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CHAPTER 8

Bioremediation of Diesel Contaminated Soil
and Tundra in an Arctic Environment

Michael R. Piotrowski, and Robert G. Asserude, Woodward-Clyde Consultants,
San Diego, California
Franz J. Schmidt, 115, Air Force, Brooks Air Force Base, Texas

INTRODUCTION

A United States Air Force station in arctic Alaska operated from 1950
through 1982, when the majority of operations at the facility were curtailed.
Several hazardous materials had been used on the station during operation,
and spills and leaks of the materials had occurred. Since 1983, site investiga-
tions have been conducted to assess residual contamination in areas of the
site as part of the U.5. Air Force's Installation Restoration Program (IRP).

As a result of these invesligations, several areas on the siie have been
documented as being contaminated with hazardous substances.! One such
area is a hillside composed of soil filf and native tundra that became con-
taminated with diesel fuel as a result of the rupture of a distribution pipeline
in 1984. The released diesel fuel affected an area of the tundra hillside
covering approximately two acres. Recovery efforts were implemented and
resulted in the collection of several accumulations of diesel fuel. However, a
portion of the fuel entered the tundra and killed the vegetation. As a result,
the two-acre area impacted by the spill became largely denuded,

Although some natural recovery of the vegetation has been observed on
the hillside since 1984, most of the two-acre region was apparently still
impacted by the spilled diesel fuel in 1989, Diesel fuel contamination was
also apparent in the soil fill area adjacent to the location of the pipeline
rupture. Therefore, the U.S. Air Force authorized Woodward-Ciyde Con-
sultants (Woodward-Clyde) to assess the feasibilities of remedial options
for treatment of the hillside and to develop a remediation plan.

During the assessment of remedial options, bioremediation was identified
as a feasible approach for treatment of the diesel contaminated soil and
tundra. However, there were concerns regarding the effectiveness of that
freatment technology under relatively harsh arctic conditions. Furthermore,
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118 SO CONTAMINATION: DIESEL FUEL

it was uncertain whether the approach could produce appreciable reduc-
tions in diesel fuel concentrations in the affected soil and tundra during the
relatively short arctic summers. Finally, because the contaminated tundra is
underlain by permafrost, active bioremediation (tilling) of contaminated
tundra would likely produce damage to the permafrost. As such, a passive
(nontilling) bioremediation approach would be required for the hillside, and
there were concerns over the effectiveness of that bioremediation
approach.

To address these concerns and uncertainties, Woodward-Clyde developed
remediation plans for the contaminated soil and tundra,? and these plans
were implemented onsite at pilot-scale levels in August 1989, The results of
the bioremediation pilot studies that were conducted during the summers of
1989 and 1990 are reported herein.

SITE SETTING

The following paragraphs summarize the pertinent features of the site’s
physiography, geology and hydrogeology, climate, and tundra ecology. A
maore complete description of these site aspects can be found in Reference
#3.

Physiography

The U.S. Air Force station is locaied north of the Arctic Circle in north-
west Alaska (Figure 8.1). The site is approximately 610 miles northwest of
Anchorage and approximately 450 miles west-northwest of Fairbanks. The
station is situated on a hill (highest elevation roughly 155 ft above jocal sea
level) approximately four miles south of a small town {population: about
3,600) and roughly 1,500 feet from the coastline of a sound.

Geotogy and Hydrogeology

"The station is located on the remnants of an eroded glacial moraine
consisting of mixed clays, silts, sands, and gravels. The regional geology
consists of coastal deposits of interbedded marine and terrestrial sediments.
Permafrost occurs throughout the region, typically several feet below the
tundra surface, and the permafrost layer has been reported to be over 200 ft
in thickness. Shalow groundwater forms during the warmer seasons in the
silty, organic-rich, tundra layers overlying the permafrost. The groundwater
beneath the permafrost is reported o be brackish.*

Climate

The climate of the region is arctic with a maritime influence.’ The average
annual daily high and low air temperatures are -2.8°C (27°F) and -10°C
{14°F), respectively. However, temperatures in excess of 21°C (10°F) and

AR FORCE STATION

BIOREMECIATION 1N ARCTIC ENVIRONMENT

P
WHITED B
P bl &
L z N
O I
Ly £ 5
£ 4
+ le 3~
< Py
> y
B
3
+ ]
»
£
“J
.
2
. % &)
! -3
-, & Yoy
oF o el
3
' !
) % .
‘!.
I~ 1
v -
& 2 «
- AN
&
\ /.
},,...4' ;5
—~—
PR
Uu \ -
£ ]
H
b it i
Ly> %3 I
2 1 5
@ iy
£

ARCHORLQE

Eylrnd

BERING SEA
Nuniulm )

§ WICES

OULE OF ALASKA
rog
|

ij‘ﬁ pAGIFIC OCEan
oo

a
BCALE L

Beirnl Bey

o
LOURCE: mATALL ATION DOCUMEKRTE

st o, CF
st Wodward-Clyde Conmdtants 11997

q
.
.
W

o

Brinitor fefurds

17

Regional location of U.S Air Force station,

Figure 8.1,



118 SOH. CONTAMINATION: DIESEL FUEL

below —=23°C (-10°F) have been recorded on individual days. Freezing tem-
peratures typically occur from late September through early JYune, The
mean annual rainfall is 18 cm (7.1 inches) and most of the rainfall ocours in
July and August. Snowfall averages 109 em {43 inches) per year and takes
place fairly uniformly over the fall, winter, and early spring.

fundra Ecology

The tundra is an environmentally sensitive area. It is generally treeless
and covered with approximately 1 ft of matted vegetation containing &
variety of individual plant species. Vegetative growth and microbial decay
take place during the abbreviated spring, summer, and fall seasons. During
warmet periods, marshes, smail bogs, and other water features may form in
many areas of the tundra surface. Persistent water features typically freeze
solid during colder periods.

The tundra vegetation is not resilient and can be severely impacted by
surface activities, For example, traffic, construction, or excavation can
destroy the vegetative cover, €Xposc the underlying soil to erosion and the
permafrost to thawing, and may result in the creation of a pock-marked
boggy surface. in some cases, long-term damage to the tundra surface can
be inadvertently created by careless surface activities.

The smicrobial ecolopgy of the tundra is essentially confined to the
warmer (i.e., unfrozen) seasons. Microorganisms become active with the
onset of spring and the thawing of the tundra surface, only to become
senescent with the return of freezing temperatures in the fall. An impor-
tant characteristic of the physiology of arctic microorganisms involves
the relationship between changing ambient temperatures and their activ-
ity rates.

For most biclogical systems {including many microorganisms), within a
defined temperature range, an increase in temperature of 10°C {18°F) usu-
ally results in an increase in the rate of biological activity of between two-
and threefold. This temperature/activity relationship has been termed the
Q,, effect, and most biological systems exhibit Qg vajues of 2 to 3.6

Arctic microorganisms, however, typically exhibit Q,; values of approxi-
mately 4.5 That is, for each 10°C increase in temperature with the onset of
spring and summer in the arctic, the activity rates of the microorganisms
will typically increase approximately fourfold, This capability results in
clevated microbial activities during the abbreviated summers characteristic
of the arctic. However, the opposite effect is also observed: within a defined
temperature range, for every 10°C decrease in temperature, the activity
rates of arclic microbes will decline by approximately fourfold. As will be
seen, this phenomenon had an influence on the performances of the biore-
mediation programs implemented at the site.
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Bioremediation Approaches and Methods

Two bioremediation approaches were identified as being feasible for
treatment of contaminated soil fill and tundra at the site. The approaches,
methods of treatment, and sampling plans for the contaminated materiais
are described below.

Contaminated Soil Fill

The contaminated soil fill was confined to the region immediately down-
gradient from the location of the diesel fuel spill. The soil exhibited indica-
tions that it was heavily contaminated. Because the fill soil could be exca-
vated and guickly replaced with clean fill without appreciably damaging the
underlying permafrost, it was decided that this soil could be most rapidiy
treated by excavating it and biologically treating itina lined land treatment
unit (LTU). With respect to the form of biological treatment to be used for
the contaminated fill, the following considerations were taken into
accouni,

Treaiment Considerations

The diesel fuel had been present in the fill material for over five years,
Bach year after the spill, the contaminated soil had been exposed to &
leaching action produced by the annual summer percolation of water
through the contaminated region. The leaching action would tend to
remove those organic constituents of diesel fuel that are more soluble in
water, leaving behind a more insoluble fraction associated with the s0il.
Because microorganisms generally degrade organic compounds in the ague-
ous phase, it was reasoned that application of a nontoxic, biodegradable
surfactant to the residual contamination in the affected soil may render the
residues more accessible to the indigenous microorganisms,

A second issue considered in developing the bioremediation plan for the
contaminated soil fill was the need to apply nutrients (o the soil. There were
no site-specific soil nutrient data available in 1989 upon which to assess
potential nutrient requirements for the contaminated soil fill. Therefore, as
an initial step in stimulating biodegradation rates of the indigenous micro-
organisms, we decided to periodically apply a dilute solution of micronutri-
ents {i.e., trace elements and vitamins) to the contaminated soik.

1989 Treatment Methods and Sampling Plan

An onsite, mostly paved area that was formerly occupied by a building
was selected as the site of the LTU (Figure 8.2). The concrete and fill base of
{he area was lined with plastic sheeting {6-mil thick}. The excavated soil fili
was then spread over the lined pad to a uniform thickness of approximately
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Figure 8.2. U% Alr Force station site plan and locations of diesel fuel spill and concrete
pad.

46 cm (18 inches) in early August 1989. A berm of clean fill material
appmximate}y one meter (3 fr}in height was then placed around the perime-
ter of the LTU to minimize precipitation runoff.

The soil in the LTU was then sampled on August 8, 1989 by collecting
nine composite samples and one duplicate sample from randomly selected
tocations in the LTU. Fach composite sample consisted of multiple soil
aliquots collected from throughout the soil column in several locations. The
sfzsmples were analyzed for total petroleum hydrocarbon (TPH) concentra-
tions using method SW3550/418.1 and for soil moisture content - using
American Society for Testing and Materials (ASTM) method D2216.

All TPH and moisture analyses were performed by ENSECO-Rocky
Mountain Anatytical Laboratories in Arvada, CO. Strict quality assurance/
guality control (QA/QC) procedures {involving collections and analyses of
duplicate control sampies, single control samples, and method blanks) were
foliowed throughout the entire two-year bioremediation study. Duplicate
samples were collected and analyzed for approximately every 10 samples
coliected, and standard chain-of-custody protocols were foliowed.

Two composite samples and one duplicate sample were also coliected on
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August B and analyzed for microbial content using four methods: total
JI!5Q}‘,Qb,iiilmsiﬂasiiies..ming_tha3cm'din:wnmng,e_‘dirs:ggw_c.gug}g_m_;;,tﬂhézd,7 viable
microbial q;_qgii@cs u_g}ﬂgﬂi}ﬁj}ggdard platc_cggg;wgggggm_)um (e.g., Meyneli
L sities of fluo pseudomonads (method by B.D-

“snd Weynell®), der - pse)

Hemmingsen, San Diego State University's Applied Microbiotogy Labor-
tory, San Diego, CA), and the densities of phengg_&_,_}genc_fdegra_d}r_sg micro-
organisms using 2 _metﬁqq‘ci/r_;y;:}g_pqg}:gy,_‘aggaz,cl,uand Hemmingsen.” These
“afialyses were performed to otablish initial microbial densities (dry weight
basis) in the soil, and the samples were analyzed in San Diego State Univer-
sity's Applied Microbiology Laboratory, San piego, CA.

After sampling, 2 dilute solution of a nontoxic, biodegradable surfactant
(Toxigon 2000, currenily distributed as TI-323 by Technologies nternad-
tional, geottsdale, AZ) was cvenly applied 10 the soil in the LTU using a gas-
powered pump, hosing, and a water truck. The dilution used was 1,250 gal
of Toxigon 2000 in 5,000 gal of 1ake water. The original {ormulation for the
surfaciani was listed on the U.S. Environmental Protection Agency’s
National Contingency Plan (NCP) Product Sehedule for useas a dispersant
in oil spill situations.

Then, approxima{eiy 12 gal of a dilute solution of micronutrients
{Medina geil Activator, Medina Agricultural pProducts, 1nc., Hondo, TX}
was evenly applied to the surface of the contaminated goil using a packpack
spray unit. The soil activalor was mixed with lake water at a ratio of onc
part activator to four paris water.

A bulldozer was then used 1o miX the soil in the TU. The mixing action
served to distribute the surfactant and micronutrient solutions and deliver
oxygen throughout the contaminated soi} mass.

At weekly intervals for six weeks {August 10 September 1089), the con-
raminated soil was mixed by the bulldozer 1o deliver oxygen throughout the
soil and promote soil drying. Aflter tWo and four weeks of treatment and
prior to mixing, the micronutrient splution was reapplied as described
above. Alter approximately four and six weeks of soil treatment {Septembert
12 and 26, respectively}, eight COmpOsite soll samples and one duplicate
sample were collected on each occasion for TPH and moisture analyses as
described above. Two composite samples and one duplicale sample were
collected for microbial content analysis alter six weeks of treatment. Treal-
ment wWas suspended in late September, and the soil in the LTU was covered
with a layer of plastic sheeting (6-mil in thickness}) for the winter.

1960 Treatment Methods and Sampling Plan

In tate July 1990, the plastic sheeting was resnoved from the LTU and the
soil was sampled 10 establish the initial TPH concenirations prior to treat
ment in 1990. Nine composite samples and one duplicate sample were col-
lected on July 26, 1990 and analyzed for TPH using method SW1550/418.1
and soil moisture content using ASTM method D2216.
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Approximately 20 gal of the dilute micronutrient solution (five paris lake
water to one-part Medina Soil Activator) were evenly applied to the soil in
the LTU using the backpack sprayer. The soil was then mixed with the
bulidozer, and thereafter on a weekly basis, for nine weeks. At the end of
the ning-week period (September 24, 1990), nine composite samples and a
duplicate sample were collected and anatyzed for TPH concentration and

moisture content using the methods presented previously. No samples were
collected for microbial analysis in 1990,

TUNDRA
WERSH

Contaminated Native Tundra

LEGEND:

As discussed previously, the contaminated native tundra was confined to
a two-acre region downslope from ihe location of the pipeline leak.
Although most of the diesel fuel flowed in three natural channels that ran
down the face of the hiliside, a portion of the fuel spread over and pene-
trated the tundra surfaces outside the channels and destroyed the vegetation
{Figure 8.3). Because an active bioremediation program (i.e., involving
tilling) was likely to inflict damage to the underlying permafrost, an alterna-
tive, passive approach was needed to stimulate in situ bioremediation.

ation in 1889

Treatment and Sampling Considerations

Based on the considerations presented in the discussion of the bioreme-
diation approach for treatment of the contaminated soil fill, applications of
dilute surfactant and microputrient solutions were deemed necessary to
initiate in situ bioremediation. However, no tilling would be conducted. it
was also reasoned that the surfactant application would be most useful if it
was applied primarily along the three natura! channels through which the
diesel fuel primarily flowed. Finally, it was concluded that the periodic
applications of the micronutrient solution would be most effective in assist-
ing the restoration of the tundra vegetation if the micronuirients were
applied to both the channels and the adjacent denuded tundra areas.

With tespect to sampling strategy, it was recognized that periodic sam-
pling of the hillside over which the diesel fuel unevenly spread would tend to
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produce data sets containing large variabilities in tundra TPH concentra- T % E %o g
tions. Randomly collected, replicate composite soil samples, even collected o T E$3 %
solely from denuded tundra areas, would likely generate samples containing § H
TPH concenirations extending over a large range. Furthermore, because

organic-rich tundra typically coniains elevated but variable natural organic
and moisture contents (compared 1o soil), calculations of dry weight con-
centrations of TPH would be strongly influenced by variability in natural
organic and moisture conlents. Finally, because the passive in situ bioreme-
diation approach was not anticipated to be as effective as the active treat-
ment approach used in the LTU, sampling emphasis in 1989 was placed on
the assessment of the performance of the LTU approach. Therefore, a
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limited-scope sampling plan was adopted for the assessment of the 1989
rundra treaiment program, In 1990, the sampling plan for the tundra treat-
ment was similar to the plan for the LTU. Details of the sampling plans are
presented below.

1989 Treatment Methods and Sampling Plan

On August 8, 1989, the initial concentrations of TPH in denuded tundra
areas on the hillside were estimated by coltecting four composite samples
and one duplicate sample from randomly selected locations within the
denuded areas. The samples were analyzed for TPH and soil moisture
content using the methods described previousty.

After sampling, approximately 550 gal of the dilute surfactant solution
{one 55-gal drum of Toxigon 2000 mixed with 500 gal of lake water) was
primarily applied to the three natural channels running down the face of the
hillside using a gas-powered pump, hosing, and a water truck. Access to the
hillside was limited to the area immediately upslope of the impacted tundra
area. Therefore, the surfactant solution was apphied from the top of the hill.
Denuded tundra areas adjacent Lo the channels were also sprayed with the
surfactant solution, aithough not o the same extent as the channels.

Approximately 12 gal of the dilute micronuirient solution {(one part
Medina Soil Activator to four parts lake water) were evenly applied to the
denuded areas of the hillside. Micronutrients were applied two more times
in 1989, after two and four weeks of treatment.

After four and six weeks of treatment {September 12 and 26, 1989,
respectively), four composite tundra samples and one duplicate sample were
collected on each occasion from residual denuded areas on the hillside and
analyzed for TPH and moisture content as described before. No microbial
samples were coliected. Treatment of the hillside was then suspended for the
winter in late September 1989,

1990 Treatment Methods and Sampling Plan

On July 24, 1990, the hillside was sampled for TPH concentrations and
moisture contents in residual denuded tundra areas. Tundra regrowth in
several areas treated in 1989 was noted. Nine composite samples and one
duplicate sample were randomly coflected from locations within the
denuded tundra area and analyzed for TPH and moisture content using
methods described previously.

After sampling, approximately 600 gal of surfactant solution (one part
Toxigon 2000 to 15 parts lake waler) were sprayed on the denuded tundra
areas with an emphasis placed on applying the solution {0 the three chan-
nels. Approximately i8 gal of the micronutrient solution {one part Medina
Soil Activator to five parts lake water) were applied to the denuded hillside
areas, with an emphasis again placed upon applying the solution 1o the three
channels.
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Mo further treatmenls were applied to the hillside. After nine weeks
(September 24, 1990), nine composite tundra samples and one duplicate
sample were collected from the residual denuded areas of the hiliside and
analyzed for TPH and moisture content as before.

RESULTS
Environmental Temperatures During the Bioremediation Studies

Air temperatures {daily minimum and maximum) were recorded durng
the study at a nearby meteorological station operated by the National
Weather Service (NWS), The data were obtained from the NWS shortly
afier collection in gach year. .l

1989 Data

For the first four weeks of the study, environmental temperatures largely
ranged from 10°C to 17°C {50°F 10 63°TF; Figure 8.4}, However, immedi-
ately after the September 12 sampling {day 36 of treatsnent}, environmental
temperatures declined appreciably, and ranged from approximately 1°C

1989 1950
Treaunent Treaiment
109 Scason Season
—ewe Manirnum Daily Tempzratuze -
........ Mtinimum Daily Ternperature
20

Air Temperature (°F}
P
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Data Mot Presented N & L 1o

i

S/E/EY 9726789 sii R0 590 wi_mu

o] 50 100 150 200 250 300 350 400 450

Days Since Tremment Bepan

Figure 8.4. Daily maximum and mminimum air temperatures jn vicinity of the U.S. Air Force
station during the 1988 and 1940 bioremadiation treatment periods. Vertical
dotted Enes indicate dates whaen soiliundra sample collactions were made

{Data source: Reterences 10 and 11.)
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{~34°F) to a maximum of 10°C (50°F) for the remaining 14 days of the
study.

The average recorded air temperature {+1 standard deviation} from
August 8 through September 12, 1989 was 11.6 * 1.9°C (52.9 £ 3.5°F),
whereas the average during the period from September 13 through Septem-
ber 25, 1989 was 5.4 £ 1.3°C (41.7 & 2.3 °F).

Another indicator of ambient thermal characteristics that is often used in
the evaluation of cuidoor biological studies is calcutation of the cumulative
degree-days during the studies. Cumulative centigrade-degree-days (C-
degree-days) are calculated as follows:

=50
Cumulative C-Degree-Days = 3 (Average Temperature [{°C] on Day i);

i=l
or on a Fahrenheit basis:

i=50
Cumulative F-Degree-Days = 3, {[Average Temperature (°F) on
-1 Day i} - [32°F1)

where i = a day during the 50-day 1589 bioremediation study period,

The freezing temperature (0°C or 32°F} is used as a reference point in the
calculation because biotogical processes (including microbial activity) gen-
erally become greatly reduced at the freezing temperature of water.

The cumulative C-degree-days for the »ntire 50-day study period in 1989
{August 8 through September 25) was 488 C-degree-days (879 F-degree-
days) or approximately 10 C-degree-days {~ 18 F-depree-days} per day
{Table 8.1).

For the period August 8 through September 12 (36 days), the cumulative
C-depree-day value was 418 C-degree-days (753 F-degree-days) or approxi-
mately 12 C-degree-days (~21 F-degree-days) per day, whereas for the
period September 13 through September 25 {13 days), the cumulative
degree-day value was 70 C-degree-days (126 F-degree-days) or approxi-
mately 6 C-degree-days (~ 10 F-degree-days) per day (Table 8.1).

Therefore, average ambient conditions (as indicated by average and
cumulative degree-days) during the First four weeks of the 1989 treatment
period were considerably warmer than conditions during the final two
weeks of the period. The cold period that occurred during the final two
weeks of the 1989 treatment period would have likely reduced microbial
activities in the soil, and this may explain why there was no significant
reduction in TPH concentrations during this period {Table 8.1).
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Table 8.1. Summary of Cumulative and Average Degrea-Day Data® and Percent
Reduction in Contamination Concenteation? During Portiens of the 19839
Bioremediation Treatment Period, Alaska Air Force Station

First Four Last Two
Weeks Weeks
Number of Treatment Days 36 13
Cumulative C-Degree-Days 418 I
{F-Degree Days) (753) {126)
Avsrage C-Degree-Day i2 6
{F-Degree Day) (18 (10}

Prercent Heduction in
Total Petroleum Hydrocarbon 44 ]
Concentration During Period

2Degroe-Day dala presented on Cenligrade (C-degree-days) and Fahrenheit
{F-degreo-days) scalas. See text Tor description of calculation method for degree-days.
bpeasured as total petrolsum hydrocarbon concentration: SW3550/418.1 method.

1990 Data

Maximum and minimum daily air temperatures in 1990 are presented in
Figure 8.4 starting {rom May 1. This is done because, although active
treatment was not begun until July 24, 1990, the treatment elforts con-
ducted during the previous summer may have produced residual stimulation
to the indigenous microorganisms once the soil and the tundra had thawed
in 1990. Therefore, the temperature data are presented from the day treal-
ment began in 1989,

Air temperalures essentially increased above the freezing level shortly
after May 1. Prior to July 24, air temperatures varied from below freezing
to a maximum of approximalely 28°C (82°F) and two relatively warm
periods were separated by a cooler period (Figure 8.4).

From July 24 through late September, air temperatures generally dectined
steadily (Figure 8.4). The highest daily air temperature during this periog
was 23°C (74°F}. Soon after the final September 24, 1990 sampling, air
temperatures had largely declined below the freezing level.

The cumulative C-degree-days for the entire 1990 treatment period (Quly
24 through September 24) was 448 C.degree-days (807 F-degree-days), or
approgimately 7 C-degree-days (13 F-degree-days) per day. Average ambi-
ent conditions during the 1990 treatment period (as indicated by cumulative
and average daily degree-days) were cooler than the conditions during the
1989 treatment period {Table 8.2).

precipitation During the Bioremediation Studies
Daily precipitation was also recorded during the bioremediation studics

by the NWS station (Figure £.5). The data were obtained from NWS shortly
after completion of each year's treatment period. !
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Table 8.2. Summary of Cumulative and Average Degree-Day Data® for the 1888 and
+690 Bioremadiation Treatment Periods, Alnska Alr Force Statlon

1989 1990
Numbar of Treatment Days 50 63
Cumulative C-Degree-Days 488 448

(F-Degres-Days} (879) {807}
Average C-Degree-Day 10 7

{F-Degroe-Day) (18} (13}

aDegree-Day  dala presented on Centigrade (C-degree-days) and Fahrenheit
{F-degrea-days) seales. See text for description of ealculation method for degree-days.

1989 Data

August i3 normally a wet month in the area, and precipitation was
recorded at least at trace levels on 27 of 31 days of the month in 1989. Total
precipitation during the 1989 study period was approximately 10 cm (3.93
inches), with 6.9 cm (2.71 inches) falling during the August portion of the
1989 study period.

1949 1959¢
Treatment Treatment
Season Season
§ 4 },.....,_....--.
.9
8 - 2
= o
£ 7 E
£ 3
g & b
&5 .
B g
&4 o1&
Z 5
Hox o
s g
2 N Data Mot Presented
4 d -
Ing W
y
[o 3 Iop— ’ i Creereseriman s LK].LJ— ‘ o]
8/8/89 9168 SR80 TR0 940

0 50 100 $50 200 250 300 35'8 400 430

Days Since Treaiment Began

Figure 8.5. Daily precipitation in vicinity of U.S. Air Force station during the 1889 and
1980 bloremadiation treatment periods. {Data source: References 10 and
11)
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Table 8.3, Total Petroleum Hydrocarbon Concentrations (Dry Weight Basisg) in Soil and
Tundra Samples Collected from Land Treatment Unit and Treated Tundra
Hiliside During the 1989 and 1990 Bioremadiation Treatment Periods,
Alaskas Alr Force Station

_ MeskaArForceStatlon T

No. Mean
ol Concentration Standard Standard
Sampling Date Samples (ma/kg) Deviation Error
Land Treatment Unit
8 August 1989 g 11,491 4,370 1,457
12 September 1989 9 6,470 1,600 533
26 September 1989 9 5,963 3,210 1,070
25 July 1980 10 4,631 706 223
24 September 1990 10 2.845 6651 209
Tundra Hillside
8 August 1989 5 15,420 12,595 5,633
43 19,207 10,766 5,383
12 September 1989 5 23,012 42 879 19,376
4> 3,908 4,237 2,119
26 September 1989 5 5,530 3,635 1,626
25 July 1980 10 9,828 7,082 2,524
24 September 1990 10 8,303 7,857 2,485

8 gample datum of 271 mufkg is removed from Jata set as an apparent outlier.
s sarmple datum of 99,435 mglkg i removed from data set as an apparent outiier.

1990 Data

Precipitation was recorded at trace levels or greater On 36 of the 63 days
of the 1990 study period. Total precipitation during the 1990 study pericd
amounted 10 12.8 cm (5.03 inches), and 12,5 ¢m (4.93 inches) of this totai
fel{ during the final five weeks of the period. On an average daily basis, the
1990 treatment period was wetter than the 1989 period.

LTU Results

Table 8.3 presents a summary of TPH results for the LTU for the
1989-1990 bioremediation treatmeni periods.

1989 Total Petroleun Hydrocarbon Concentrations

The average concentration (£ 1 standard deviation) of total petroleum
hydrocarbons (TPH) in the LTU soil ai the beginning of the 1989 study
period was 11,491 & 4,370 mg/kg {dry weight basis). The stapdard efror
estimate Tor the initial data (standard deviation divided by n, where n is the
number of replicates collected [n = 9]) was 1,457 mg/kg (Figure 8.6).

After approximately four weeks of biological treatment, the average con-
centration of TPH in the LTU soil was 6,470 £ 1,600 mp/kg (standard
error estimate: 533 mg/kg with n = 9). This average vaiue for TPH concen-
iration represents a 44% reduction from the initial average TPH concentra-
tiom. A statistical analysis of the initial and four week data {(Mann-Whitney
U test®?) indicates that the reduction was significant at the 0.001 probability
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Figure 8.6, Mean {+ 1 standard arror) concentirations {dry weight basis) of TPHs in soil
sampies collecled from the LTU duitng the 1989 and 1990 bioremediation

treaymant periods conducied at the U.8. Air Force station. TPH measured
using SW3LE0/EPA mathod 4181,

fevel. In other words, there is a 99.9% probability that the difference
between the initial and four-week TPH concentrations can be attributed to
treatment (versus sampling or analytical errors}.

After approximately six weeks of biological treatment, the average TPH
concentration in the land-treated soil was 6,963 £ 3,210 mg/kg {(standard
error: 1,070 mp/kg with n = 9} {Figure 8.6). Statistical analyses (Mann-
Whitney U test) of the TPH concentrations in the soil replicates collected
initially and at four and six weeks of {reaiment were performed. The 3ix-
week soil TPH concentrations Were significantly lower than the initial soil
TPH concentrations at the 0.025 probability level. Although the arithmetic
mean TPH concentration increased from four to sbx weeks, the increase was
not significant at the 0.05 probability level. This analysis indicates that
biological treatment did not induce a significant change in TPH concentra-
tion in the soil during the fina! two weeks of Lreatment in 1989.

1990 Total Petroleum Hydrocarbon Concentrations

The mean TPH concentration at the beginning of the 1990 £TU study
period was 4,631 & 706 mg/ kg (standard error: 223 mp/kg withn = 10}
Although this mean TPH conceniration value was numerically lower
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than the mean value recorded at the end of the 1989 treatment period. a
statisiical analysis (Mann-Whitney 1 test) indicates that the concentra-
tions were not significantly dilferent at the 0.0% probability level due 1o
seatter among the data sets. The difference in mean values from the end
of the 1989 treatment period to the beginning of the 1590 treatment
period suggests that some degree of TPH reduction may have occurred in
the LTU soil after it thawed and before active treatment had begun in
late July,

After roughly nine weeks of treatment in 1990, the mean TPH concentra-
tion in the LTU soil was 2,845 + 661 mg/kg {standard erros: 209 mg/kg
with n = 10). Qtatistical analysis of the initial and final soil TPH concenira-
tions (Mann-Whitney U test) indicates a significant reduction in mean TPH
concentration at the 0.001 probability level.

1589 Microbial Data

The initial average density of total bacteria (i.e., those active, resting, and

dead) was 19.1x 10° bacteria/gram dry wt of soil (Figure 8.7, (0P graph).

" Of those, roughly 3.4 % 1 (® bacteria/pram O ~ 180 were active (Figure 8.7,

pottom graph). The average density of fluorescent pscudomonads (a group

of microorganisms that characterigtically possesses the capability to degrade

hydrocarbons) was 1.6 10° bacteria/gram dry wt of soil, and the average.
ggg!§_1_§y_g_[_.pacteria capable of degrading phenanthrene {an ‘organic compo-

nent of diefsgiwfﬁéiim\ﬁﬁ'swfl]’4"5&"10’ bacteria/gram {~0.7% of the total
number) {Figure 8.8).

Approximately gix weeks after ireatment, the average tolal number of
bacteria had declined to approximately 14.3 % 10° bacteria/gram dry wt of
soil, whereas the average density of active bacteria had increased 10
5 & 108 bacteria/gram {Figure 8.7). Although the average densities were
different between sampling periods for each type of microbial analvsis,
neither change was statistically significant due in part to sample yariability
(Mann-Whitney 1] test). However, the percent of total bacteria estimated 1o
be active had increased from ~ 18% at ihe beginning of the study to ~40%
afier six weeks, and the average percent active bacteria in the six-week
samples was statistically higher than the average percent active bacteria in
the initial samples. This analysis indicates {hat the bioremediation treatment
approach had been effective in stimulating the activity of the indigenous
bacteria.

The average density of fluorescent pseudomonads declined to 3.5x W0
bacteria/gram and phenanthfcne—degrading bacteria increased in mean den-
sity to 1.8 107 bacteria/gram {~ 1.1% of the total density) (Figure 8.8).
Due to variability in microbial deunsities between samples, these changes
were not statistically significant {(Mann-Whitney U test).
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Figure 8.8. Densities of spacific microbial groups in scil samplas collectad {rom the LTU
during the 1989 pioremediation wreatment period conducted at the U.5. Air
Force station. Densities of Buorescent pseudomonads astimated using a

method developed DY g.8. Hemmingsen, San Diege State University's
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Native Tundra Resulls

Table 8.3 presents a summary of TPH resuits for the tundra hillside for
the 1989-1990 bioremediation treatment periods.

1989 Total Petroleum Hydrocarbon Concentrations

The average concentration of TPH in the samples coliected from the
pative tundra area at the beginning of the study was 15,420 + 12,595 me/kg
{standard error: 5,613 mg/kg with n = 5). The iarge estimate in standard
deviation was due in part to one sample that contained a very low TPH
concentration {271 mg/kg). If this value i$ removed from the data set as an
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outlier, the average initial TPH concentration was 19,207 + 10,766 mg/kg
(standard errofr: 5,383 mg/Kg with n = 4} (Figure 2.9).

As mentioned earlier, 2 component of the variability observed in tundra
samples is yariability in patural organic and moisture contents. Soil mois-
sure contents of the tundra data set ranged from 20% to R0%e {(data not
shown), and the highest moisture contents were typically associated with
those samples that contained a large fraction of recognizable plant frag-
ments. Upon drying of these naturally organic-laden tundra samples, the
water in the plant fragments evaporated, producing a refatively low dry
weight 1o wet weight ratio compared 1o samples containing low amounts of
plant fragments. Thus, when the dry weight concentrations of TPH were
calculated for these samples, they were appreciably higher than the samples
containing a higher proporiion of mineral (nonorganic) debris.
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Figure 6.9. Mean ¢ + 1 standard error} congentrations {dry weight pasis) of TPHs in fundra
gamples collacted from the treated tundra hiliside during the 1989 and 1990
bioremediation treatment periods conducted at the 1.5, Alr Force station.

TPH measured using SWASEO/EPA method 41 a.1.
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The presence of plant fragments in the tundra samples also imparts &
dearee of uncertainty on the resuits of the analytical method used 1o guan-
tify TPH {SW3550/EPA method 418.1), The method involves extraction of
organic compounds from the sample and analysis of the organic content of
the extract using infrared spectroscopy. Although the extraction and
cleanup procedures used for the method focus on analysis of nonpolar
(presumabiy petroieum-related) organic compounds, it has been observed
that nonpetroleum prganic compounds may alzo be measured by the tech-
nigque." This is especially true for soil samples that contain an abundance of
natural organic materials, such as plant fragments. Therefore, a portion of
the “TPH” reported for the tundra samples may be naturally derived
organic compounds. The combined potential influences of moisture and
natural organic contents on the anatytical resulis of the tundra sampies
should be taken into consideration during review of the following resulls.

After appreximateiy four wecks of treatment, the average TPH concen-
tration was 23,012 + 42,879 mg/kg (standard errof: 19,176 mg/kg with
n = 5 (Figure 8.9} As in the initial concentration data set for the tundra
study, an outlier value (99,435 mg/kp) was identified in the data set. {f this
value is removed, the mean TPH concentration after four weeks of treat-
ment was 3,900 & 4,237 me/kg (standard ervor: 2,119 mp/kg withn = 4).
The difference in TPH concentrations between the initial and four-week
samples (with the putliers removed) was statistically significant at the 0.025
probability level (Mann-Whitney U test).

After approximately six weeks of treatment, the average TPH concenira-
tion was 5,530 % 3,635 mg/kg (standard error: 1,626 mg/kg with n = 5).
The difference in TPH concenirations between the four- and six-week
samples was not significant (Mann-Whitney U test). However, the differ-
ence in concentrations beiween the initial and cin-week samples was signifi-
cant at the 0.03 pmbability level (Mann—Whimey U testh

1990 Total Petroleum Hydrocarbon Concentrations

The initial mean TPH concentration in the tundra samples collected ot
tlie beginning of the 1990 treatment period was 4,828 £ 75982 mp/ ke
{standard errofr: 2,524 mg/kg with n = 10; Figure 8.9, Although the mean
TPH concentration was arithmetically higher at the beginning of the 1990
ireatment period compared to the end of the 1989 treatment period, the
difference was not significant (Mann-Whitney U test). Several samples in
the 1990 initial data set were relatively elevated, and these values infiuenced
the mean calculation of that data sel.

Alter approximately nine weeks of treatment in 1990, the average TPH
concentration in the rundra samples was 8,303 + 7,857 mg/ kg {(standard
error: 2,485 mg/ke with n = 10} Qratistical analysis indicates that no
significant reduction in TPH concentration occurred during the 1990 treat-
ment period.
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DISCUSSION
tand Treatment Unit

The 1989 TPH results of the LTU study indicate that land treatment
produced roughly a 44% reduction in TPH concentrations during the first
four weeks, but that further reductions did not oceur during the ast two
weeks of treatment. The 1990 TPH results indicate that land treatment
produced an additional 39% reduction in TPH concentration in the soil
during the 1990 study. Thus, the overall reduction in TPH concentration
was approximately 1507 from August 1989 through September 1990.

Although the 1990 treatment period was approximately three weeks
longer than the 1989 treatment period, the percent reduction in soil TPH
was lower in 1990 than 1989. The reduced level of TPH reduction observed
in the 1990 treatment period may be related to the relatively colder and
wetter conditions that occurred during 1990. The 1990 ambient conditions
were apparently less conducive for microbial activity compared with the
conditions in 1989,

Losses of TPH during the first four weeks of land treatment were prob-
ably the resuit of a combination of biological degradation, volatilization,
and leaching. Volatile compounds characteristically comprise approxi-
mately 30% of diesel fuel by weight." Therefore, at a maximum, volatiliza-
tion may have accounted for a loss of 3I6% of the TPH contamination from
{he soil. It has been observed that volatilization becomes an important 10ss
mechanism for contaminated soil when environmental temperatures are
elevated and soils are relatively dry.? These two conditions did not occur
during the study. Furthermore, the diesel spill reportedly occurred in 1984,
indicating that a major portion of the yolatile components may have been
atready dissipated by 1989, Therefore, the cold, wet nature of the LTU soils
during treatment, as well as the age of the diesel spill, suggest that volatiliza-
tion was not an overly important {oss mechanism during the study.

Leaching may have reduced TPH concentrations in the LTU soil. Studies
of dissolution and {eaching rates of TPH from various soil types are not
abundant, aithough the American Petroleum Institute is currently evaluat-
ing this loss mechanism.'* Although a berm fhad been installed around the
LTY to control runoff, a petroleum sheen was observed in a smail flow of
water exiting the unit in mid-September,' indicating that rainfall and run-
of f during the first four weeks of treatment may have resulted in some TPH
leaching. However, since the majority of organic components in diesel fuel
are hydrophobic and because {he contaminated soils bad been subjected to
several years of leaching prior to the peginning of the study, this loss mecha-
pism may not have been significant, even with the initial application of the
surfactant solution in 1989.

The other major loss mechanism is enhanced biodegradation. Virtually
gvery organic component in diesel is biodegradable under appropriate envi-
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ronmental conditions.'” The objective of the fand treatment approach used
in this study was to create conditions conducive to biodegradation of diesel
fuel in soil. [t was concluded a priori that the appropriate conditions for this
sitnation included periodic soil mixing to increase contaminant-microbe
interaction, enhance OXygen delivery to the soil, and promote soil drying:
periodic micronutrient applications to further enhance microbial activity;
and addition of a dilute surfactatit solution to increase contaminant accessi-
bility to the indigenous microorganisms.

The microbial data indicate that appreciable numbers of hydrocarbon-
degrading bacteria were present in the LTU soll throughout the 1989 study
period. The combined microbial data also indicate that sreatment signifi-
cantly increased the proportion of active microorganisms in the LTU soil.
Furthermore, the average densities of bacteria that were capable of degrad-
ing phenanthrene increased during the 1989 study period. These observi-
tions indicate that the bioremediation enhancement technigues applied to
the LTU soil stimulated microbial activity. The arithmetic mean density of
total bacteria presumably declined during the six-week period because the
concentration of petroleum hydrocarbons (“food”) had atso declined overt
ihe period.

The objective of enhanced bioremediation is to stimulate microbial activ-
ity so that the microorganisms metabolize the targeted organic compounds
at g rate greater than would occur naturally. Since microbial activity directly
correlates with ambient temperature, climate conditions in the area during
the study were anticipated 10 have a major influence on microbial activity
and, hence, the effectiveness of bioremediation treatment. The 1989 and
1990 studies were conducted at the ends of the arctic summers and ambient
temperatures, along with microbiotogical activity, were anticipated to
decline during each study period. Indeed, the observation of essentially no
appreciable biodegradation during the final two weeks of {reatment in 1989,
when a period of cold ambient temperatures occurred, is consistent with the
theoretical influence that a marked decline in environmenial temperatures
would have on hiodegradation rates.

A second major environmental variable of the 1989/1990 LTY studies
was precipitation. As was mentioned previously, August is typically the
wettest month of the year in the area. BExcavated soils were quite damp when
they were placed on the LTU in August 1989, and the precipitation that
occurred during that month was more than 3 inches above pnormal.'t The
1990 study period also coincided with above-normal precipitaiion.

Precipitation kept the LTU soil near the saturation point,’ reducing the
effectiveness of soil geration because oxygen transfer is impeded by the high
soil water content. As 2 result, saturated soils containing elevated levels of
organic materials {(such as soils containing diesel contamination} often
develop anacrobic (no oxygen) conditions because 1he microbial oxygen
consumption rate tends to exceed the rate of oxygen replenishment from the
atmosphere, Because petroleum hydrocarbons tend to degrade relatively
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slowly under anaerobic conditions,'? the saturated condition of the LTU soil
during both study periods may have reduced the rate of diesel fuel
biodegradation.

In summary, ihe results of the 1986/1990 LTU studies indicate that onsite
bioremediation produced significant reductions in the concentrations of
TPH in the contaminated fill over a relatively shott time period, even under
the retatively adverse environmental conditions of iate arctic summer treat-
ment periods (cold, saturated soil conditions). Presumably, if land treat-
ment is initiated soon after spring thaw, considerably greater reductions in
soil TPH concentrations would be realized because treatment would take
place under warmer, drier conditions that would be more conducive to
elevated biodegradation rates of the petroleum hydrocarbons.

Tundra Treatment

The resulls of the 1989/1990 bioremediation studies for the tundra area
suggest that the bioremediation approach can produce significant initial
reductions in TPH concentrations in contaminated tundra. Little additional
TPH reduction was observed in 1990. There were several factors associated
with the tundra studies that interfere with the evaluation of the treatment
approach.

Sampling across the contaminated tupdra hillside was focused on those
areas that remained denuded. Therefore, wiih each sampling event, tundra
samples were coliected in areas morc adjacent to the three channeis through
which the diesel Tuel originaily flowed. These areas were likely to have
higher TPH concentrations than areas at distance from the channels. There-
fore, the sampling emphasis placed on denuded areas tended to bias the
collection of samples toward those areas containing elevated contamination
levels. This could account for the arithmetic increase in tundra TPH con-
centrations that was observed between the final 1989 sample set and the
initial 1990 sample set.

A second influence on the results is the aforementioned variabilities inthe
contents of natural organic materials and moisture characteristic of tundra
samples. These variabilities exerted a large influence on the variability of
the calculated dry weight concentrations of TPH in the tundra samples. The
outliers identified in the combined dala set for the tundra samples may be
related to the influences of natural organic materials and moisture contents.
As the variability in a sample set increases, the ability of statistical tests to
detect significant differences tends to decline.

Third, the negligible additional reduction in TPH concentration ohserved

“guring the 1990 study may be related to the relatively cool and wet condi-
tions that took place during this period. Such conditions would likely
reduce the rate of contaminant biodegradation using a passive in silu
approach. 1n addition, as mentioned for the LTU studies, if treatment is
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initiated earlier in the summer, a greater degreg of TPH reduction may be
realized.

Finally, as discussed before, the analytical method may be measuring
natural organic components present in the tundra samples. 1f this is true,
the “TPH" concentration would tend to reflect the total organic carbon
concentration versus the diesel fuel concentration. The relative importance
of this issue could be evaluated by analyzing organic-rich, tundra samples
that have not been contaminated by diesel fuel.

The results do indicate 2 trend of decreasing TPH concentrations in the
tundra over time, although the reduclions are not statistically significant.
One way to assess the averall effectiveness of the pioremediation approach
is to mounitor the extent of revegetation in the impacted areas over the next
few years. The area of the hillside that was impacted by the diesel fuel spill
and treated in 1989 showed considerable revegetation during the summer of
1990. Presumably, if the in situ bioremediation approach appreciably
enhances the rate of reduction of TPH concentralions on the hillside areas
impacted by the spill, the treated areas will revegetale more rapidly than
impacted areas that received no treatment because they were inaccessiblie.

It summary, the passive, in situ bioremediation approach for the contam-
inated tundra area appears to have produced a significant initial reduction
in TPH concentrations. Additional reductions in 1990 were statistically
insignificant; however, cold and wet conditions in 1990 may have influ-
enced the 1990 results. In addition, several factors associated with sampling
and analysis were identified which could have had bearing on the tundra
evaluation. Validation of ihe effectiveness of the passive, in situ bioreme-
diation approach for treatment of contaminated tundra may best be docu-
mented by following revegetation patierns in impacted areas over the next
few summers.

SUMMARY AND CONCLUSIONS

Onsite, open-air pioremediation studies conducted over two SUCCESSIve
summers (1989 and 1990y at a U.5. Air Force station in arctic Alaska
demonstrated that significant reductions in the concentrations of spilled
diesel fuel in soil and tundra can be achieved despite the relatively unfavor-
able environmental conditions of the region.,

Active, aboveground, biological treatment of the contaminated soil fiit in
a land treatment unit produced an average reduction in soil diesel fuel
concentration (as measured by total petroleum hydrocarbons) of approxi-
mately 75%. During each summer season, TPH concentrations were
reduced by approximately 50% by treatment in the LTU.

Passive, in situ biological treatment of the contaminated tundra hillside
was not as effective in reducing average TPH concentrations in the affected
tundra. However, sampling and analytical difficulties may have reduced
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preface

For the first one wundred years of its existence the cailroad industsy’s
principal motive power was provided by the steam locomotive. The original
epergy source for these jocomotives was usually wood. Fowever, this was
quickly replaced by coal due to coal’s higher thermal efficiency which
resulted in greater power and economy of operalion. The coal powered
steam locomotive dominated the industry until the jate 1940s when diesel
technology proved to be 2 feasible and more ef ficient means of converting
energy into work. Just how much more efficient can be judged by the
rapidity with which American railroads made the transition. Steam locomo-
tives typically lasted 30 or more years and were @ Majov capilal investment
for the industry. Mevertheless the economies of diesel locomotives Were
found to be so overwheiming that in the 10 years from 1945 untii 1955, the
percentage of trains hauled by diesels went from 10% to 70%, and by the
end of the decade no major U.S. railroad continued o operate steam toco-
motives in regular revenue service. This replacement was not just of fovo-
motives. The physical plant required o service diesels was completely dif-
ferent from that required for steam, 50 these had to be replaced as weil, The
quest for more efficient locomotives has continued unabated since the origi-
nal {ransition, and modern day diesets are highly evolved from their coun-
terparts of the 1950s and are considerably more efficient in terms of Tuel
consumption and production of emissions pev anit of tractive effort
generated,

This transition [rom steamn to diesel was pot without iis environmental
consequences. Diesels produce fewer dirborne emissions than steam loco-
motives, especially particulates. On the other hand, the principal materials
used by steam locomotives are coal and water. Neither of these generally
pose an environmental problem when spilied. This is not necessarily the case
with spilled diesel fuel. Although it generally does not contain high concen-
trations of toxic or water goluble substances, it is a liquid and therefore
much more dif ficult to contain and clean up than spilled coal. Fuel eco-
aomics and basic housckeeping practices have atways dictated that spillage
be avoided, but only in the past decade or so have the environmental consid-
erations become a8 evident. Over the ycars some railroad facilities have
been contaminated with various quantities of spilled diesel fuel.

The railroad industry recognizes that if these spills pose a rigk to human
or environmental health then efforts should be directed toward minimizing
this impact. In the past most of the academic and regulatory cofmmunity’s
atiention Lo soil remediation has concentrated on pasoline because of ity
more widespread impact. Due to its different chemical composition, diesel



