10mm No

thick?

Research suggests that the
plants and associated
microbes will survive and
be able to clean up the spill
within 90 days. The TEH
concentration in the water
could reach 500mg/L based
on experiments and as high
as 750mg/l based on
models.

Research suggests that the
plants and associated
microbes will survive and
be able to clean up the spill
within 90 days. The TEH
concentration in the water
could reach 500mg/L based
on experiments and as high
as 750mg/l based on
models.

Currently no
research has
been done on
your situation

Research suggests that the plants and associated
microbes will survive and be able to clean up the spill
within 90 days. The TEH concentration in the water

could reach 500mg/L based on experiments and as
high as 750mg/l based on models.




Begin here if the oil spill is occurring in a location where an oil spill hasn’t

occurred before

Continue Yes Has an oil spill occurred at this site No
page 1 before, but not within the last 4 months?
|
Currently no research Yes | Has an oil spill occurred at this site within | No
has been done on "] the last 4 months?
your situation |
Yes | Is the oil that spilled a ‘light’ oil No
(API>31.1)?
Yes | Is the oil that spilled a ‘Medium’ | No
oil (22.3 < APl <31.1)?
Continue Yes | Is the oil that spilled a ‘heavy’ oil | No
page 7 (APl < 22.3)?
[
o Currently no resear_ch hgs been done on your
page 8 situation
Yes | Is the oil slick less than 0.7mm thick? | No
Is the oil slick between 0.7mm and 3mm | No
Yes thick?
' |
Continue Continue Yes | Isthe oil slick between 3mm and 10mm No
page 6, page 6, | | thick?
part a part b '
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Research suggests that the plants and associated microbes
will survive and be able to clean up the spill within 90 days. The

TEH concentration in the water could reach 500mg/L based on

Currently no research
has been done on your
situation
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Parta) Begin here for site that has previously been contaminated with oil and a

light crude oil.

Yes | Isthe oil slick between 0.7mm and 3mm | No
thick?
Research suggests that the plants and associated microbes will Continue
survive and be able to clean up the spill within 90 days. The TEH page 2,
concentration in the water could reach 500mg/L based on part b
experiments and as high as 750mg/l based on models.

Part b) Begin here for site that has previously been contaminated with oil and a

light crude oil

Yes

Is the oil slick between 3mm and 10mm No

thick?

Research suggests that the plants and associated microbes will
survive and be able to clean up the spill within 90 days. The TEH
concentration in the water could reach 500mg/L based on
experiments and as high as 750mg/Il based on models.

Currently no
research has been
done on your
situation
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Begin here for site that has previously been contaminated with oil and the oil that

spilled is a medium crude oil

Yes | Isthe oil that spilled a ‘Medium’ | No
oil (22.3 < API < 31.1)?

Yes | Is the oil slick less than 0.7mm thick? | No

Yes | Isthe oil slick between 0.7mm and 3mm

No
thick?

Yes | Isthe oil slick between 3mm and 10mm No

thick?

Research suggests that the
plants and associated
microbes will survive and
be able to clean up the spill
within 90 days. The TEH
concentration in the water
could reach 500mg/L based
on experiments and as high
as 750mg/l based on
models.

Research suggests that the
plants and associated
microbes will survive and
be able to clean up the spill
within 90 days. The TEH
concentration in the water
could reach 500mg/L based
on experiments and as high
as 750mg/l based on
models.

Currently no
research has
been done on
your situation

Research suggests that the plants and associated
microbes will survive and be able to clean up the spill
within 90 days. The TEH concentration in the water

could reach 500mg/L based on experiments and as
high as 750mg/l based on models.
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Begin here for site that has previously been contaminated with oil and the oil that

spilled is a heavy crude oil

Yes | Is the oil that spilled a ‘Heavy’ oil | No
(API < 22.3)?

Yes | Isthe oil slick less than 0.7mm thick? | No

Yes | Isthe oil slick between 0.7mm and 3mm No

thick?

Yes | Isthe oil slick between 3mm and 10mm No

thick?

Research suggests that the
plants and associated
microbes will survive and
be able to clean up the spill
within 90 days. The TEH
concentration in the water
could reach 500mg/L based
on experiments and as high
as 750mg/l based on
models.

Research suggests that the
plants and associated
microbes will survive and
be able to clean up the spill
within 90 days. The TEH
concentration in the water
could reach 500mg/L based
on experiments and as high
as 750mg/l based on
models.

Currently no
research has
been done on
your situation

Research suggests that the plants and associated
microbes will survive and be able to clean up the spill
within 90 days. The TEH concentration in the water

could reach 500mg/L based on experiments and as
high as 750mg/l based on models.
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APPENDIX E: MATHEMATICA

Phytoremediation of Total Extractable
Hydrocarbons From Crude Oil with

the use of Spartina alterniflora

By : Luke Smith

A mathematica model has been created to explain the movement of total extractable hydrocarbons (TEH)
in a study that tested the plant, Spartina alterniflora's,ability to degrade oil. The goal of the model is to

be able to calculate the concentration and mass of TEH in each phase of the system at any time.



Introduction

Air Ca, Va
[ [ A
' | Qil Co, Vo
ko 'l'
Water Cw, Vw
—> kbio
kL
| 4
v |
Soil Cs, Vs

—>! kbios
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Assumptions:

Allvelumes remain constant except for oil which was show to dissipate
Onby one type of oil iz present

the oil has an API greater than 10

Constant temperatuer of 23 C

Constant Pressure

Oil does not come into direct contact with =oil

Constant concentration of hydrocarbons in the air

No photohysis iz occuring

Oxidation and redution pathways are negilgable

Bacteria iz present in the water phaze and resonsable for some degradation

Variables:

Mt = Total Mazs of TEH in the system (g}

M5 = Mass of seil in the system (g)

Co = Concentration of TEH in the oil (g/L)

Cw = Concentration of TEH in the water at time t (gL}

Ca = Concentration of TEH in the air at time t (g/L)

Cs = Concentration of TEH in the =oil at time t (g/L)

Cwend = integration of Cw with respect to t

Czend = integration of Cs with respect to t

Wz =Volume of the soil (L)

Vo =Volume of the oil (L}

Yol = Initial Velume of the oil (L)

W = Volume of the water (L)

Ya =Volume of the air (L)

kL = Rate constant of TEH dizsolving from water to soil (1/day)
ko = Rate constant of TEH dissolving from eil to water (1/day)
ka = Rate constant of TEH dissolving from oil to air (1/day)

kbio = Rate constant for biodegradation of TEH in the water (1/day)
kbios = rate constant for biodegradation of TEH in the =oil (1/day)
Mz = Mass of TEH in the =il phase (g}

Mo = Mass of TEH ni the oil phase (g}

Ma = Mass of TEH in the air phase (g}

Mw = Mass of TEH in the water phase (g}
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Amount of Qil Present

Mass of =oilin the system in grams

Ms = 300 ;
(*az=ume S0mg of oil'g of =0il *)

Total mazs of TEH in the system, in grams
Mt = .050=HM3

15.
Calculate specific gravity of oil assuming APl of 32.35

SG = 141.5/ (32.35+131.5)

0.BE3555

Rationalise[5C])
2830
3277

Calculate density of oil

owater = 1000

1000
w g/l

poil = pwater = 3G

BE3.555

/L
Aszume the concentration of oil in the oil phase iz egual to the density of the oil

Co = poil

BEZ .S535
/L

Calculate the volume of oil
Tol = Mt/ ppoil
0.0173653

m |

Awverage molecular weight in crude oil, based on Chevron research and Technology

MWeil = 200 ;

v

= gramsdmiaol
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Inputs

volume of water
e = . 400;
m L

volume of oil

Vel

0.0173€593
w L

volume of air

Va = .025;
w L

volume of 2o, (density for 2oil from Meubauer, Scott)

m L

Total Volume of system in L

Tt = Veo+tVat Vws Vs

0.B825 +« Vo

surface area incontact with the water

A = 3.1415s16;
= CMiZ
“apor Presssure for naphthalene (EFA, Naphthalene)

VP = 1L.08=10"-4

0o.000108

= gtm

Rate censtant for TEH in oil to dizsolve in water, found from GSI Chemical

ko=0.864/A&;

ko= .05

0.05

= l/days



Rate constant for TEH in water to dissolve into =oil, found from Gamst et. al.

kL =1.2=10%-3;
kL = .05
0.05
= /day
Rate constant for biclogical degradation, found from Maphthalene
kbic =2;
= /day
Rate constant for biological degradation in =oil, value found from AlBashir
kbics = 1.7+10%-6;
= /day
Henry’s constant taken from the EP&
kh=4_83=10"-4;
= (atm*m"3¥mol
Partiticning coefficient | value found from Abuln
kp = 2500;

= kg

Suspended solids concentration in water, based on saltmarsh values from Settlemyre

M=3.33=10"-4;

= kg/L
Height of water in the beaker
H = 40;
= Ccm
Depth of zoil in the beaker
d =10 ;

= Cm

104
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TEH in the Air and Qil

Air

Azzume the chemicals volatilize into the air relativety fast and therefore reach equilibrium almost
instantaneoushy

Clear[t]

Ca = (MWoilsVP) / (khs10%6)

0.0000447205

LT
il

The change in the volume of oil iz related to the mass of oil that iz transfered to the water phaze. iz
assumed that the concentration of the oil remains relatively constant and that the dissolution between water
and cil effects the volume more than the concentration. The reazon for this azsumption iz due to observation
of oil loss during experiments.

Change in Oil volume

Vo = VolzE" [-ko=t)

0.0173693 e™2-™t
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Concentration of TEH in Water and Soil

Aszsume water is never in direct contact with air

Fraction dissolved

f£d = 1/ (1% (kp=I))

0.504414

Fraction particulate

fp = 1-f4

0.45558€

Clear values

Clear [Dw]
Cleax[Cs)
Clenar[t]

Solve for Cw and Cs between time 0 and t

Clear [Tz, Cw]
solud =
Solve[ {Integrate[l, Cs] == Integrate[ (kL Cw= Vs) /f V) - (kbios = V==Cs / V), {t, 0, £}]1.,
Integrate[l, Ow] == Integrate[((ke+Cox Vo) f W) -kl Cw-kbioc+xTw, {£, 0, £}]1}.,

{C=, Dw}]
53020, e (J1 .1 e g 1. {-37.5:37.5e™2%]
{{C:l—} s Cw = = }
[0.487805 +1. &) [SBE235. +1_ &) 1.+2.05¢%

Select concentration of TEH in the soil and water

Cserd =Cs /. salu3[[1]]

S53B020. e L1 1 efTF e

[0_4B7805 +1_ &) [SBE235. +1_ %)

Dwernd = 0w /. soluS[[1]]

1. {-37.5:37.5e-2%}

1. -22.05¢%
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Mass of TEH in Phases with respect to time

Air
Clemax[t]

Fa = Was=Ca /1000

1.11801%107"
Qil

Clemax[t]
Mo = Cosx Vo

15. g -t

Water

Clemax[t]
Mo = Cwend = Var

0.4 [-27.5:37.5e %%

1. 42.05¢

Soil

Clear[t]
Mz = Coend = Vs

215208. &% (o121, 5% &

[0.4B87B05 +1. &) [SEB225. 1.
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Plots of Mass vs. Time

Air

sitzy= FPlot[Me, {t, 0, 90}, PlotLabel - "HMacs of TEH in Air Fhazec™,
Axeslabel & {"Time [days)}¥, "Ma==s (g}™}]

Mazz of TEH in Air Dhezas
Mlmw (2
Sl
Lot |
[t o1 [
Lxlo# b
LR Lt
u L L - L T (dava)
0 40 E E day
Qil

stz Flot[Mo, {t, 0, 90}, PlotEange - {0, 21}, FlotLabel <+ "Macs of o0il Present in 0il Fhaze™,
Axeslabel &+ {"Time [days)}", "HMas==(g)"}]

Mzzz of oil Present in Oil Phaszs

Almvirzy

Tims {days}
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Water

= Plot[Cwend, {t, 0, 100}, PlotRarge -+ {0, 1},
PlotLabel + "Concentration of TEH Prezsent in Water FPhaze™,
Aweclabel + {"Time (deayvs)”, "Concentratiorn (g/L)"}]

Plot[Mw, {t, 0, 100}, PlotRang= + {0, 1%,
PlotLabel + "Fass of oil Present in Water Fhaze",
Aweclabel + {"Time (devs)™, "Hass(g)"}]

Mass of oil Present in Water Phase

My
i

g
411
s 1=

04

1 P S T T TR T I T S T N T S T | Tilfﬁﬂ[!h}'l:l
jLes]

Soil
nissi= Plot[H=, {t, 0, 30}, PlotLabel + "Fass of 0il Present in Soil Phaze™,
Axeclabel + {"Time (davs)™, "Hazss(g)™}]

Miazz of oil Prezent in Soil Phasse

Mlzwizy

Time (daya)
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Total Mass of TEH after 90 Days

Alir

t =30
Ma = Vm:Cwm /1000

50

1.11801% 107"

=g
Oil

t =80
Mo

50

O_1&EE3S
= g
Water

t =230
T

S0

0.0755642

=g
Soil

t =30
i 5

50

0.3557684

=g
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