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1.0 INTRODUCTION

This document presents a 2015 annual report for the anaerobic bioremediation remedial action
performed at Solid Waste Management Unit (SWMU)-17 of The Boeing Company’s (Boeing)
Developmental Center (DC) in Tukwila, Washington (Figure 1). The DC is a regulated facility under the
Resource Conservation and Recovery Act (RCRA) with a facility identification number of WAD-09363-
9946. The Washington State Department of Ecology (Ecology) is authorized by the US Environmental
Protection Agency (EPA) to implement RCRA corrective action through its Model Toxics Control Act
(MTCA) regulations. Boeing is performing remedial actions at the DC under Ecology’s voluntary
cleanup program (VCP).

Remedial action at SWMU-17 is performed to enhance reductive dechlorination of tetrachloroethene
(PCE) and trichloroethene (TCE) present in groundwater and their breakdown products. The primary
reductive dechlorination breakdown products of PCE and TCE are cis-1,2-dichloroethene (cDCE) and
vinyl chloride (VC). SWMU-17 wells and site features are shown on Figure 2. Anaerobic
bioremediation remedial action was performed in general accordance with the SWMU-17 Remedial
Action Work Plan (Work Plan;LAI 2011).

This fourth annual report following the start of the SWMU-17 remedial action in 2011 summarizes the
remedial action activities and results for calendar year 2015. Activities during this reporting period
consisted of performance monitoring and data evaluation. No additional electron donor injection has
been required since the initial injection event in 2011.

1.1 Background

SWMU-17 (Figure 2) comprises the general area of a former 67-gallon sump and associated
4,000-gallon steel underground storage tank (UST; designated DC 05) located west of Building 9-64.
Waste oil generated by hydraulic testing shops, automotive maintenance shops, and various other
operations at the DC was discharged to the sump, which flowed into the UST. Periodically, waste oil
was pumped from the UST for offsite treatment and disposal (SAIC 1994). The sump and UST were
installed in 1957 and removed in late March or early April 1986 (LAl 1987).

Following removal of the sump and UST, and initial phases of the investigation (LAl 2004),
groundwater monitoring has focused on chlorinated volatile organic compounds (CVOCs) and selected
metals (copper and arsenic). CVOCs of interest included PCE, TCE, and reductive dechlorination
breakdown products cDCE and VC. Initially, preliminary screening levels (LAl 2002) were exceeded for
PCE and intermittently for dissolved metals (copper only) and total metals (both copper and arsenic),
with total metals concentrations historically higher than dissolved concentrations. Through May 2008,
prior to bioremediation pilot testing, the highest concentrations of PCE and TCE were detected at
wells BDC-05-02 and BDC 05-07 (LAI 2008). Groundwater concentrations of PCE ranged from
approximately 5 to 33 micrograms per liter (ug/L) at BDC-05-07 and BDC-05-02; TCE at these two wells
ranged from 7 to 45 pg/L. Preliminary screening levels for total and dissolved copper and total arsenic
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were exceeded in groundwater at multiple wells. Cumulative data for these constituents are
presented for SWMU 17 wells in Table 1. Proposed cleanup levels (CULs), developed for the DC in
2013 (LAI 2013b) were lower than initial screening levels, with the exception of CULs for arsenic and
copper, which increased. Proposed CULs are presented for comparison to data in Table 1.

Bioremediation pilot testing, consisting of electron donor injection to enhance biological degradation
of PCE and TCE, was conducted October 2008 through February 2010. Water amended with electron
donor substrates, nutrients, and ferrous sulfate was injected to well BDC 05 02. Ferrous sulfate was
included in the injection solution to stimulate removal of dissolved copper and arsenic from
groundwater and abiotic degradation of PCE and TCE through reaction with formed iron sulfides. The
resulting biodegradation substantially reduced PCE and TCE at the injected well and, with time, at the
nearest downgradient well. The effectiveness of ferrous sulfate addition was inconclusive. Details of
the pilot test can be found in the Pilot Test Report (LAl 2010b) and the subsequent Response to
Ecology Comments (LAl 2010a)

To further characterize the SWMU-17 plume, groundwater was sampled from 67 additional direct-
push borings in 2010 and 2011, resulting in characterization of the horizontal and vertical extents of
contamination (LAI 2011). Results from the deeper borings confirmed that contamination is restricted
to the shallow interval. Iso-concentration contours representing SWMU-17 concentrations of PCE
and/or TCE prior to full-scale treatment are presented on Figure 3. Both PCE and TCE are parent
products targeted for remediation. cDCE and VC, anaerobic biodegradation end products of PCE and
TCE, were also detected. Further details on plume characterization and evaluation of contaminant
distribution were provided in the Work Plan (LAl 2011).

1.2 Remedial Approach

Anaerobic bioremediation at SWMU-17 is accomplished through stimulation of micro-organisms
present in the aquifer to enhance biodegradation of chloroethenes. Vegetable oil and ethyl lactate
(electron donor substrates) were injected throughout the higher-concentration core of the plume to
stimulate biotic reductive dechlorination of PCE and TCE (electron acceptors).

Reductive dechlorination of PCE and TCE occurs through microbially mediated (biotic) reactions
whereby micro-organisms obtain energy through oxidation-reduction (redox) reactions. Electron
donors (hydrogen, fatty acids, etc.) are used by microbes together with various electron acceptors
(oxygen, nitrate, manganese [IV], ferric iron, sulfate, and carbon dioxide). These redox reactions can
be compared to the process whereby humans obtain energy through consumption of food (electron
donor) and oxygen (electron acceptor). Bacteria obtain the greatest energy yield by using oxygen as
an acceptor, as it is highly oxidized and, therefore, can be reduced easily and to a large degree. When
oxygen is depleted in an uncontaminated aquifer, bacteria sequentially use the less oxidized electron
acceptors in the following order: nitrate; manganese (IV); iron (lll) (i.e., ferric iron); sulfate; and
carbon dioxide.
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Chloroethenes can also be used as electron acceptors by specific micro-organisms and degraded to
harmless end products. Through biodegradation, chloride ions present on the chlorinated
hydrocarbon molecule are replaced with hydrogen (electron donor), resulting in the formation of
successively less chlorinated molecules. By this process, PCE and TCE are degraded to less chlorinated
breakdown products, cDCE and VC, and then to innocuous end products ethene and ethane. PCE is
the most oxidized electron acceptor in groundwater systems after oxygen and, therefore, can be
reduced as soon as oxygen is depleted (Vogel et al. 1987a). TCE, cDCE, and VC, however, require
successively more reducing aquifer conditions for degradation. TCE can be degraded under iron-
reducing conditions (Chapelle 1996); cDCE can be degraded under sulfate-reducing to carbon dioxide
(CO3)-reducing (i.e., methanogenic) conditions (Chapelle 1996, Vogel et al. 1987b); and VC can be
degraded only under highly reducing methanogenic conditions (Ballapragada et al. 1997, Freedman
and Gossett 1989, Maymo-Gatell et al. 1995, Vogel and McCarthy 1985).

Reductive dechlorination is enhanced through injection of electron donor substrates (e.g., vegetable
oil and lactate) as a food source for the bacteria. Electron donor substrates are injected into the
contaminated aquifer where a consortium of indigenous bacteria first ferment the substrate to
volatile fatty acids and hydrogen and then use these fermentation products as donor for reduction of
natural electron acceptors and chloroethenes. Depletion of natural electron acceptors (e.g., oxygen,
iron, sulfate, CO,) creates the highly reducing aquifer conditions (sulfate-reducing to methanogenic
conditions) required for complete reductive dechlorination of PCE and breakdown products. Hydrogen
is the required electron donor for the primary cDCE and VC degraders (i.e., Dehalococcoides [DHC]
strains] that degrade these PCE breakdown products to harmless, non-chlorinated end products.
Other anaerobic dechlorinating organisms are typically common and widespread, and utilize fatty
acids or hydrogen as electron donor.

1.3 Data Evaluation Considerations

Evaluation of results requires consideration of whether data is from injection wells (IWs) or
monitoring wells (MWs). These well types are identified in Table 1 and are identified by different
symbols on Figures 2 and 3. Characteristics of these two groups of wells are as follows:

e |Ws: Generally located within the high-concentration core of the PCE/TCE plume. Due to
higher initial concentrations of PCE and TCE, biodegradation to breakdown products and end
products is most apparent. Because these wells were used for injection, TOC concentrations
(indicative of electron donor) are likely to be higher and persist for longer than at nearby
MWs. Similarly, enhanced aquifer redox conditions are likely to develop sooner and persist for
longer than in the rest of the aquifer.

e MWs: Groundwater data from MW:s provide insight to the downgradient and crossgradient
extent of treatment effects, including distribution of total organic carbon (TOC), enhanced
redox conditions, and dechlorination breakdown products and end products. An
understanding of the MW locations relative to the plume and to IWs is also important for
evaluation of the data, as follows:
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- MW BDC-05-19 is within the core of the contaminant plume. Similar to the IWs, higher
initial concentrations of PCE and TCE make biodegradation to breakdown products
and end products more apparent at this well.

— Other MWs are at the fringes of the plume, both downgradient (BDC-05-20) and
crossgradient (BDC-05-03, BDC-05-04, BDC-05-08, BDC-05-18, BDC-05-21, BDC 05 22,
and BDC-05-24), and an additional well is far downgradient (BDC-05-23). Changes in
concentrations of PCE, TCE, and breakdown products at these wells may not be
generally apparent due to low initial concentrations of PCE and TCE. Some of these
wells have shown post-injection increases in TOC concentrations and/or changes in
redox conditions, indicating the extent of treatment effects.

— An additional MW is located upgradient of the plume (BDC-05-05). This well is
sampled for continued evaluation of background conditions and is unaffected by
bioremediation.
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2.0 SUMMARY OF PREVIOUS WORK

This section briefly summarizes remedial action activities that took place during the previous three
reporting periods (June 2011 through December 2013), as documented in previous reports (LAl 20133,
2014, 2016). Field activities and data findings are summarized below.

2.1 Field Activities

Prior field activities consisted of installation of IWs and MWs, electron donor injection, and
groundwater monitoring.

Sixteen additional groundwater wells (BDC-05-09 through BDC-05-24) were installed July 5 through
July 11, 2011. This supplemented 6 existing wells (BDC-05-02 through BDC-05-05, BDC 05 07, and
BDC-05-08) for a total of 22 SWMU-17 wells utilized for the remedial action. Well locations are
presented on Figure 2.

Electron donor solution was injected into 11 wells from August 15-18, 2011. Each of the 11 wells
(BDC-05-02, BDC-05-07, and BDC-05-09 through BDC-05-17) was injected with approximately

5,600 gallons of donor injection fluid, consisting of approximately 5,300 gallons of potable water from
an onsite hydrant, 6 drums (320 gallons) of LactOil™ donor substrate, and 2 Ibs of yeast extract. A
total of 66,800 gallons was injected. LactQil is a combination donor substrate containing both soluble
(fast-release) ethyl lactate and insoluble (slow-release) soybean oil.

Baseline sampling was performed in July 2011, followed by ongoing post-injection sampling which
consists of two semiannual sampling events and two quarterly sampling events each year. Semiannual
sampling events were conducted in May and November each year, beginning with November 2011,
and involved sampling 22 wells. Quarterly sampling events were conducted in February and
August/September each year, beginning with February 2012, and involved sampling 10 wells. Samples
were analyzed for target contaminants and breakdown products (PCE, TCE, cDCE, and VC); non-toxic
end products (ethene and ethane); parameters indicative of aquifer redox conditions (dissolved
oxygen [DO], oxidation-reduction potential [ORP], nitrate, ferrous iron, sulfate, and methane); TOC
and pH indicative of electron donor; and total and dissolved copper and arsenic. In accordance with
the Work Plan, laboratory analysis of methane/ethane/ethene/acetylene (MEEA) was performed at
select wells. Nitrate, which was consistently not detected, was determined to not be useful for
evaluation of aquifer redox conditions at the site, and nitrate analysis was discontinued beginning in
May 2012. MEEA was added to additional wells BDC-05-03, BDC-05-21, and BDC-05-24 beginning with
the May 2013 semiannual sampling event to improve treatment progress evaluation.
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2.2 Summary of Findings

This section briefly summarizes prior findings to provide context for discussion of results from the
current reporting period (Section 4.0). Findings through November 2014 demonstrated substantial
treatment in the first 39 months following donor injection.

Baseline data showed conditions conducive to limited biodegradation of PCE and TCE. The highest
baseline concentrations of PCE and TCE were 39 pg/L (BDC-05-10) and 28 pg/L (BDC-05-15),
respectively. cDCE, the first reductive dechlorination sequential breakdown product, was commonly
detected (ranged 0.2 to 45 pg/L), but VC and end products ethene and ethane were below reporting
limits. Baseline aquifer redox conditions were variable, with more highly reducing conditions (sulfate-
reducing to methanogenic) occurring at source zone wells BDC-05-02 and BDC-05-07 due to prior pilot
testing, and predominantly mild to moderately reducing conditions (nitrate to iron-reducing)
occurring elsewhere in the plume. TOC concentrations were below 10 milligrams per liter (mg/L) at
most wells, which is the threshold generally considered to represent sufficient electron donor to
support substantial reductive dechlorination (Major et al. 2003).

Post-injection monitoring through November 2014 indicated that bioremediation had been
substantially enhanced due to electron donor injection. Monitoring data provided “direct evidence” of
biodegradation of PCE, TCE, and breakdown products at 16 of 22 monitored wells; these wells
consisted of the 11 IWs and 5 downgradient or crossgradient MWs. Bioremediation was substantially
enhanced at the farthest downgradient well (BDC-05-23 at 170 ft downgradient) and up to 30 ft
crossgradient of IWs at monitoring well BDC-05-21. Five additional MWs showed “some evidence” of
enhanced bioremediation consisting of elevated TOC or a change in concentrations of PCE, TCE, or
breakdown products, but not both indicators; “some evidence” of bioremediation occurred at MWs
located up to 48 ft crossgradient (BDC-05-22) of IWs. Only BDC-05-05, which is upgradient of the
injection and not expected to be affected, showed no evidence of enhanced bioremediation. A
summary of more specific findings is as follows:

e TOC: TOC concentrations were enhanced for bioremediation throughout the core of the
contaminant plume and many of the crossgradient and downgradient monitoring wells. TOC
at IWs ranged from 550 to 5,360 mg/L during the November 2011 sampling event conducted
2.5 months after donor injection. As of November 2014 (39 months post-injection), TOC had
decreased substantially at all IWs (7 to 52 mg/L), but remained above baseline concentrations
at all IWs except BDC-05-09. TOC remained above baseline (16 to 40 mg/L) at three (BDC-05-
08, BDC-05-19, BDC-05-20) of the five downgradient and crossgradient wells that have
exhibited “direct evidence” of enhanced bioremediation. TOC increases at wells with “some
evidence” were short-lived and not sustained.

e Redox Conditions: Highly reducing aquifer redox conditions required for complete reductive
dechlorination of PCE, TCE, and breakdown products were achieved throughout the core of
the plume, as indicated by decreasing concentrations of sulfate and increasing concentrations
of methane in all IWs through November 2014. Highly reducing conditions were also achieved
at downgradient and crossgradient wells exhibiting “direct evidence” of enhanced
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bioremediation. At other MWs, redox changes were minor (e.g., decreasing DO, increased
ferrous iron) or short-lived (e.g., a brief decrease in sulfate followed by a rebound to baseline
levels).

e Reductive Dechlorination: Reductive dechlorination was enhanced at all SWMU-17 wells with
the exception of upgradient well BDC-05-05. As of November 2014, PCE and TCE remained
below their proposed CULs (5.3 and 1.4 pg/L, respectively; LAl 2013a) at all wells.
Concentrations of PCE and TCE at BDC-05-10, which had the highest baseline concentration of
PCE and the second highest concentration of TCE, had decreased to less than the reporting
limit (0.2 pg/L), representing a concentration reduction of more than 99 percent. Increases in
one or more breakdown products (cDCE and VC) or end products (ethene and ethane) were
observed at all IWs. After peaking, cDCE concentrations decreased and have remained below
proposed CULs since November 2012. VC concentrations were elevated above proposed CULs
at 12 wells as of November 2014. Complete reductive dechlorination was evidenced by
innocuous end product ethene detected at 15 of 17 wells in November 2014. Evaluation of
results on a molar basis indicated a steady shift from a predominance of chlorinated ethenes
(PCE, TCE, cDCE, and VC) to non-chlorinated end products (ethene and /or ethane) at all wells
that had significant baseline PCE and TCE concentrations.

e Concentrations of arsenic and copper increased at many SWMU-17 wells following the August
2011 injection, consistent with results observed during bioremediation pilot testing. However,
from November 2012 through November 2014, total and dissolved copper concentrations
remained below the proposed CUL of 0.008 mg/L at all 22 wells. As of November 2014, total
and dissolved arsenic remained above the proposed CUL of 0.008 mg/L at 16 of 22 sampled
wells; one less than were above the proposed CUL in November 2013. Solubilization of
reduced arsenic (along with manganese and iron) is a localized and temporary phenomenon
that occurs within the portion of the aquifer that has been artificially reduced through donor
amendment. Once the injected donor has been consumed and natural conditions are re-
established, these metals should return to the less soluble forms that existed prior to donor
amendment (Solutions-EIS 2006, Suthersan et al. 2003) and results.
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4.0 DISCUSSION OF 2015 RESULTS

This section presents discussion and interpretation of data collected during 2015 post-injection
performance monitoring. As of the October 2015 sampling event, all wells were below proposed CULs
for PCE, TCE, and cDCE, while only 2 of 22 wells were above the CUL for VC. Groundwater monitoring
results show that in situ anaerobic bioremediation continues to be enhanced, despite declining TOC
concentrations. Results indicate enhanced aquifer redox conditions and enhanced reductive
dechlorination. Complete reductive dechlorination is occurring, as indicated by detection of end
products ethene and/or ethane, at the majority of IWs and MWs where analyzed. At most wells where
ethene and/or ethane were detected, these innocuous end products have become predominant over
the chlorinated ethenes (i.e., there is more ethene/ethane on a molar basis than PCE, TCE, cDCE, or
VC), demonstrating an ongoing trend away from the toxic parent and breakdown products to non-
toxic end products. October 2015 data was collected 50 months following the August 2011 electron
donor injection.

Monitoring results, including volatile organic compound (VOC) molar fractions, are summarized in a
cumulative data table (Table 1), presented on various figures and appendices, and discussed further in
the following sections. Figures 6 through 14 show VOC concentrations over time at representative
wells: BDC-05-02 and BDC 05 07 (source zone IWs); BDC 05-9, BDC-05-10 and BDC-05-16 (plume IWs);
BDC-05-19 (MWs between IWs in the core of the plume); BDC-05-20 and BDC-05-21 (MWs at
downgradient edge of the plume); and BDC-05-23 (far downgradient monitoring well). Time plots for
molar concentrations of VOCs and breakdown products for the representative wells are presented in
Appendix C. Time plots of redox parameters (methane and sulfate) and TOC for representative wells
are presented in Appendix D.

4.1 Treatment Condition Categories

As described in previous reports (LAl 2013a, 2014, 2016), SWMU-17 wells can be separated into three
categories based on evidence of enhanced conditions for bioremediation. Wells are divided into these
categories based on 2015 data, as described below and as shown on Figure 15.

1. “Direct Evidence:” 16 wells show “direct evidence” of enhanced bioremediation. In order for a
well to be classified as showing “direct evidence” each enhanced bioremediation indicator must
have been demonstrated at the well for a sustained period of time after the injection. These
indicators consist of the following aquifer developments: 1) TOC above baseline, 2) reduced
aquifer redox conditions, and 3) changed concentrations of PCE, TCE, cDCE, VC, and/or
ethene/ethane. The wells that meet these criteria consist of:

e All eleven IWs: BDC-05-02, BDC-05-07, BDC-05-09 through BDC-05-17

e Five MWs:
— BDC-05-08 (24 ft crossgradient of IWs BDC-05-12 and BDC-05-13)
— BDC-05-19 (10 ft downgradient of IW BDC-05-12)
— BDC-05-20 (31 ft downgradient of IW BDC-05-17)

SWMU-17 2015 Annual Report 0025093.116.012
Boeing Developmental Center 4-1 April 14, 2016



Landau Associates

— BDC-05-21 (30 ft crossgradient of IW BDC-05-17)

— BDC-05-23 (farthest downgradient well at 170 ft downgradient of IW
BDC-05-17).

2. “Some Evidence:” Five MWs show “some evidence” of enhanced bioremediation. Evidence at
these wells consist primarily of changes in VOC concentrations without substantial or sustained
changes in TOC compared to baseline; sustained aquifer redox changes have been apparent at
some of these wells. The wells in this category are considered to be on the fringes of the
biotreatment area with VOC concentration reduction resulting from upgradient or nearby
treatment. VOCs were below proposed CULs for the entire reporting period at BDC-05-03,
BDC-05-04, and BDC-05-22. TCE was previously above the CUL at all of following wells, except
BDC-05-04.

e BDC-05-03 (17 ft downgradient of IW BDC-05-11)
e BDC-05-04 (22 ft crossgradient of IW BDC-05-07)
e BDC-05-18 (12 ft crossgradient of IW BDC-05-10)
e BDC-05-22 (48 ft crossgradient of IW BDC-05-17)
e BDC-05-24 (18 ft crossgradient of IW BDC-05-14).

3. No Evidence: The only well showing no evidence of enhanced bioremediation is upgradient MW
BDC-05-05, which is not expected to be affected by donor injection.

Based on this categorization of monitoring results, there is “direct evidence” that bioremediation has
been substantially enhanced at IWs and at MWs located up to 170 ft downgradient (BDC-05-23) and
30 ft crossgradient (BDC-05-21) of IWs. “Some evidence” of bioremediation occurs at all remaining
wells with the exception of the upgradient MW BDC-05-05. The data demonstrates enhanced
bioremediation has been sustained from the 2011 injection through 2015.

4.2 TOC and Redox Conditions

Monitoring results indicate aquifer TOC and redox conditions have been enhanced throughout the
core of the contaminant plume and at many of the crossgradient and downgradient monitoring wells
following the August 2011 injection. These results indicate conditions conducive to continued
enhanced bioremediation of PCE/TCE and breakdown products.

Due to the August 2011 injection, TOC increased from low baseline levels at all IWs to a range of

550 to 5,360 milligrams per liter (mg/L). As of October 2015, TOC has declined to near baseline at the
five eastern IWs near the head of the plume (BDC-05-02, BDC-05-07, BDC-05-09, BDC-05-10,

BDC- 05-11), while it remains greater than 10 mg/L (11 to 32 mg/L) at the six western IWs (BDC-05-12
through BDC-05-17).

TOC at two of the five MWs showing “direct evidence” (BDC-05-19 [29 mg/L], BDC-05-20 [11 mg/L])
remains adequate for continued enhanced bioremediation. However, TOC at BDC-05-08, BDC-05-21
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and BDC-05-23, the other three wells showing “direct evidence,” has fallen to near baseline
concentrations. Historic TOC increases at wells with “some evidence” were short-lived and have not
been sustained.

Highly reducing conditions required for reductive dechlorination persist throughout the core of the
plume, as indicated by generally low concentrations of sulfate and elevated concentrations of
methane in all IWs through October 2015. Highly reducing conditions have also been achieved at all
monitoring wells showing “direct evidence” of enhanced bioremediation (Section 4.1). Highly reducing
conditions also occur at three wells showing “some evidence” (BDC-05-03, BDC-05-04, and BDC-05-22)
of enhanced bioremediation; enhanced redox is indicated by decreases in sulfate and/or increases in
methane. At other downgradient and crossgradient MWs, redox changes have been minor (e.g.,
decreased DO or increased ferrous iron) or short-lived (e.g., a brief decrease in sulfate followed by a
rebound to baseline levels).

4.3 Reductive Dechlorination of VOCs

Enhanced reductive dechlorination following the August 2011 donor injection has resulted in
substantially decreased PCE/TCE concentrations, conversion to intermediary breakdown products
c¢DCE and VC, and conversion to end products ethene and ethane. Reductive dechlorination has
resulted in concentration reduction at all SWMU-17 wells with the exception of upgradient well
BDC-05-05, which is outside the treatment area.

During 2015, PCE remained below the proposed CUL (5.3 pg/L) at all wells, and TCE was below the
proposed CUL (1.4 ug/L) at all wells with one exception (BDC-05-18). At BDC-05-18, TCE increased
above the proposed CUL in April, but declined below it again in July and October. At well BDC-05-10,
which had the highest baseline concentration of PCE and the second highest TCE concentration, PCE
and TCE have remained persistently less than the detection limit from May 2012 through 2015; this
represents a concentration reduction of greater than 99 percent. October 2015 PCE/TCE
concentrations in groundwater are presented on Figure 16 for comparison to baseline PCE/TCE iso-
concentration contours (Figure 3).

Reductive dechlorination has resulted in temporary increases in breakdown products cDCE and VC.
After reaching a maximum concentration of 250 ug/L at well BDC-05-09 in May 2012, cDCE
concentrations have remained below the proposed CUL (134 pg/L) at all wells since November 2012.
The maximum cDCE detection in 2015 was 5.5 pg/L at crossgradient well BDC-05-22 in July. The
maximum concentration of VC was 8.3 pg/L at IW BDC-05-09 in April and 10 wells had VC above the
proposed CUL (2.4 pg/L) during the reporting period. However, VC concentrations were above the
proposed CUL at only 2 wells (BDC-05-16 and BDC-05-21) as of October 2015; a substantial decline
from 12 wells exceeding the proposed CUL in November 2014. Ethene and/or ethane were also
detected at all wells where VC exceeded the proposed CUL during the reporting period, except at
BDC-05-23 where ethene/ethane is not analyzed. November VC concentrations in groundwater are
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presented on Figure 17, with an iso-concentration contour showing wells where VC is greater than the
proposed CUL.

Complete reductive dechlorination is evidenced by widespread occurrence of innocuous end products
ethene and ethane. One or both of these compounds were detected at 16 of the 17 wells where
analyzed in 2015. Neither were detected at BDC-05-18.

The progress of dechlorination can also be evaluated based on the prevalence of parent products,
breakdown products, and end products. Reductive dechlorination progresses sequentially from parent
products PCE and TCE, to breakdown products cDCE and VC, to non-toxic end products ethene and
ethane. This is because bacteria prefer to degrade PCE over TCE, TCE over cDCE, and cDCE over VC
due to more energy being obtained from reduction of the more chlorinated (i.e., more oxidized)
compounds. As a result of this sequential degradation, the concentrations of parent, breakdown, and
end products each peak sequentially as treatment progresses. Given this succession of chlorinated
ethene conversion to innocuous end products, it is expected that there will be a decrease in total
chlorinated ethenes concentrations (micromoles per liter [umoles/L]) over time. Total chlorinated
ethenes is the molar sum of PCE+TCE+cDCE+VC. A decrease in the concentration of total chlorinated
ethenes or a continued low concentration trend, as observed at all SMWU-17 wells, demonstrates the
progression of effective treatment, not just conversion to a less-chlorinated breakdown product (e.g.,
TCE to VC). Decreasing concentrations of total chlorinated ethenes reflects the final conversion step
from VC to non-chlorinated end products ethene and ethane. Total chlorinated ethenes are tabulated
in Table 1 and are shown on time plots for representative wells in Appendix C. Figure 18 presents a
generalized sequence of parent, breakdown, and end products that result from reductive
dechlorination over time, from PCE to ethene/ethane, documenting the progression of dechlorination
at the site over time.

October 2015 data indicate the site is largely ethene/ethane predominant. Ethene/ethane
predominance means that ethene+ethane constitutes a higher percentage of the CVOCs + end
products than do the chlorinated ethenes (PCE, TCE, cDCE, or VC). As of October 2015, ethene/ethane
was predominant at most SWMU-17 wells (14 of 17 where ethene/ethane was analyzed). The 2015
data continues an ongoing trend of most wells exhibiting ethene/ethane predominance since 2013.
The predominant compound is highlighted in Table 1 for each sampling event.

In summary, as of October 2015, PCE, TCE, and cDCE concentrations are below proposed CULs at all 22
wells. VC is below the proposed CUL at 20 of the 22 wells. Detection of ethene and/or ethane at 16 of
the 17 wells where analyzed in 2015 confirms continued complete reductive dechlorination to these
non-toxic end products.

4.4 Copper and Arsenic

Concentrations of copper and arsenic increased at many SWMU-17 wells following the August 2011
injection. These results are consistent with observations during bioremediation pilot testing. Time
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plots for total copper and arsenic are presented for injection wells and monitoring wells in
Appendix E.

Since November 2012, total and dissolved copper concentrations have remained below the proposed
CUL (0.008 mg/L) at every well, except for BDC-05-03, where it was detected at 0.009 mg/L in October
2015, just above the proposed CUL. Total and/or dissolved copper concentrations increased and then
decreased at all IWs and at MWs BDC-05-19 and BDC-05-21 after the August 2011 injection. The
highest total copper detection post-injection was 0.032 mg/L at the core of the plume

(MW BDC-05-19) in May 2012. Copper concentrations also increased during the 2008 pilot test, but
were short-lived, followed by a returning to baseline conditions (LAl 2010b).

As of October 2015, total and dissolved arsenic concentrations remained above the proposed CUL of
0.008 mg/L at 16 of 22 sampled wells, compared to 16 above the CUL in November 2014. The highest
October 2015 concentration was a total arsenic result of 0.053 mg/L at well BDC-05-15. At two of the
16 wells with October 2015 concentrations above the proposed CUL, concentrations have fluctuated
above and below the proposed CUL since the August 2011 injection, while concentrations at the
remaining 14 wells have been consistently above the proposed CUL since injection. Reducing
conditions cause olubilization of naturally occurring arsenic (along with manganese and iron) as a
localized and temporary phenomenon within the portion of the aquifer that has been artificially
reduced through donor amendment. Once the injected donor has been consumed and natural
conditions are re-established, these metals should precipitate as the less soluble forms that existed
prior to donor amendment (Solutions-EIS 2006, Suthersan et al. 2003).
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5.0 PLANNED ACTIONS AND SCHEDULE

Planned actions for 2016 consist of continued quarterly (January and July) and semiannual (April and
October) monitoring events. Aquifer redox conditions remain conducive to continued treatment and
2015 data continues to show complete dechlorination to ethene/ethane. Additional injections of
electron donor are not planned at this time. Monitoring will continue as indicated in the Table 2

monitoring matrix.
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6.0 USE OF REPORT

This annual evaluation report has been prepared for the exclusive use of The Boeing Company for
specific application to the Boeing Developmental Center. No other party is entitled to rely on the
information, conclusions, and recommendations included in this document without the express
written consent of Landau Associates. Further, the reuse of information, conclusions, and
recommendations provided herein for extensions of the project or for any other project, without
review and authorization by Landau Associates, shall be at the user’s sole risk. Landau Associates
warrants that within the limitations of scope, schedule, and budget, our services have been provided
in a manner consistent with that level of care and skill ordinarily exercised by members of the
profession currently practicing in the same locality under similar conditions as this project. We make
no other warranty, either express or implied.
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Analysis Report

2425 New Holland Pike, PO Box 12425, Lancaster, PA 17605-2425 » 717-656-2300 Fax:717-656-2681+ www.lancasterlabs.com

Sample Description: BDC-05-19-151028 Water LL Sample # WW 8113150
Boeing DC:SWMU-17 s-ann LL Group # 1605434

Account # 13419
Project Name: Boeing DC:SWMU-17 s-ann

Collected: 10/28/2015 08:35 by CH The Boeing Company
PO Box 3707 MC 9U4-26
Submitted: 10/30/2015 18:53 Seattle WA 98124

Reported: 11/17/2015 10:45

BDC24
CAT Dilution
. Method
Anal N CAS Numb
No. alysis Name er Result Detection Limit Factor
GC Miscellaneous RSKSOP-175 modified ug/1 ug/1
07105 Acetylene 74-86-2 1.0 U 1.0 1
07105 Ethane 74-84-0 3.3 J 1.0 1
07105 Ethene 74-85-1 1.0 8] 1.0 1
07105 Methane 74-82-8 16,000 E 3.0 1
Trial ID: DL
07105 Acetylene 74-86-2 100 U 100 100
07105 Ethane 74-84-0 100 U 100 100
07105 Ethene 74-85-1 100 8] 100 100
07105 Methane 74-82-8 19,000 300 100
Wet Chemistry EPA 300.0 mg/1 mg/1
00228 Sulfate 14808-79-8 0.30 U 0.30 1

General Sample Comments
State of Washington Lab Certification No. C457

All QC is compliant unless otherwise noted. Please refer to the Quality
Control Summary for overall QC performance data and associated samples.

Laboratory Sample Analysis Record

CAT Analysis Name Method Trial# Batch# Analysis Analyst Dilution

No. Date and Time Factor

07105 AMEE by RSK-175 RSKSOP-175 1 153090019A 11/06/2015 19:03 Christine E Dolman 1
modified

07105 AMEE by RSK-175 RSKSOP-175 2-DL 153090019A 11/09/2015 16:35 Christine E Dolman 100
modified

00228 Sulfate EPA 300.0 1 15306987602B 11/03/2015 05:22 Clinton M Wilson 1
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Analysis Report

2425 New Holland Pike, PO Box 12425, Lancaster, PA 17605-2425 » 717-656-2300 Fax:717-656-2681+ www.lancasterlabs.com

Sample Description:

LL Sample # WW 8113151

BDC-05-19-151028 Total Metals Water
LL Group # 1605434

Boeing DC:SWMU-17 s-ann

Account # 13419
Project Name: Boeing DC:SWMU-17 s-ann
Collected: 10/28/2015 08:35 by CH The Boeing Company
PO Box 3707 MC 9U4-26
Submitted: 10/30/2015 18:53 Seattle WA 98124
Reported: 11/17/2015 10:45
CAT imd Dilution
. Limit of
Anal N CAS Numb
No. alysis Name er Result Quantitation Factor
Metals EPA 200.8 rev 5.4 mg/1 mg/1
06033 Copper 7440-50-8 0.0039 0.0020 1
General Sample Comments
State of Washington Lab Certification No. C457
All QC is compliant unless otherwise noted. Please refer to the Quality
Control Summary for overall QC performance data and associated samples.
Laboratory Sample Analysis Record
CAT Analysis Name Method Trial# Batch# Analysis Analyst Dilution
No. Date and Time Factor
06033 Copper EPA 200.8 rev 5.4 1 153087050002A 11/09/2015 05:35 Choon Y Tian 1
07050 ICP/MS EPA-600 Digest EPA 200.8 rev 5.4 1 153087050002 11/06/2015 09:44 Katlin N Cataldi 1
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Analysis Report

2425 New Holland Pike, PO Box 12425, Lancaster, PA 17605-2425 » 717-656-2300 Fax:717-656-2681+ www.lancasterlabs.com

BDC-05-19-151028 Total Metals Water
Boeing DC:SWMU-17 s-ann

Sample Description:

LL Sample # WW 8113152
LL Group # 1605434

Account # 13419
Project Name: Boeing DC:SWMU-17 s-ann
Collected: 10/28/2015 08:35 by CH The Boeing Company

PO Box 3707 MC 9U4-26
Submitted: 10/30/2015 18:53 Seattle WA 98124
Reported: 11/17/2015 10:45
CAT Dilution
. Method
No. Analysis Name CAS Number Result Detection Limit Factor
Metals EPA 200.8 rev 5.4 mg/1 mg/1
06025 Arsenic 7440-38-2 0.0336 0.00040 1
General Sample Comments
State of Washington Lab Certification No. C457
All QC is compliant unless otherwise noted. Please refer to the Quality
Control Summary for overall QC performance data and associated samples.
Laboratory Sample Analysi