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Outline

Relationship between Stable Carbon Isotope
Ratios and MTBE biodegradation

Determining % of the original contaminant
degraded

Overview of field MTBE biodegradation rates

Regulatory perspective on using CSIA data to
predict plume behavior and manage sites

 Application of CSIA data in a simple screening tool to a
small MTBE plume

e Case study of CSIA collection and site management
decision making for a large multi source MTBE plume




SCIR / CISA data application

CSIA (carbon enrichments) Base
Knowledge:

What is the Relationship between
Stable Carbon Isotope Ratios (SCIR)
and extent of Biodegradation?

Wilson.johnt@epa.gov
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Compound Specific Isotope Analysis
Applications to MTBE

e« 2001: Early Compound Specific Stable Isotope Analysis
(CSIA) applications to fuel oxygenate degradation
 Finneran, Lovely. 2001. Anaerobic degradation of MTBE and TBA
* Hunkeler, Butler, Aravena, Barker. 2001. Monitoring biodegradation
of MTBE using compound specific carbon isotope analysis.

e 2004: CSIA applications to fuel oxygenate degradation
numerous and fairly well understood

« Schmidt, Zwank, Elsner, Berg, Meckenstock, Haderlein. 2004.
Compund Spec:lflc stable iIsotope analysis of organic contaminants

In natural environments: a critical reviewof the state of the art,
prospects, and future challenges

e 2005-2007: CSIA integrated into MNA guidance (EPA/API)

 Wilson, Kaiser, Adair. 2005. Monitored Natural Attenuation of MTBE

as a Risk Management Option at Leaking Underground Storage Tank
SIS

« API PUBLICATION 4761. 2007 Technical Protocol for Evaluating the
Natural Attenuation of MtBE



CSIA T Review of Basic Concepts

Measuring ratios of 13C/12C and 2H/*H within a specific compound
such as MTBE

Enrichment of 13C and or 2H in the remaining target contaminant
can be indicative of, and is believed to be proportional to, the
biodegradation pathway and the fraction of contaminant mass
degraded, respectively

« Enrichment in excess of the normal range for the target
contaminant
« Enrichment increasing along a contaminant flow path

The ratio of either 13C/*2C and/or ?H/*H measured in sample of
residual target contaminant and is expressed relative to the
13C/12C and/or H/*H in a standard for that compound as an
en_ricI:hm?nEf)atctor U °H and/or U °C as parts per thousand or per
mi a

Normal range for MTBE in gasoline:

e UC:-27. 5333 d

e U2H:-100 a -1tlo7 a




MTBE CSIA - Basic Concepts Cont.
Aerobic vs. Anaerobic
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Highest Concentation of TBA at Station (ng/liter)
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Example Biodegradation Rates

Location MTBE TBA
Biodegradation | Biodegradation

(per year) (per year)

Petaluma, Not detected 5.7N1.8
California

Elizabeth City, 3.5 N0.65 Not detected
North Carolina

Parsippany, \ Not detected
New Jersey

Huntington \ Not detected
Beach

California
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Key points on MTBE Rate Constants

e The common wisdom teaches that the
rate of anaerobic biodegradation of
MTBE in ground water is slow.

« Compared to the typical residence time
of MTBE in plumes, rates of 3 to 20 per
year are fast. MTBE can disappear
from one quarter to the next, or from
one monitoring well to the next.

Wilson.johnt@epa.gov
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CSIA as Evidence of Natural MTBE
Biodegradation i Small Service Station

The large red arrow in the next
figure is the datum for the

gasoline spill site used for the
small MTBE plume case study
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Reproducibility of Stable Carbon
Isotope Ratios over time at field scale.

Well Date
measured | measured

 [en8004] 107,000 | 26,000 | 2158

| | 81804 ] 32000 | 164 | 853
1 8/18/04 | 32000 | 25 | 37.99




MTBE Fraction Remaining (C/Co)

Anaerobic Biodegradation, Isotopic Enrichment Factor €= -12
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Fraction remaining (F) based upon 4 13C

Date Faction
MTBE
remaining

5/20/03
| 81804

5/20/03 870 |[6.84 | 0.058]
| 8/18/04 164
5/20/03
| 8/18/04

Wilson.johnt@epa.gov
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Parameter Values Used to Calculate
Rate Constant for MTBE Degradation

« The average hydraulic conductivity based on
slug tests of monitoring wells was 11 meters
per day.

e The average hydraulic gradient was 0.0023
meter/meter based on thirteen rounds of water
table elevations.

« Assuming an effective porosity of 0.25, the
average seepage velocity is 37 meters per year.

e Known distance of the wells from the source

Wilson.johnt@epa.gov
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Calculating Rate Constant

kwlth dlstance In(F)/d

kvvlth tlme In(F)* V/ d

Fist
dist

ne fraction of MTBE remaining

ne distance between the wells

VISt

ne ground water seepage velocity
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Calculated Rate Constants

TBA MTBE | d13C of |Faction MTBE | Distance Projected Rate of | Projected Rate of
measured |measured ini

5/20/2003]  13,000] 11,000 _a
8/18/2004] 107.000] 26, 00 2158 062 0o NAl  NA

MW-3 |5/20/2003] 20,000 _exa—
8/18/200 320000 164 853 005 96 M5 031

_——

0.06
MW-7 0.0002
MW-8 _

818/2004] 32000 25| 3799 00043 17| 474 0.4§
MW-11 __ﬂ_ﬂ

--‘




Example Screening Evaluation

BIOSCREEN-AT
(Version 1.43 with exact analytical solution)

will be used to screen the potential exposure to the
receptor

Avalilable at:

http://www.sspa.com/Software/bioscreen.shtmi



http://www.sspa.com/Software/bioscreen.shtml

Approach to deal with heterogeneity In
biodegradation

 Determine if biodegradation (when it
occurs) Is stable over time.

e Determine the extent of the core of the
olume if controlled by biodegradation.

 Determine the extent of the periphery of
the plume is there is not
biodegradation.

Wilson.johnt@epa.gov
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With Source at 26 mg/L

and Biodegradation = 10 per year
assume a Receptor at 1000 feet from LNAPL

1. HYDROGEOLOGY
Seepage Velocity™

or
Hydraulic Conductivity
Hydraulic Gradient
Porosity

Vs 23.744 Fhidty)
or

K 1.3E-02 (cmisec)

i 0.0023 (i)

n 025 )

2. DISPERSION
Longitudinal Dispersivity
Transverse Dispersivity™
Vertical Dispersivity™

or

Estimated Plume Length

alpha x (ft)
alpha y (ft)

alpha z VAV (7T}

lp Y

3. ADSORPTION
Retardation Factor®

or
Soil Bulk Density
Partition Coefficient
FractionOrganicCarban

R
Mo (k)
Koc (Lfkg)
foc 0

4. BIODEGRADATION

1st Order Decay Coeff*
or

Solute Half-Life

W oc- [T
PO :

(year]

or Instantaneous Reaction Model

Delta Oxygen®

Delta Mitrate®
Observed Ferrous Iron®
Delta Sulfate®
Observed Methane®

t-half

po N (mgn)
nos N (mgs)
Fe2+ [ (o)
sos M (mgt)
cHs N (mon)

5. GENERAL 0.02 cells below. (To restore

Modeled Area Length* () formulas, hit button below).

Modeled Area Width* () F— Variable* Data used directly in model

Sirmulation Tirme* | 33.00 [ 20 Value calculated by model/.
(Don't enter any data).

6. SOURCE DATA

Source Thickness (i)

Source
Width () Conc.(mg/ll) _—}

Ihammmmmmmmmm

il
B Exponentialy Decaying Conc.

View of Plume Looking Down

Observed Centerine Concentrations at Monitoring Wells
If No Data Leave Blank or Enter "0"

7. FIELD DATA FOR COMPARISON

Concentration (mg/L) KU ST ICPER IRTVCR IR IR N I I I
0

Dist. from Source (ft) 30 38 72 83 | 154

8. CHOOSE TYPE OF OUTPUT TO SEE:
RUN RUN
CENTERLINE PLUME

View Centerline

Recalculate This Sheet

Paste Example Dataset

Paste Dataset from BIOSCREEN

Restore Formulas for Vs,
Dispersivities, R, lambda, other

View BIOSCREEN




With Source at 26 mg/L and
Biodegradation = 10 per year

DISSOLVED HYDROCARBON CONCENTRATIONS IN PLUME {mg/L at Z=0)

Distance from Source (ft)

0 100 200 300 400 500 600 700 800 500 1000

15.248 | 13.462 11182 | 10.398 | 9.758

26.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
FoleClchiciics 26000 | 0164 [ 0025 | o106 | 0018 [ 038 | | | [ [ |

# of TimeSteps AN [ Disployed Time=33years | View Plume Output
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— | [ 7T 1
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With Source at MW-11 at 0.318 mg/L
Biodegradation = 0.0004 per year

Potential Receptor at 860 feet from MW-11

DISSOLVED HYDROCARBON CONCENTRATIONS IN PLUME {mg/L at 7=0)

Distance from Source (ft)
Bﬁ 1?2 258 344 431} 51{5 602 588 TT4 860

— 0.140 0.119

0316|0200 0160 0.140 0.119

Field Data from Site ———————————

# of TimeSteps Displayed Time=33 years Return to Input View Plume Qutput
1st Order Decay Mo Degradation + Field Data from Site

1m_ -

Cnnn@lntratinn (rm géj_}

0.00

D|stance Frum Source (ﬂ}




Results of the Screening Evaluation

Given the uncertainty in the screening model, there is
substantial possibility that MTBE will impact the
hypothetical receptor at unacceptable concentrations.

The hypothetical receptor at 1000 feet from the source
was intentionally chosen to illustrate the dominant role
of biodegradation on the attenuation of concentrations
of contaminants in ground water.

The screening evaluation at most real sites will be much
less ambiguous.

Further analysis of potential exposures at such sites
should be more rigorous and likely entail more
sophisticated modeling (e.g. Bio Plume, WinTrans or
Modflow i MT3D)

Wilson.johnt@epa.gov



mailto:Wilson.johnt@epa.gov

Effect of spatial heterogeneity on
ISsotopic fractionation

 Heterogeneity produces blended
samples.

 The extent of fractionation well be less
than expected from the true extent of
biodegradation.

 Heterogeneity causes SCIR to
underestimate biodegradation.

Wilson.johnt@epa.gov
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CSIA application to mgt. of a large
multi source MTBE plume

« Format: Case study application of Compound Specific
Isotope Analysis to a large dissolved MTBE plume
e Intent:

 To provide an example application of CISA including:

« Why / how CSIA was applied at fuel spill sitein NYS

e How the data was used to calculate a first order rate
constant for MTBE degradation

« How the information influenced regulatory decision-
making and remedial design

 The cost of acquiring the CSIA data

« To suggest ways of assessing the cost effectiveness of
such information from the point of view of a project
manager / regulator

 Highlight issues of data and analysis defensibility



Large Plume Case Study Outline

Compound Specific Isotope Analysis (CSIA) Applications to MTBE
CSIA T Basic Concepts Review of 2D Isotopic Analysis

Long Island MTBE Mega-Plume:

 Nature and Extent of the MTBE and TBA Plumes

 Importance of the biodegradation component of the Conceptual
Site Model

3 Rounds CSIA Sampling and Analysis
e 2 Rounds ofiCdaBE U
e 1 Round of c¢ombliiCn &d MNI Bi#tE&ta
e Calculation of a first order rate constants for MTBE degradation:
« Based upon CSIA data
« Based upon changes in total dissolved MTBE mass with time
Conclusions

« Comparison of first order rate constants based upon CSIA and
changes in total dissolved mass

e The value of the €©bOnbiMeBHEaREFdB E U
support of remedial treatment alternatives and designs



Nature and Extent of the MTBE and TBA
Plumes

1,372 meter long, 244 meter wide and 41 meter
thick (i.e. 5,938,307 cubic meter) plume of
contaminated ground water containing 5,164 kg
of dissolved MTBE (MTBE concentrations
exceeding 1,000 mg/L)

« TBA concentrations exceeding 63,000 ug/L
found within a narrow region of the MTBE plume

e Multiple contaminant sources

* Two primary sources remediated to varying
degrees by varying combinations of:

e pump & treat
e air sparging and vapor extraction
e oxygen releasing compound



Importance of the biodegradation
component of the conceptual site model

Presence of high concentrations of MTBE and TBA seem to
exclude natural biodegradation (NA) as a primary component of
any remedial alternative

The high concentrations of TBA potentially problematic for active

remedial system designs
 May require additional treatment technology from MTBE

 Potential additional capital costs for TBA treatment in excess of
$500,000 (e.g. BIO-GACQC)
« How much NA and is it the source of the TBA?
e Co-contaminant in gasoline vs. MTBE biodegradation
« Down-gradient MTBE / TBA ratio approx 10/ 1 (co-

contaminant?)
 Near source MTBE / TBA ratio approx 1/1 (biodegradation?)

« What is the fate of TBA?
o Will it persist and drive remedial designs, or is it biodegrading

away?



Finding Solutions/Answers

e Application of CSIA to residual MTBE to assess
biodegradation of MTBE to TBA

 Expand monitoring network and collected additional

sampling rounds in part to facilitate estimates of first order
rate constants:

 based upon changes in total dissolved mass with time

 based upon ground water flow and contaminant transport
model calibration

Collect field readings for dissolved oxygen, ORP and other
process relevant parameters



Winter 200 Moriiroing Network Sampling Spring 2007 Understanding Dissolved Contamination
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Dissolved Oxygen (Field Screening) 2007




Initial CSIA Results 2 MW-16 —> ¢

1 of 13 samples (MW-16)
indicated d'3C values indicating
enrichment in excess of the
normal range of MTBE in

s 13C MTBE (0/00)
N

gasoline > &
Enriched sampledi*Cwas -2 1 a 2
and WaS Iocated Wlthln 50 :34 | HHHH‘ HHHH‘ HHHH‘ HHHH‘ T TTTI T 1T
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5 c ) Concentration (ug/L)
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: “ e +— MW-16
Overall evidence of 2
biodegradation was weak as 2 ]
there was no trend of R
enrichment along flow lines g 2 ]
=
Enrichment in MW-16 was ... .
inconclusive as to pathway © ol .
(anaerobic or aerobic?) a2
Highlighted area represents the reported range 3 ¥ T | | |
of 3C MTBE in gasoline ( Sullivan etal., 2003). 0 200 400 600 800

Distance from Gas Station B (m)




Initial CSIA Results
Discussion
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2"d Round CSIA

 Contracted laboratory was
unable to report U °H

5 13C MTBE (0/00)

« 6 0f 48 samples indicated
u 13C values indicating |
eanChment in excess Of 01 1 10 100 .1,000 10,000 100,000 1,000,000
the normal range of MTBE ——

In gasoline

MW-60(110)
ML-107K

MW-20(100)

MW-16(080)
MW-16(100)

e All 13C enriches samples
locations were within 130
meters down gradient of
station B (i.e. near source)

MW-20(165)

s 13C MTBE (o/00)

Highlighted area represents the reported range

of 3C MTBE in gasoline ( Sullivan etal., 2003). 200 400 600
Distance from Gas Station B (m)




2"d Round CSIA

B KuderWilson Anaerobic /A Gray, et al Aerobic
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Initial conclusions based upon MTBE &3C

Nature of the U 13C values of the MTBE in down gradient
plume vs. the near source plume differed
DO in the down gradient plume was lower that in the near
source plume

Differences in the ratio of MTBE/TBA in the down gradient
plume vs. the near source plume persisted through time

« Down-gradient MTBE / TBA ratio approx 10/ 1

 Near source MTBE / TBA ratio approx 1/1

Reported U 1°C values in conjunction with distribution of
TBA (i.e. MTBE/TBA ratios) and the distribution of the DO,
suggest that biological transformations of MTBE to TBA
likely took place under near source aerobic conditions

 Aerobic conditions likely resulted from source zone
remediation (i.e. air sparging and oxygen releasing
compound injection)



Combi ned MTCBE& MT BiEData

(Summer 2008)

14 groundwater samples Station A
collected for 13C/*?C and
D/H analysis

« Samples selected to
span both high
concentrations of MTBE
and TBA along GW flow
lines

« Samples collected from
both suspected
Anaerobic and Aerobic
portions of the plume(s)




Combi ned MTCBE& MT BiEData

MTBE Specific Isotope Analysis

Concentration Dissolved 02 Distance from

SEIRIE [ € g1l [mgL-1] source [m]

MW16(100) 4600 . 56.00 -27.78+0.53
MW60(110) 7900 129.00 -25.57+0.43
MW20(165) 1000 130.00 -27.87+0.47
ML107K 2200 130.00 -26.25+0.41
MW20(100) 4800 130.00 -30.09+0.38
ML97K 130 139.00 -11.68+0.86
MW21(120) 2400 141.00 -30.36+0.70
MW62(130) 37000 206.00 -30.9+0.78

MW27(115) 13000 306.00 -31.12+0.56
MW44(125) 74 385.00 -29.93+0.47
MW37(100) 459.00 -31.13+0.41
MW52(110) 540.00 -32.11+0.47
ML87H . 615.00 -31.05+0.41
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Calculations

e Known:

 Anaerobic carbon enrichment factor =-11.6

 Anaerobic hydrogen enrichment factor = -16

e U 1@in gasoline =-28 (more conservative)

 UD/H in gasoline =-100 (more conservative)

o Seepage Velocity = 0.75 ft/day (n=0.3, 1=0.001, K=230)
 Estimate:

* Projected rate of biodegradation with distance and/or
time
 Time required to reach half initial concentration

e Distance traveled before concentration reaches goal (i.e.
10 ug/L)

e Distinguish source of TBA in groundwater



Anaerobic Degradation Calculations
Utilizing Carbon Enrichment Factor of -11.6

MW-16(080) 182.25 7

_ Stable Projected rate Time Time to
Distance Isotope Projected rate of of Required to [Travel Before]
from MTBE Ratio | MTBE Fraction |biodegradation with|biodegradation| Reach Half |Concentration
_ e conc.  fTBAconc. |( & 1 3 C)Renmiming After| distance from | with time from [Initial Conc.| Reaches
Station (f) (ug) (Ts)) mil Biodegradation | Source (per ft) |Source (peryn)|  (yr.) 10ug/L (yrs)

MW-16(100)
MW-60(110)

182.25 4,600

7,900

500
3,300

-27.78 0.981

0.811

0.00011
0.00049

0.029

424.64 -25.57 0.135

213

425.16 1,000
2,200

130

-27.87 0.989 0.00003

0.000213
0.001993

0.007

705.84 3,600

6,100

-26.25
-11.68

Projected maximum rate of biodegradation
ML-97K approximately 76% of MTBE degraded to TBA




Station

MW-16(080)
MW-16(100)
MW-60(110)
MW-20(100)
MW-20(165)
ML-107K*

Anaerobic Degradation Calculations
Utilizing Hydrogen Enrichment Factor of -16

Distance
from
source

(f)

182.25
182.25
424.64
425.16
425.16
705.84

Projected rate

Stable Projected rate of of

distance from

Source (per ft)  [Source (per yr)

0.00207
0.00208
0.00057

0.00117

Time
Required to

(Yr)

Time to

Reaches
10ug/L (yrs)

705.84

0.00249

MW-62(130)
MW-27(115)
MW-44(125)
MW-37(100)
MW-52(110)
ML-87H

677.38
1,003.15
1,262.33
1,504.92
1,770.37
2,017.93

0.00030
0.00031
0.00202
0.00021
0.00008

Projected maximum rate of biodegradation

ML-97K approximately 83% of MTBE degraded to TBA




Average MTBE degradation rate Constant
based upon combined (per year)

Descriptive Statistics

Variable: K Either Sta

Anderson-Darling Mormality Test

A-Squared: 1.923
P-Value: 0.000

MWean 0.188000
StDey 0221243
Variance 4 89E-02
Skewness 1.20607
Kurtosis 2.67E-02
M 21

kAinimum 0.004000

0.0 0.2 0 0.6
| |
— 15t Quartile 0.023000

Iedian 0.081000
3rd Quartile 0.324000
kaximum 0.681000

895% Confidence Interval for Mu
_ o enes e T

0087291 0288708

: : D-3 95% Confidence Interval for Sigma

I
0.1689264 0.319491

95% Confidence Interval for Median

u}
95% Confidence Interval for Median 0.028347 0 224015




CSIA: MTBE Deg. Rate Constant

MTBE Deg. Rate Constent t"“ (years)




CSIA Conclusions

e The combined MTBE u ?H and MTBE U 13C data
confirmed that transformation of MTBE to TBA like took
place under both anaerobic and aerobic conditions
prevailing within different portions of the plume.

« The data also helped explained the 1:1 MTBE to TBA
concentration ratio observed in the aerobic portion of
the plume

« The data also helped explained the 1:10 MTBE to TBA
concentration ratio observed in the anaerobic portion of
the plume

 Provided an independent basis for new site specific
estimates of the MTBE anaerobic and aerobic
degradation rates (half life ranging: 1.02 7 3.69 years)



First Order Rate: Total Dissolved MTBE

RND1 Jun®ctober 2006
MTBEMax. Conc =1,330,000ug/L
Approx. Dissolved Masp/438 (Kgm

UUUUUU

RND2 MarckAugust 2007
MTBE Max. Conc. = 434,000 ug/L
Approx. Dissolved Masg5270 (KQ)

uuuuuu

RND3 MayAugust 2008
MTBE Max. Conc. = 190,000 ug/L
Approx. Dissolved Masp3311 (KQg)

uuuuuu

*Isocontours of 10,000 ug/L and greater



First Order Rate: Based upon total
dissolved mass of MTBE

Estimated Dissolved MTBE Mass vs Time

+ MTBE Kg
— Expon. (MTBE Kg)

MTBE (kg)

\\ Fit Results
0012x)
——

Fit 1: Exponential

$  Equation In(Y) = -0.001168207909 * X + 8.891051366
Alternate Y = exp(-0.001168207909 * X) * 7266.655085
Number of data points used = 3

4 Average X = 314.667

erage In(Y) = 8.52346

Avi

Residual sum of squares = 0.00217109
Regression sum of squares = 0.326521

Coef of determination, R-squared = 0.993395
Residual m

| mean square, sigma-hat-sq'd = 0.00217109




MTBE Deg. Rate Constants:
CSIA vs Dissolved Mass

MTBE Deg. Rate Constent

Maximum CSIA | 0.681 |0.00186

Dissolved MTBE Mass 0.438 0.0012 = 1.58




Val ue of the coDi r
& MT B HH data

 The value of the CSIA data can be
assessed by comparison with the data
costs (approximately $33,000) with the:

e the costs of the additional rounds of

sampling / analysis required to obtain
estimates of dissolved MTBE mass

e the cost reduction envisaged based upon
revised remedial scenarios stemming from
guantification of MTBE degradation



Value of CSIA rate constant relative that
derived by changes dissolved MTBE mass

o 2 additional full sampling rounds of the
of 1617 point monitoring network

e« ~Cost $265,000 / per round (including
estimated analytical) = ~$530,000

e Potential value of CSIA =~$500,000



CSIA value relative to alternative
remedial design

Remedial alternative prior to first order
rate constant based upon CSIA

gpm through treatment
$400,000
$

|Stop and Shop Property Rental*  [$200,000
I el TR - ° MDiselarge: [Restoration (asphaltonly) ~ [$45,000
G L Nese DR e ; [ODPW Discharge rate/year (NCDPW) ®A74 RON

2o o - dRNIEZAGSallow LR, 2o o $2,864,520

300,000 ugll

9o ; - St A ! LPAST(®  $300,000
o AR e SRS R N tn SR ' [RW installation (subcontract)  [$90,000
o e (e, a2 Bl 300,000
e Mg AL RN L 3 '“@H Misc. materials (i.e. wire, pumps etc.) 100,000
i 375,000

00

Potential value of CSIA = ~$1,000,000 total | [$1,812.435]




Large Plume Application Conclusions

The CSIA data provided the basis of new independent
site specific estimates of the MTBE anaerobic and
aerobic degradation rates

The value of 2D CSIA was greater than the 1D CSIA data
and overall value (estimated reduced project
management costs) CSIA data greatly exceeded the cost
associated with its generation

The combined MTBE U 2H and MTBE U 13C data
Indicated that bio-transformation of MTBE to TBA likely
took place under both anaerobic and aerobic conditions
prevailing within different portions of the plume
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