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Mr. Michael Jasinski, Chief ' ' August 29, 2007
NH/RI Superfund Section , o '
Office of Site Remediation and Restoration
U.S. Environmental Protection Agency
New England (Region I)
1 Congress Street (Suite 1100)

-Boston, MA 02114-2023

Re:  Response to Comments from NHDES and EPA on the Annual Monitoring and
Demonstration of Compliance Report for 2006, Somersworth Sanitary Landfill
Superfund Site, Somersworth, New Hampshire

" Dear Mr. Jasinski;

On behalf of the Work Settling Defendants (WSDs) for the Somersworth Sanitary Landfill
Superfund -Site (the “Site””), Geosyntec Consultants (Geosyntec) has reviewed the comments,
received in a letter dated June 13, 2007, from the United States Environmental Protection
Agency (EPA) on the above referenced report and has prepared the following responses to the
comments provided. The original comments are presented below along with our responses to
comments. The responses to comments incorporate additional information on issues followmg
our discussions during the conference call to discuss Comment Letter on August 16, 2007.

General Comments

1. EPA - Thank you for laying out so c/edrly an overall summary of past events and their
rationale, it was very enlightening. :

Response - We will continue to maintain the summary of past events in future reports.

2. EPA - In order to save paper and copying costs, for next deliverables, please send to _
EPA all the Appendices (data) on a CD-ROM. The rest of the report shall be delivered in
" a hard copy as usual. One copy shall suffice for EPA and please note that for NHDES
you need to submit all deliverables following the procedures described in NH DES Waste
Management Division Submittal Guidelines as posted at:
http://des.nh. go_v/orcb/doc/zst/E lectronic_Submittal Guidelines.pdf

Response - We would be happy to provide all of the appendices on CD in the future.
3. EPA - On figures, 2.10c and 2.10d, what is-going on at Wells FS-94 (?) and OB-17U?

Do we have an explanation? If there are exceedances of CEs, what does it mean in terms
_of wall performance? Please discuss this in Section 4.1 (Summary and Conclusions of
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the Groundwater Monitoring Program). Have you considered the high concentrations
observed, being the result of short residence times within the PRB, due to higher than
anticipated GW flow velocities, or less iron thickness than the design criteria? Also,
have you considered the precipitation of carbonate sulfide and hydroxide minerals within
the PRB as performance parameters? Please refer to the EPA document titled “An In

 Situ Permeable Reactive Barrier for the Treatment of Hexavalent Chromium and
Trichloroethylene in Ground Water: Volume 2 Performance Monitoring” (EPA/600/R-
99/095b, September 1999). :

Response - OB-17U is upgradient of the PRB and is sampled to monitor the
- concentration of VOCs in the landfill waste. Data from OB-17U show that the landfill

continues to act as a source of VOCs to groundwater. The concentrations of VOCs

increased significantly in 2001. However, the concentrations- of VOCS in OB-17U
" decline s1gn1ﬁcantly in 2005 and again in 2006. .

FS-9A was installed as a replacement for monitoring well FS-9 which was damaged

. during the construction of the CTW in 2000. FS-9 contained elevated concentrations of
VOCs prior to construction of the CTW and it is believed that the concentrations at FS-
9A likely reflect the prior existing elevated CE concentrations downgradient of the PRB'
(Appendix D Table D.1). As discussed in the report, the concentrations of ¢DCE and VC
at FS-9A in have been declining since 2004. '

It is possible that there is some connection between the elevated concentrations of VOCs
“that wére observed in OB-17U at the landfill and the elevated concentrations observed at
FS-9A in 2004 and 2005. We have considered the potential that the VOCs in FS-9A in
2004 and 2005 may be the result of: 1) short residence times within the PRB, due to
higher than anticipated GW flow velocities; 2) less iron thickness than the design criteria;
" or 3) the potential impacts of operating parameters and precipitation on the performance
of the PRB. We do not believe that any of these factors resulted in the VOCs observed in
FS-9A in 2004 and 2005. We have not observed any changes in water levels that would
indicate higher than anticipated groundwater velocities and we do not have any evidence .
that the PRB contains less iron thickness than the design. We have found no evidehce
that precipitation is occurring to a significant degree within the PRB and in fact a recent
paper by Henderson and Demond (2007) evaluated the potential for performance
problems at 16 ZVI PRBs including the one at Somersworth and concluded that the PRB
at Somersworth was not “at Risk” for performance problems. What ever the cause of the
elevated concentrations in FS-9A, the concentrations are exhibiting a decreasing trend.

4. EPA - Both EPA and NHDES recognize there may be opportunities for cost savings if
changes are made in the sampling frequency and/or methodology (e.g., reducing
sampling frequency from three to two events per year). Please submit a proposal with
any such changes and its rationale, for EPA and NHDES to review. - Please add to this

. proposal one or more statistical analyses identifying seasonal and long-term variations
that could help in optimizing the monitoring of natural attenuation.
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Response - We will evaluate the monitoring data from the Site using the. MAROS
software recommended by EPA during the August 16™, 2007 call as well as the methods
mentioned in comment #4 and evaluate the potential for reduced monitoring at the Site..
We received the MAROS software link from Richard Willey on August 23, 2007.

Specific Comments .

1.

EPA - On page 12, 2nd paragraph, you assert that -based on the PLFA data, biomass in

the CTW has not increased and that it appears to be not significant; please explain the

reasoning behind your conclusion. EPA and NHDES would.like to confirm with you that

this parameter (PLFA) is indeed the most economical and effective way of assessing the

possibility of biofouling at the CTW. Please provide the rationale for your selection,”
including references to alternative methods that were not considered

Response - The PFLA measurement provides a quantitative estimate of the number. of
microbiological cells present in a groundwater sample b¥ measuring the amount of
phospholipid fatty acid. At the time that the SAP was developed for the Site, PLFA was
one of two methods available to evaluate biological communities (the other was to
culture the samples) and was by far the most cost effective method. Additional
information on the PLFA analysis can be found at: <http://www.microbe.com/plfa.htmi>. -

. If excessive biological growth were occurring in the PRB, we would expect to see an

increase in the concentration of cells in the monitoring wells in the PRB. The PFLA
measurements in nine monitoring wells within and in the vicinity of the PRB show either
stable or decreasing concentrations suggesting that the amount of biological activity and
therefore the degree of biofouling is not increasing. A'review of long-term performance

-of ZVI PRBs conducted by Henderson and Demond (2007) also report that, “biofouling

is unlikely at the high pH and low(EH) values often observed in ZVI PRBs.” Given the
stable or declining values for the PF] A measurements and the fact that the pump testing
within the PRB has not shown significant fouling of any kind in the PRB we believe that
the monitoring for this parameter is not necessary in the future and recommend dropping
this analy51s form the monitoring program.

EPA - On page 14, Section 2.2.2, please explain what value or values of mounding are
considered excessive and provzde references. Also, please clarify the purpose of this -
calculation. : " '

Response - At the Denver Federal Facility it was reported (EPA, 1999) that there was ten
feet of mounding of groundwater across a ZVI PRB. Ten feet of mounding was
considered excessive and measures were taken to remedy the situation. While there are
many differences in the configuration of the PRB at the Denver Federal Facility and the
Somersworth Site, the degree of mounding observed at the Somersworth PRB is typically
less that 0.2 feet and is not considered excessive. We are not able to resolve a difference
in head of much more than about 0.05 feet. Excessive heads could result in diversion of
groundwater flow around or beneath the PRB. We also look at: 1).the vertical gradients
which would also be present if groundwater was being forced beneath the PRB by the
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: , (
pres'ence of the PRB; and 2) the overall water table map for the site to see if there is
diversion around the PRB. This other data do not indicate significant diversion of
groundwater beneath or around the PRB. If we were to see the mounding increase
significantly both laterally and vertically on a sustained basis relative to what we
currently see we believe that ﬁthher evaluation would be warranted.

3. EPA - In Appendix D, please mdlcate somewhere that the bold f igures are detectable
levels. "

Response - The following footnote will be added to the Notes section of these tables:
“Bold values indicate the detection of a compound above the method detection limit”.

4. EPA - The scale for figures 2.10b through 2.18d, has not been changed as we previously
~ requested via writtén comments (please see comment #5 from NHDES at the Response to
Comments from NHDES and EPA on the Annual Monitoring and Demonstration of
"Compliance Report for 2005... you submitted to Mr. Michael Jasinski, Chief of NH/RI
Superfund Section, on July 24, 2006).. At the next. report, please make the proper
adjustments so that the graphs are more useful in depicting the changes in concentration
levels. For example, on Figure 2.10c, it is impossible to see how much lower or similar
were the chober 2006 concentrations to the 2001 and 2003 concentrations.

Response The scales on Flgures 2. lOb through 2.18d have been altered from the 2005
version of the Annual Report to allow for three different scales (0 to 300 pg/L, 0 to 800
pg/L and 0 to 2250 pg/L) versus the one scale used in 2005. The fixed scales were used
to aid in the comparison of one graph to another on the figures. However, these figures
will be generated in future with concentration-specific axes.that will reflect the data
plotted.on each individual graph. Although this will make the direct comparison of one
graph to another more difficult it w1ll allow for all data plotted on one graph to be clearly
~displayed. . .

- 5. EPA - On Appendix C, Table C-1, the Total CE concentration entering the CTW (Cinf) is
based on the average total CE concentration for wells up gradient of the CTW, however,
well CTW-50U is not up gradient of the CTW. Please explain why this well was selected,
and whether the selectton of this well poses limitations for flux calculations at Stream
Tube C.

Response - Although CTW-50U is slightly transgradient to the CTW it is believed that it
is representative of some of the water upgradient of Stream Tube C (see Figures 2.6, 2.7
and 2.8 — overburden flow maps). Since the calculation is on the basis of the total
concentration and not an average concentration of CEs, using data from this well w1ll not
adversely affect the calculation. . -

6. EPA - Figure 2.21, Panel ID should read Panel 1D, please make corrections throughout
the figure.
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Response - This will be corrected.

7. EPA - Page 26, Section 2.8.2, Ist paragraph; please explain why' water elevation

measurements were not taken at the C TW-1D transect, during the October 2006 event.
™\

Response - The water elevation measurements were not collected at CTW-1D transect -
due to an oversight by the field crew,

8. EPA On figure 2.22, on the Vertical Gradzent at Panel 1D graph the y-axis should be
" labeled vertical gradzent

Response - ThlS will be corrected on the Figure.

9. EPA - Please c.lariﬁ/ the discussion on Ist paragraph of page 28 and make reference to
the appropriate map or figures. We could not locate HPAIl-deep and HPA2-deep on
figure 2.23.

‘Response — The locations where hydropunch samples, HPA1 and HPA2 were taken are
marked on Figure 2.23 as “A;” and “A;”. We will clarify this in the text of future
reports, C

10. EPA - Pages 29, last sentence, please expand on how well CTW-24U would determine if
elevated concentration in CTW-23U may be the result of problems with this well. Also,
please explain what kind of problems, and when the evaluation of the CTW performance

* at this location, would be considered complete.

Response — We have expanded on the text on page 29 to 30 as follows. It is possible
that the shallow monitoring well on the downgradient side of the CTW (or PRB)at the
CTW-20 transect (CTW-23U) does not contain groundwater representative of water that
has passed through the CTW. The well is located in very close proximity to the PRB and
may- actually be located partially within the PRB (not downgradient of the PRB) and the
well may be installed at an angle such that the water collected in the well screen is
actually coming from further upgradient within the PRB than intended. A new
monitoring well (CTW-24U) was installed along the CTW-20 transect further
downgradient of the CTW than CTW-23U to determine if elevated. concentrations in
CTW-23U may be the result of problems with this well. The well is located far enough
downgradient of the PRB that we are confident that the water in the well is from
downgradient of the PRB. The concentrations of cDCE and VC in CTW-23U and CTW-
24U have not been significantly elevated for the past two years and the performance of
the CTW at this location has not been an issue.” Unless we observe an increase in
concentrations of VOCs in these wells and, therefore, an issue with the performance of
the PRB at this location, we consider the evaluation complete.

11. EPA -~ P. 36, objective 8, ifﬁ{ater at CTW-23U is not representative: of Water passing
through the CTW, where is it coming from? Please expand/clarify. -
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12.

13.

Response — see additional text under specific comment.#10..

EPA - P. 37, Section 5 (Recommendatzons) objective 14, p/ease define Smgle well-tests
and clarify the frequency of their testing. ’

“Response — The “‘single-well tests” are conducted to assess potential changes .in. the

permeability of the PRB media that may be caused by inorganic or biological fouling in
the PRB media. The tests involve pumping groundwater at different flow rates from'a
single well located within the PRB and monitoring the changes in water level in other
nearby monitoring wells within and outside the PRB. In the past, the tests have been
conducted in one monitoring well at each of three monitoring transects. These tests were
conducted on an annual basis but the results show no significant changes in the
permeability over time and we are recommending that these tests be conducted every
second year rather than on an annual basis. We conducted the “single-well tests” in 2006
but have not yet conducted the tests in 2007. :

EPA — Volume Two of Two cover pdge has 2005 instead of 2006.

Response — We will correct this typographical error in our next report. )

We trust that these responses-address your comments. If you have any further questlons please
do not hesitate to call me at (519) 822-2230.

Sincerely,

Suzanne O’Hara, M.Sc. Thomas A. Krug, M.Sc., P.Eng.

Project Manager ’/. ' Associate
Encl: Henderson and Demond (2007)

CC:

Excerpt from EPA 542-R-99-002. Field Apphcatlons of In Situ Remediation
Technologies: Permeable Reactive Barriers . ¢

Gerardo Millan-Ramos, US EPA
Richard Willey, USEPA

Andrew Hoffman, NHDES

Norm Leclere, City of Somersworth

Robert Belmore, City of Somersworth
Edward Jamison, General Electric Company
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Review

Long Term Performance of Zero- Valent Iron Permeable
Reactlve Barriers: A Critical Review

Andrew D. Henderson® and Avery H. Demond
. J

Department of Civil and Environmental Engineering
The University of Michigan
Ann Arbor, M1 48109-2125

_A‘BSTRACT

Permeable reactive barriers (PRBs) have shown great promise as an alternative to pump and treat for the
1emedlat|on of groundwater containing a wide array of contaminants including organics, metals, and ra-
dionuclides. Analyses to date have focused on individual case studles, rather than considering broad per-
formance issues. In response to this need, this study analyzed data from field installations of in situ zero-
valent iron (ZVI) PRBs to determine what parameters contribute to PRB failure. Although emphasis has
been placed on losses of reactivity and permeability, imperfect hydraulic characterization 'was the most
common cause of the few PRB failures reported in the literature. Graphical and statistical analyses sug-
_gested that internal Ey, influent pH, and influent concentrations of alkalinity, NO3; ™ and CI~ are likely to
be the strongest predictors of PRBs that could be at risk for diminished performance. Parameters often
cited in the literature such as saturation indices. dissolved oxygen, and total dissolved solids did not seem
to have much predictive capability. Because of the relationship between the predictive parameters and
corrosion inhibition, it appears that reactivity of the ZVI, rather than the reduction in permeability, is more
likely the factor that limits PRB longevity in the field. Due to the sparseness of field monitoring of pa-
rameters such as Ey, the data available for these analyses were limited. Consequently, these results need
to be c_orroborated as additional measurements become available.

Key words: permeable reactive barrier; groundwater remcdlatlon performance; leactmty precnpltates
failure .

INTRODUCTION

T. RADITIONAL GROUNDWATER REMEDIATION METHODS
such as pump and treat are ol questionable utility: a
1994 study found that 69 of 77 treatment sites using pump

and treat had not met cleanup goals (National Research

Council, 1994). Permeable reactive barriers (PRBs) are
a promising remediation option involving the emplace-
ment of a hydraulically permeable reactive medium -
downgradient of a plume of contaminated groundwater.

As the water flows through it under the natural hydraulic
gradicent, the reactive medium degrades or traps the con-

*Corrcsponding author: Department of Civil and Environmental Engincering, The University of Michigan, 1351 Beal Avenue,
Ann Arbor, MI 48109-2125. Phone: 734-615-5903: Fax: 734-763-2275; E-mnail: henderad @umich.edu
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ta_rhinunts'. Becuuse PRBs offer the possibility of (1) in
situ plume capture and treatment, obviating the need to

. manage large volumes of water containing low concen-

_trations of contaminants and the waste generated from
the treatment of such water (Blowes er al., 1999); (2) the
simultancous treatment of multiple types of contaminants
such as meltals, organics, and radionuclides; and (3) Jow
operation and maintenance costs (Powell er al., 1998),
.they are an alternative remediation technology that has
received considerable attention as of late (EPA, 2002:
Tratnyek, 2002).

PRBs are a IC]dlIVC]y new lc,chnolo;,y, the oldest ful]-..

scale PRB has been in operation for just over a decade.

Original work using reduced metals for the treatment of

chlorinated organics built on studies of the corrosive ef-
fects of chemicals on metals (e.g., Rhodes and Carty,
1925). More recent work began in the 1970s (Sweeny
and Fischer, 1972, 1973; Sweeny, 1981a, 1981b) and
continued through the 1980s (Senzaki and Kumagai,
1988, 1989; Senzaki, 1991), culminating in a pilot-scale
PRB instaliecd in 1991 at the Borden, Ontario sitc
-(Reynolds ¢r al.. 1990: Gillham and O’Hannesin, 1992;
O’Hannesin, 1993; Gavaskar er al., 1997; Morrison et al.,
2002d). and a full-scale PRB installed in 1995 at the In-
tersil Site in Sunnyvale, CA (Warmer et al., 2005). Al-
though the Borden PRB did not achieve its removal tar-
gets, it was felt that increaéing the reactive media to sand
ratio (installed as 20:80)' would have resulted in complete
removal of contaminants’ (O’Hannesin and Gillham,
1998). The Intersil PRB.. on the other hand, used pure
ZV1in the reactive zone and was still meeting its cleanup
goals as of 2004 (Sorel er al., 2003; Warner er al., 2005).

With the initial success of PRBs, their use has become
more widespread. PRBs have been installed to treat or-
ganics, heavy metals, radionuclides, and nutrients
(RTDF, 2001), with ncarly 50% treating organic contam-

Table 1. Factors postulated to control PRB ]oﬁgevily.

HENDERSON AND DEMOND

inants and nearly 20% treating metals as of 2002 (EPA.
2002). The reactive medium may consist of ZVI, cast
iron, steel wool, amorphous ferric oxide, phosphate, ze-
olite. activated carbon, or_limestone; among others (see
Scherer et al; 2000); however, of the over 200 PRBs
worldwide as of -2004, 120 are iron based (90 ‘in the
United States) (ITRC, 2005).

Despite the numerous instaliations, PRBs are still con-
sidered an experimental technology (Warner and Sorel,
2003), perhaps becausc their long-term performance is
not wc.]l understood. As Wilkin and Puls (2003) point

out, ﬂcw case studies are available that evaluate the
long -term performance of these in-situ systems, espe-
cially with respect to the long-term efficiency of conta-
minant removal, the buildup of mineral precipitates, and
the buildup of microbial biomass.” With the lack ol com-
prehensive retrospective studics, there is disagreement
about what factors control PRB longevity, defined as the
length of time that a PRB continues to treat groundwa-
ter to design levels. Some have argued that PRB longevity
is controlled by loss of reactivity (e.g.. Roberts er al.,

.2002; Vikesland et al., 2003), whereas others assert that

reduction in permeability is more important (e.g..-Phillips
et al., 2000; Liang et al., 2003) (Table 1). Depending on
assumptions about controlling factors, estimates of PRB
longevity can vary by an order of magnitude (e.g.. 10 to
117 years for Monticello, UT), as shown in Table 2.
Another impediment to accurate longevity estimation
is the difficulty of comparing laboratory.column studies
with ficld installations. Laboratory columns are generally -
aerobic, conlined systems, whereas field PRBs are anoxic
and unconflined. Studies utilizing high contaminant con-
centrations may not adequately represent ]ong-tehn, low
contaminant fluxes (Melitas et al., 2002). Short-term col-
umn studies with high flow rates—intended to speed the
aging of the reactive media and mimic long time scales—

Factor

Reference

Loss of media reactivity caused by high TDS and high flow ratcs.

Loss of porosity—concentrated at influent interface.

Competition for rcactive sites, loss of reactive sites (due- to corrosion or fouling), or

* ESTCP. 2003
Liang er al., 2003
Wilkin and Puls, 2003

precipitation and loss of permeability resulting from high carbonate, high mlrale high DOC

.and high TDS.

Loss of reactivity duc to iron corrosion resulting from high influent concentrations of i inorganic

specics such as bicarbonate, sulfate,.or nitrate.

Loss of media reactivity and decreases in hydraulic residence time.
Clogging due to precipitation resulting from high DO, carbonates, or sulfates.

Clogging due to precipilation resulting from high DO.

Gu ef al.. 1999, 2002
Roberts et al... 2002
Korte, 2001
Gavaskar, 1999;

Mackenzie et al., 1999

DO, dissolved oxygen; DOC , dissolved organic curbbn; TDS, rpla]_dissdlvcd solids.
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Site Estimate Buasis of estimate Contaminant Ref.
Elizabeth City, NC 20 years Oxidation of ZVI by all species in Cr; TCE Blowes et al., 2000
groundwater, bascd on laboratory -

studies. .
750 years  Oxidation of all ZVI by Cr(VI) only
(theoretical).
Monticello, UT 10 years Precipitation of calcite and resultant pbrc U; Mn; Mo:; NO3™;  Morrison ef al., 2002a
. “blockage. bascd on Ca2* mass balance. As; Se; V
36 years Passivation of iron surfaces (cstimated
: by 35% loss of “reactivity efficiency™
measured in PRB during first 7 months
of opcration).
117 years  Dissolution of ZVI, based on-cffluent
Fe®* measured in column tests.
Y-12 Plant _>llS years  Visual inspection of corrosion of ZVI. U; NOa~ Phillips .et al.. 2000

(Pathway 2).
Oak Ridge, TN

may not be rcprcécntative of true media aging (Gu et al.,
1999: Farrell et al., 2000; Sarr, 2001; Roberts ¢t al., 2002,
Kamolpornwijit er al., 2003). Many laboratory studies

have used feed water that is not representative of natural .

systems (Liang er al., 2000; Roberts ef al., 2002) and the
usc of different buffering agents is problematic, as some
agents have been shown to alter iron corrosion rates (Uh-
lig and Revie, 1985; O’Hannesin and Gillham. 1998).
Thus, assessments of PRB longevity based on laboratory
studies (e.g.. Liang er al., 1997; Mackenzie ef al.. 1999,
Simon et al., 2001; Morrison et al., 2002b; Kamolporn-
wijit et al.. 2003; Johnson er al., 2005) may not be ap-
plicable to in situ PRBs. '

Because of these uncertainties, there have been fre-
quent calls in the literature for more comprehensive re-
porting and analysis of field data (e.g., Scherer er al,,
2000: Lianger al., 2001; Yabusaki et al.. 2001; Morri-
“son et al., 2002¢; Powell and Powell. 2002; Roberts ef
al., 2002; Phillips er al., 2003; Devlin and Allin, 2005).
The collections of PRB performance data that do exist,
such as the Remediation Technologies Development Fo-

rum (RTDF) Web site (RTDF, 2001), do not necessarily

collect uniform data, nor do they look broadly at trends.
On the other hand, there are efforts to develop predictive

models for declines in PRB performance (Liang et al.,”

2001;.Li and Benson, 2005), and to determine the geo-
chemical parameters that adversely affect PRB perfor-
mance (Wilkin and Puls. 2003); yet these studies have
not been substantiated by an analysis of field data. In or-
der to cstablish PRBs as an accepted technology, it is nec-
essary to review PRB performance to date, with a focus
on clucidating the. factors that contribute to longevity in
the ficld.

. BACKGROUND

PRB configuration

PRBs have lraditionally been cmplaced via excavation
and backfilling- with reactive media (Gavaskar, 1999),

‘with typical dimensions being 2 to 50 m long (transverse

o flow). <1 to 5 m wide (parallel to {low), and <1 to
10 m deep (RTDF, 2001). The backlilled reactive media
may be mixed with nonreactive media. such as sand.
Some researchers report that this mixing does not affect
removal of contaminants (e.g.. Kjeldsen and Locht.
2000), others assert that it does alfcct removal (e.g., Liang
et al., 2000; D’ Andrea ef al., 2005), whereas still others
state that mixing is useful since using larger grained me-
dia can decrease the hydraulic impact of precipitates (Fu-
rukawa er al., 2002). -

PRBs may also make use of a pretreatment zone (PTZ),
which is placed immediately upgradient of the main body
ol-a PRB and contains a mixture of reactive media-and
gravel or sand. The high porosity of a PTZ allows for pre-
cipitalc formation without undue permeability reduction,
and can reduce potential clogging at the upgradient face
ol the main bod& of a PRB (Dwyer. 2000; Sarr, 2001).
While a true PTZ should contain reactive media, some up-
gradient zones consist of pure sand or gravel. With a higher
hydraulic conductivity—especially in the vertical direc-
tion—than the native aquifer material, these zones are in-
tended for improved hydraulic distribution of the contam-
inated groundwaler over the face of the PRB. However,
these zones have somcetimes been observed to degrade con-
taminants (e.g., at the Denver Federal Center, CO, and In-
tersil, CA, PRBs). possibly due to the inadvertent mixing
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of reactive media into the upgradient nonreactive zonc dur-
ing installation (Blowes et af., 1999; RTDF, 2001).

PRBs may also be constructed ex sifu, such as at the
Portsmouth Groundwater Treatment Facility (Piketon,
OR) (Korte ef al., 1997b) or the Uranium Mill Tailings
Remedial Action (UMTRA) Site (Durango, CO) (Morri-
son et al., 2002¢). At these sites, groundwater is passively
collected in gravel-filled trenches and then dirccted
through containers filled with reactive media located be-
low the hydraulic grade line. With the absence of pump-
ing and the frequent use of ZVI, these ex situ systems are
conceptually similar to in situ PRBs, though their pcr-
formance may differ significantly.

PRB geochemistry

:

ZVI, the reactive medium selected predominantly for-

PRBs, treats contaminated groundwater through a com-
- bination of redox processes (some of which may be bio-
logically mediated, such as the reduction of sulfate), pre-
cipitation reactions, and sorption. The specific reactions
depend on the contaminant(s) and the constituents.in the
native groundwater, but in the case of both chlorinated
organics and heavy melals, the chemical reaction is sur-
face-mediated and réquircs contact between a reactive
surface site and the contaminant (Weber, 1996).

Chlorinated organics are removed via the coupling of
the oxidation of ZVI with the reductive dechlorination of
the organic, RCI (Powell er al.. 1998):

Fe® + RCl + H* = Fe** + RH + CI~ (N

- Possible removal mechanisms for metals are surface ad-
sorption via electrostatic attraction, surface complexation
(Scherer er al., 2000), or (co)precipitation, which may be
coupled to redox reactions for redox-active species (Lien
and Wilkin. 2005, and references therein). Equations (2)
and (3) show the reduction of chromium to a more in-
soluble form and the precipitation ol a mixed Fe/Cr solid
(Powell et al., 1998):

Cr042_

+ %Fc"(s) +4 H,0 = Cr?t + %Fc2+ +8 OH™ (2)

(I — x) Fe** + (x) Cr** + 2 H,0

= Fe(—nCr,OOH(s) + 3 H*  (3)

Ficld data indicate that chromium removed ‘in PRBs is
indeed in the trivalent state, although the solids into
which it is incorporated are not limited to iron (oxy)hy-
droxides, as shown above (Wilkin ez al., 2005).

In addition to the contaminants, water itself and the

‘constituents in the native groundwater interact with the

“dox couples’[e.g.. Fe2*
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reactive media. Indeed. the contaminant of interest is usu-
ally not the controlling oxidizer ol the reactive media
(Gillham and O’Hannesin, 1994), as other species arc

‘present in greater stoichiometric abundance. For exam-
" ple. the reduction of sulfate was estimated to consume

50 times more ZVI than the reduction of Cr(VI) in the
USCG PRB (Elizabeth City. NC) (Mayer, 1999).

ZV1may be oxidized by water. increasing pH, and pro-
ducing hydrogen gas:

Fe¥(s) + 2 H,0 = Fe?* + Hq( ) +20H™  (4)

If dissolved oxygen is present, ZVI may be oxidized to -
ferrous or ferric iron, with a concomitant rise in pH:

2 Fel(s) + O, + 2.H,0 = 2 Fe** + 4 OH™  (5)

The anacerobic oxidation ol ZVI may also proceed abiot-
ically through the reduction of nitrate to ammonia or ni-
trogen (Kiclemoes er al., 2000). or via the biologically
mediated reduction of sulfate to sulfide (Al -Agha et al.,
1995). : .

* With the emplacement of ZVI in an aquifer, an excess

“of electrons is introduced into the system; as the oxida- .

tion of ZVI proceeds, these clectrons become available.
Indeed, a dramatic reduction in the reduction-oxidation
potential, or Ey, is known to accompany the oxidation of
iron and has been observed in most PRBs (Powel ¢r al.,
1998). Wilkin and Puls (2003) showed that for iron re-,
with Fc(OH)a(s)], an increase in
pH is accompanied by a decrease in £4. In this reducing,
alkaline environment, precipitation of solids from native
groundwater constiluents is favored, leading to the loss
of p(,rmcablhly and the pO\\lblC passivation of the reac-
uve medm

‘PRB precipitate mineralogy

A variety of precipitation products have been identi-
fied in field PRBs: iron (hydrjoxides, iron and calcium

-carbonates, iron sulfides, and green rusts (c.g., Liang et

al., 2003; Jambor et al., 2005). These precipitates dom-
inate any solids formed with the contaminant. For ex-
ample, at the UMTRA site (Durango, CO). uranium made
up-only 0.2% (by weight) of the precipitates (Matheson
et al.. 2002) and solid-phase uranium was below the de-

" tection limit at the Y-12 site (Oak Ridge, TN), although
2000).

it was being removed in the barrier (Phillips ér al.,
The exact composition of the solids is dilficult to pin-
point, since the metastable nature of the iron species com-
promises the analysis. For ZV1 under field conditions,
Fe(OH)» is usually one of the first precipitates formed
(Farrell er al., 2000); this precipitate may be oxidized to
the clectrically conductive species magnetite, or 10 reac-
tive, yet metastable, green rusts (Melilas er al., 2002; Rit-
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ter et al., 2002; Phillips et al., 2003; Su and Puls, 2004).
Continued oxidation may produce poorly crystalline fer-
ric oxyhydroxides such as ferrihydrite, which may age to
more crystalline forms, such as goethite (a-FeOOH) and
lepidocrocite (v-FeOOH) (Abdelmoula er al., 1996).
Each of these mineral species will have different in-
teractions with contaminants. and may enhance, reduce.,

or alter the reaction mechanism (e.g., ferrihydritc may -
" sorb rather than degrade some organics) (Furukawaer al.,

2002). Of particular concern are the carbonate and iron
(hydr)oxide solids that may form. First, these solids have

been observed to dominate precipitates in many PRBs.

“(Gillham. 1999). Second, carbonate solids (Kdber et al.,
2002; Roberts ef al., 2002; Klausen et al., 2003; Devlin
and Allin, 2005) and iron (hydr)oxides (Ritler et al.,
2002) have been shown to passivate iron surfaces. '

‘Even clectrically conductive layers, such as magnetite,
may passivate the reactive media if they inhibit the move-

ment of Fe2* to solution (Farrell et al., 2000). Reactiv-’

ity of surface layers is a function of morphology, distri-
bution. and type of precipitates. For example, the
“incoherent and porous” surlace of (hydrjoxide solids of-
ten allows for continued reaction (Tratnyck, 1996),
though (hydf)oxide surfaces tend to inhibit corrosion
(Johnson et al., 1998). The distribution of precipitates
also controls reactivity, as precipitates may occur on non-
reactive sites with little passivating effect (Deng et al.,
2003).

-

Corrosion and media aging

Corrosion dircctly or indirectly drives contaminant
treatment. Equations (1) and (2) are examples of the di-
rect coupling of contaminants to the corrosion process,
while the sorption of metals to (oxy)hydroxides relics on
corrosion to produce these solids. Because melals may
be immobilized through surface complexation reactions

without redox changes. changes in corrosion rates due (o,
" for example, the buildup of passivating layers, will affect
removal of metals and organics differently (Devlin and
Allin, 2005). '

In general, higher concentrations of anions tend (o in-
‘crease corrosion (Liang er al., 2003; Devlin and Allin;
2005) and thus iron reactivity. but this is not always the
casc. Chloride and sulfate have been found to increase
iron corrosion and destabilize passivating films (Johnson
et al., 1998; Devlin and Allin, 2005). Nitrate has been
shown to inhibit corrosion (Farrell er al., 2000; Schlicker

et al., 2000, D’Andrea et al., 2005; Devlin and Allin.

2005). as well as nullify the corrosion-promoting effects
ol chloride (Klausen et al., 2001). Sulfate, along with
phosphate, molybdate. chromate, and silicate have been
shown to inhibit arsenic removal by ZVI (Lackovic et al.,
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"2000;.Su and Puls, 2001; Melitas et al., 2002), anc.l'sili-

cate has also been shown to inhibit the degradation of

"TCE (Klausen et al., 2001; D’Andrea et al., 2005). Car-

bonate can temporarily increase the corrosion of ZVI, al-
though carbonate solids passivate the reactive surface

~ (Wieckowski er al., 1983; Gu er al.. 1999: Kober et al.,

2002, Klausen er al., 2003; Devlin and Allin, 2005).

Since contaminant removal depends on corrosion and
the degree of corrosion is time-dependent, time-varying
reaction rates for organic contaminants are’ commonly
noted in batch and column studies, (e.g., Gillham and
O’Hannesin, 1994; Agrawal and Tratnyek, 1996; Devlin
eral., 1998; Klausen er al., 2003). In column studies. Far-
rell er al. (2000) reported that, in chloride and sulfate so-
lutions, the half-life for trichloroethylene increased from
6.7 10 42 h after 667 days, whereas, in a nitrate solution,
the half-life increased from 25 to 58 h over the same time
{rame. The removal of metals. however, tends to be fast
and not as strongly dependent on time. For example.
Kober and coworkers noted a temporal decline in reac-
tivity towards 1,2-dichloroethylene, but no change in re-
activily towards. arsenic (Kober er al., 2005). Although
rccent work in the taboratory has begun to elucidate re-
action mechanisms and kinetics, largely for organic con-
taminants, the kinetics of reactions in ficld conditions are
not well characterized, due to the complexity of the sys-
tem and the cost- of monitoring. Therefore, it is difficult
to accurately judge the degree of impuct of media aging
on treatment efficiency in the [ield.

PRB faillure modes

To determine what factors influence PRB longevity in
the ficld, performance data for PRBs were compiled and

‘analyzed. Although there are over 200 PRBs operating,

there was sufficient specific public information on field
operating conditions and performance issues for only
about 40. Utilizing this limited data base. three classes
of possible failure modes of PRBs were delineated: loss
of reactivity, adverse hydraulic changes. and design

‘flaws. Each class may be subdivided, as presented graph-
dcally in Fig. 1. Although the emphasis in the literature

has been placed on loss of reactivity and adverse hy-
draulic changes, it is design flaws that has been the most
common cause of PRB failure (Warner and Sorel,; 2003)
and continues to be one of the main challenges to suc-
cessful PRB implementation (ESTCP, 2003). Failure of
in situ PRBs due 1o other modes appears to be rare. The
only in situ PRBs that have reported operational failures
that are not solely due to design flaws (e.g., inadequate’

hydraulic characterization) are at Monticello (UT) the -
Copenhagen' Freight Yard (Denmark), and Haardkrom
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Figure 1. Fault tree showing events that éon_tribule o PRB failure. Primary events (shown in diumonds) are combined with log-
ical gates to creute fault events (shown in rectangles) (McCormick, 1981).

(Denmark). The Monticello site experienced a hydraulic
conductivity loss of three orders of magnitude (Mushovic
et al., 2006). The Copenhagen Freight Yard reported loss
of permeability due to precipitation of hydroxides and
carbonates but also suffered from incomplete plume cap-
ture due to poor hydraulic characterization (Kiilerich er

al., 2000; RTDF, 2001). The Haardkrom site’s problems,

however, are attributed to “exhaustion of iron-chromate
removal capacity” with little more specific detail given
(Kjeldsen and Fulgsang, 2000). Ex situ PRBs, on the
other hand, tend to clog and fail with regularity: every
site where ex situ reaction cells were installed has expe-

rienced clogging and-failurc of at least one of those cells
[Hill AFB (UT), Portsmouth (Piketon, OR), UMTRA

(Durango, CO), and Y-12 Pathway 1 [(Oak Ridge, TN)]
(Shoemaker ef al., 1995; Liang et al.. 1997; Ott, 2000;
Morrison er al.. 2002b). with the exception of the-ex situ
PRB at Rocky Flats (Golden, CO) at which the crust
forming on the reactive media was periodically broken
up (Korte, 2001; RTDF, 2001).

Precipitation may also cause PRB failure by decreas-

ing hydraulic residence times, leading o less effective

treatment (Sass ef al., 1998). In some cases, hydraulic

short circuiting may occur, as preferential {Tow paths have
developed in some column studies, (Kamolpomwijit et
al., 2003; Su and Puls, 2003). and some evidence exists |
for their occurrence in the lield (Liang ¢t al., 2003). How-
cver, no,_performance changes have yet been attributed to
reduced residence time. Some sites did not reach treat-
ment goals (e.g., Borden, Ontario), and sometimes in-
complete degradation occurred (e.g.. CSM, Australia),

“but these problems were design flaws (i.c., present at in-

stallation) and were not due to porosity reduction.
Adverse hydraulic changes may also be caused by gas

formation or biomass accumulation. According to Equa-,

tion (4). hydrogen gas may be produced and the produc-

* tion of other gases is possible; for example, methane was

reported at the in siru PRB at Copenhagen Freight Yard
(Denmark) (Kiilerich ef af., 2000) and at the ex situ cell
C at the UMTRA site (Durango, CO) (Morrison er al..
2002c), présumably from the activity of mcthanogenic

. bacteria. Ex situ PRBs and laboratory studies, which are.

confined systems, frequently report plugging due to gas
production e.g., Portsmouth (OR) and UMTRA (Du-.

- rango. CO)].(Korte er al., 1997a; Mackenzic et al., 1999;

Morrison et al.. 2002b). However, none of the in situ
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PRBs report porosity reduction. duc to gas production,
suggesting that any gas that is formed is able 10 migrale
out of the barricr. Similarly, biomass-related hydraulic

changés have been observed in some laboratory studies
(e.g., Taylor et al., 1990; Vandevivere and Baveye. 1992)

but do not seem to be an issue in the field. Microbial
growth was minimal at Intersil (Sunnyvale, CA), Moffeut

Ficld (Mountain View. CA), Industrial Site (NY), Lowry .

AFB (CO), and Somersworth (NH) (Gu er al., 1999), and
although observed at locations like USCG (Elizabeth
City, NC) and Denver Federal Center (CO), it did not im-
pact performance, perhaps because biofouling is unlikely
at the high pH and low £y values often observed in ZVI
PRBs (Liang ef al., 2000).

OBJECTIVES

. J

Since few in situ PRBs have failed due (o other than
design flaws, it is difficult to determine factors control-
ling longevily by looking at failure rates. Rather, the ex-
isting information must be analyzed for factors that place
-a PRB *“at risk,” delined as an increased likelihood of
compromised performance. based on reports of a de-
crease in permeability or in contaminant removal. In ZVI
PRBs, high concentrations of dissolved solids, dissolved
oxygen, carbonate, nitrate. and/or sulfate are expected to
- Tavor imedia corrosion and solids precipitation. This ten-
dency would be exacerbated at high pH or low Ep. For
example, to quantily the. likelihood of precipitation,
Liang er al., (2003) argued that the saturation indices (S1)
for calcite and iron (oxyhydr)oxides, defined as the dil-
ference between the actual pH and the pH at which so-
lution ions would be in equilibrium with a solid phase
(SI = pHycar — PHequitiv) (Kober ¢ al., 2002), may be
a suitable parameter for predicting clogging, and thus re-
- duced longevity. Using this approach, scvere clogging
over a 10-year period was predicted at the Monticello

(UT) PRB, and, indeed, this PRB experiecnced a hydruulic '

conductivity loss of threc orders of magnitude four years
after installation (Mushovic er al., 2000).
" The objective of this research is to analyze the geo-
chemical and performance data from existing in situ ZV1
PRBs und determire whether certain geochemical - pa-
rameters can indeed indicate a potential for reduced PRB
longevity. In particular, three categorics-of parameters
were considered: (1) master variables like pH and Ey,. (2)
parameters related to the quantity of precipitation [these
precipitation parameters include total dissolved solids,
dissolved oxygen and the concentrations. mass fluxes and
cumulative fluxes of individual solutes (e.g., COs>7.
Ca®™), and saturation indices]: and (3) parameters relat-
ing to rcactivity promotion or inhibition (c.g., anions like

~

407

NO;™ and CI7). It is recognized that these categories of
parameters arc not mutually exclusive: pH affects car-
bonate speciation, carbonate affects iron reactivity, etc.

METHODS

Because of the limited comprehensive geochemical
data availablc in the literature, the quantitative analysis
was. of necessity, confined to 16 ZVI in situ field PRBs
treating organics and/or metals for which extensive in-
formation was available (Table 3). Ex situ barriers were
not included in the analysis, for they clearly operate un-
der different conditions than in situ barricrs, rendering
them more prone to failure. Based on information pro-
vided in the literature and geochemical principles, 37 pa-
rameters were selected for consideration (Tables 4 and -
5). Frequently. ranges of values. or values from several |
sampling events, or values [rom different monitoring
wells were reported lor a given parameler at a particular
PRB. To distill this information to a single data point for
the analysis, an arithmetic mean was used for all param-
eters except hydraulic conductivity, hydraulic gradient,
and flow rate. Reported values of these parameters fre-

"~ quently ranged over scveral orders of magnitude, so a

geomelric mean ‘was used. In some cases, geochemical
parameters such as total dissolved solids and alkalinity
were not reported and were calculated from the available
information. Sites were assigned a 0 or | indicating fail-
ure, or 0 or | indicating at risk if a loss in permeability,
a loss in reactivity, or some other indication of compro-
mised performance was reported. The collated data are
presented in Table 4 and the calculated parameters in
Table 5..

Both graphical and statistical analyses were conducted
to determinc which geochemical paramcters are corre-
lated with potential decreased longevity. As a first cut, -
the data wére plotted to give a rough indication as to
whether the particular parameter had any relation to clas-
sifying PRBs as at risk. Statistical analyses included an
assessment for collinearity, univariate and multivariate
logistic regression, and maximization of odds ratios, The

“ degree of lincar correlation for all parameter combina-

tions was calculated using the SPSS statistical software
package (SPSS Inc., Chicago. IL). The sample correla-
tion coefficient, also know as Pearson’s correlation. is

defined as (Myers, 1990):

' Sy, ' ;

r= e 6

S.TA'S)'_)' . - ( )

where S is the residual sum of squares (cither for the in-
teraction of 2 variables or each variable singly). Vari-
ables found to be correlated at the 95% confidence level
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Table 3. Summary of PRBs analyzed.

Name and location

Contaninants

Performance notes

Reference

Beka Site; Tubingen,
Germany

Canadian Forces Base. - .

Borden; Borden. *
Ontario

Chlorinated Solvent ~

Manufacturing; Sydney.

Australia

Copenhagen Freight Yard;

Copenhagen, Denmark

Denver Federal Center;
Denver (Lakewood),
" CO

Dover Air Force Base,
Area 5; Dovér, DE

Haurdkrom Site: Kolding,
Denmark

Industrial Facility:
Upstate New York

Intersil Semiconductor
Site; Sunnyvale. CA

TCE; ¢DCE; VC

TCE: PCE

' PCE; CTC

TCE; ¢DCE;
(DCE; VC

TCE: ¢cDCE;
1,1-DCA;
1,1.1-TCA;
1,1-DCE

' PCE: TCE: DCE

TCE,; ¢DCE; VC

TCE; ¢cDCE; VC

Despi|e the precipitation of calcium, iron, and magnesium carbonates, no changes in hydraulics
were observed. ) e

Lower contaminant concentrations could have been achieved with higher Fe:sand ratio, or a more
reactive Fe. Obscrved half-lives were ~6 times larger than thosc in bench tests, and rate
constants decreased over time. Observations with time: 1 year—no visual or microbial fouling;
2 years—no precipitates or cementation; 4 years—precipitates observed: 5 years—no decline in
performance. ’

Estimated 1.3% porosity loss/yr (based only on precipitation of FeS)

Failure duc to poor hydraulic characterization (1/5 of plume migrates around PRB) and
precipitates. Ha(g) production equiv. to 5% of pore space/day. TDS reduced by 600 mg/L through
wall; most precipitates are in the upgradient part of wall. Precipitates reduced hydraulic
conductivity. from 5.2 m/day 10 0.7 m/day during first ycar: loss stabilized after | year.

Hydraulic mounding and bypassing observed. Estimates of 0.35-0.5% porosity loss/ycar due to
calcite and siderite—most at upgradicnt interface. Some cemented areas after 5 years; effects
on hydraulic conductivity are expected. After 4 'years, 10-50 pm layer of precip. at the
upgradient interface (<20 cm into barrier). After 5 years, 50% of upgradient interface pore
space is lost. Ha(g) production decreases with time in Gate 2.

Litle precipitation obscrved after 18 months; no conclusions about long- term performance drawn.
pH increases were not controlled by the pyrite—Fe mix, and the pyrite-Fe mix was not as
effective at removing DO as pure Fe. '

Failure attributed to heterogeneous loading of PRB. which has created “exhaustion of iron—
chromate removal capacity in the wall” (RTDF, 2001).

Expect 10% porosity loss over 2 years. 6% (wt) CaCO3 at upgradient interface; <1% 15 cm into
barrier. Calcite and aragonite dominate at upgradient interface. No adverse effects. of precip
noted: VOC removal constant; hydraulic conductivity close to fresh iron; water velocity constant.
Expect Ha-utilizing and sulfate reducing bacteria, but no microbial films observed. Suggest
periodic scarification of upgradient face if necessary.

Pea gravel PTZ has resulted in precipitation of minerals and pretreatment of .contaminants, and is
therefore expected to increase life. Production of Ha( ) {to near saturation) taken as lndlCdllOl‘l
of continued PRB “operation (i.c., Fe corrosion continues).

(Klein and Schad, 2000)

(Nicholson et al.,, 1983;
O’Hannesin, 1993;
O’Hannesin and
Gillham, 1998; RTDF,:
2001) :

(Duran et al.,, 2000).

(Kiilerich et al., 2000

Kjeldsen and
Fulgsang, 2000,
RTDF, 2001

(McMahon er «l., 1999;
RTDF, 2001; FRTR.
2002; Wilkin and
Puls, 2003; Wilkin
et al.. 2003)

(Gavaskar et al., 2000;
Yoon et al., 2000;
Liang et al.. 2001;

- RTDF. 2001; FRTR,
2002)

(Kjeldsen and Fulgsang,
2000; RTDF, 2001;
Kjeldsen 2006,
personal
comimunication)

(Vogan er al., 1998,
1999)
(Warner et al., 1998;

RTDF, 2001; Sorel
et al., 2003)
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Name and location

~

Performance notes

Reference

Lowxy Air Force
Base: CO

Moffett Ficld; Mountain
View. CA

Monticello' Mill Tailing
Site; Monticello. Utah

Somersworth, NH
Landfill Superfund

USCG Support'.Centcr:
Elizabeth City, NC

Vapokon Site, Denmark

Y-12 Plant; Pathway 2; -
Oak Ridge. TN '

Estimate 9.7% porosity loss over 18 months. Groundwater flow has probably not been affected by
porosity chunges. “During a clogging study performed in May 1997, 18 months after installation.
calcite, aragonite, “green rusts,” amorphous iron hydroxides, and magnetite were observed. A
porosity loss of 9.7% for the 18-month operational period was estimated from the investigation™
(RTDF 2001). .

Aragonite, calcite. iron carbonate hydroxide found at upgradient interface. Some precipitates found
in well silt waps.

Postulated that PTZ of gravel mix allows precipitation to occur upgradient of the reactive media.
In contrast to column tests, effluent Fe concentrations arc kept low by precipitation of Fe(OH),
| foot of upgradient mounding caused by 3 orders of magnitude hydraulic conductivity loss in
pure ZV1; PTZ hydraulic conductivity remains unchanged. '

‘Initial decrease in hydraulic conductivity due to settling.

Estimate 1-2% porosity loss per year, but this should not affect the PRB permeability for 10 years.
No hydraulic performance changes observed over S years.

No “pronounced” deterioration of chlorinated organic removal. Expect hydraulics change in
tuture—limiting lifespan to 10 years. Tracer study reveals zones of low permeability and
clogging that change flow path. 0.88% porosity loss per year betwéen March 2000 and
August 2003.

Oxidation, precipitation, and cementation increased from 15 to 30 months (depends on depth).
Akagenite transforms to goethite, and ‘amorphous Fe$ into mackinawite. Fe oxy(hydr)oxides
dominate precipitates: calcite not observed until 30 months. 30-80% of Fe ftilings are replaced by
FeOOH corrosion rinds in cemented zones; Fe reactivity decreases. Based on corrosion, estimate
lifespan of 5-10 years. ’

(Vogan er al.,, 1998;
EPA, 1999; Jain er al.,
1999. RTDF. 200T1;
FRTR, 2002; ESTCP,
2003)

(Sass et al.. 1998:

EPA, 1999: RTDF.
2001: Yabusaki er al.,
-2001; FRTR,-2002:
Gavaskar et al., 2005)

© (O, 2000; US DOE—

Subsurface
Contaminants Focus
Area, 2000; Morrison
er al., 2001, 2002a;
RTDF, 2001; Purdy er
al.. 2002)

(Sivavec et al., 2003;
O’Hara. 2006,
personal
communication)

(Puls et al.. 1999;
RTDF, 200t; FRTR.
2002; Wilkin et al.,
2003, 2005)

(Lai et al., 2005, 2006)

(Ott, 2000: Phillips
er al., 2000; Korte,
2001; Liang ef al.,
2001; FRTR, 2002;
Gu et al.,, 2002;
Phillips er al., 2003;
Gu, 20054, 2005b)




.Table 4. Reported geochemical data for PRBs.
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Name = = N

Beka Site, Germany 2 0015 71 10,1 =310 . 800 1.0 150 20 338 711 464 025 88 7 75 1 0 0 0 0

Canadian Forces 10 , 0.082 8.1 87 =330 1065 34 278 02 140 820 170 75 609- 0.6 2 0 0 0
Base, Borden, : .

Canada . i : : .

Chlorinated Solvent 1" 0.60 4.6 7.0 =217 1907 0.0 —_ - 15.3 185 941 201 159 — — 0 0 0 0 0
Manufacturing, ' : ’
Australia o o S : _

Copenhagen Freight 3 011 77 94 — 1222 0.2 130 36 503 299 625 02 110 02 180 1 A 0 0 1
Yard, Denmark o : : .

Denver Federal 7 0.07 7.5 97 —190 11060 0.61 107 2.7 440 350 560 0.04 260 2 64.5 | I 0 0 i
Center, CO : ’ . ’

Dover Air Force 4 25 5.1 108 —-320 106 4.2 4.5 7.0 6 419 129 0.06 195 8 30 1 0 0 0 0
Basc. Area 5. DE : o : o _
Haardkrom Site, . 20061 87 105 — 322 5.2 535 5 121 188 143 0.2 85.5 344 — 0 0 1 | 1

Denmark : _ o ' ' )

Industrial Facility. 4 045 74 95 —459 489 — 90.6 9.6 239 61.1 310 016 17.2 031 474 | 0 0 0. 0
Upstate NY . ) )

" Intersil 8 023 7.8 105 -350 686 2.0 — — 235 74 291 0:05 400 —_ . = | 0 0 0 .0
Semiconductor : ' B .
Site. CA _ .

Lowry Air Force 8 030 69 100 -725 2900 0.66 290 — 530  — 795 — 1000 4 100 0 o . 0 0 0
Base. CO : BN . R . ) . B

Moffett Field,

Mountain View, ) -
CA ) 9 0054 7.1 10,5 =372 820 (0.1 IS8 109 288 202 400 0.02 350 24 409 1 S0 .0 0 0

Monticello Mill 3 57 6.5 9.0 —388 1300 044 339 -211 237 220 460 0.17 1170 118 123 i 1 i | 1

Tailing Site, UT ’ . - : :

Somersworth 4  0.09 65 100 -750 400 20 ° 827 375 338 175 660 0.0 137 05 843 0 0 0 0 0
Landfill, NH . ’ : ) . D ’ '

USCG Support 8 45 6.1 98 —400 290. 1.1 12.5 53 - 50 38.0 155 0.05 49 Ll 0 0 - 0. 0 0 0
Center, NC . ’ _

Vapokon 7 027 7.2 98 —133 754 34 179 42.7 314 64.5 422 25 120 — 46.0 | 1 0 0 1
“Petrochem. ' ' ' : :

Works, Denmark ’ . .
Y-12 Plant; 6 22 67 90 -—166 887 28 190 .93 360 868 604 149 925 8. 505, 1 1 -0 1

Pathway 2, TN

“inf” and “int” indicate influent and values, respectively; “Run Time " is the time from a PRB’s construction o the most receritly published information regarding that PRB; “CO3T” in-
dicates total carbonate (the sum of carbonate. bicarbonate, and carbonic acid): “PTZ” stands for Pretreatment Zone; A hydr.” and “A perf.” indicate reported changes in hydraulics and per-
formance, respectively; At risk™ indicates a PRB for which either a hydraulic change, a performance change, or failure has been reported: DO. dissolved oxygen; TDS, total dissolved solids.



;

Table 5. Calculated géochemical data for PRBs.
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Base, Borden, ’ C
Canada ) : . . :
Chlorinated Solvent CSM — 92 564 95.4 — — — 34 206 34.8 — — —_ - 21 —-0.72 14 0.80 —0.50 0570
Manufacturing, : ' :
Australia . : .
Copenhagen Freight Copen  14.3° 553 688 12.1 0.022 198 157 605 753 13.2 0.024 21.7 1.2 1.1 — — = - — — 1
Yard, Denmark ’ i - : . ‘ ' .
- Denver Federal- DFC 75 308 392 18.2 0.14 45 19.1 787 100 46.5 2036 115 147 1.2 0027 —042 25 21. 078 18 1
Center, CO ) . ' ' } _ _
Dover Air Force  Dover 11.0 147 317 47.8 19.6 735 161 21.5 463 69.8 286 107 1.3 117 =26 —042 22 1.7 040 15 0
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T NY _ ) . . .
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* Semiconductor ’ ' '
Site, CA : _ . .
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Base, CO L . . o : .
Moffett Field, -~ Moffett 85 - 156 21.6 18.9 0.13 22 280 511 710 621 0.43 73 1.1 ~095 =25 —045 19 1.3 =0006 1.1 0.
Mountain View, . : - B
oA ’ | |
Monticello Mill Mont 1932 1351 2620 6669 673 701 2116 1479 2869 7303 736 768 1.5 14 —0.065 —028 15 0.81 —049 0581
Tailing-Site, UT ' { ’ ) :
Somersworth Somer ~ 74 304 594 12 0.045 76 10.9 444 86.8 I.8 0.066 11.1 24 22 — — — — — — 0
Landfill. NH ' _ _
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Works. Denmark . : )
Y-12 Plant. Y-12 418 792 1328 . 204 187 11 915 1735 2909 446 410 243 27 26 31 053 34 30 17 28 1

'Palhway 2, TN

ST indicates. saturation index; CO3T indicutes total carbonate (i.e.. the sum of the carbonate species: carbonate, bicarbonaté. and carbonic acid).
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were discarded. Then, univariate logistic regression was
carried out, following the approach outlined in Hosmer
and Lemeshow (1989), using the SPSS software pack-
age. For the vector x, a set of independent, predictor vari-

ables (the geochemical parameters), the conditional prob- -

ability, m(x), of a dependent variable outcome of .at risk
can be calculated rom:

() =~ 0
1 +. exp(g(x)) .

using a lincar predictor. g(x). with coefficients 3;:

g(’f) = B() + BI;“I + BZXZ + ..t Bp-\.p
+ ... 4+e ®
where £ accounts for variations that are not covered by
terms in the model. If the logistic regression considers only
one variable, then this linear predictor reduces o g(x) =
Bo + B1x; + & Continuously scaled variables (such as in-
fluent alkalinity), binary variables {such a( the use of a pre-
treatment zone), and combinations of variables may all be
included in g(x). The coefficients B; are calculated through
regression between the independent predictor variable vec-
“tor x and 2(x). g(x) is determined using Equation (7). as-
suming that 7(x) may be calculated as: ’

m(x) = P(at_risk|x) - ) )

where an estimate of P(at_risk|x) is based on counts of
PRBs that are at risk and those which are not (Hosmer
and Lemeshow, 1989; Faraway, 2006). '
In estimating each value of 3;, a standard error (SE) is
estimated, and thus, thc Wald statistic - (Wald; =
B/S.E.(8:)) may be calculated. The Wald statistic tests
the null hypothesis that 8; = 0; if the significance (or p-
-value) associated with the regression is acceptably small

(e.g.. =0.25), it may be assumed with the associated con- . '

fidence level (for p = 0.253, this confidence level is 75%)
that the null hypothesis may be rejected, and thus, the es-
timatc of B; is cquivalent to ; Buscd on the recom-
mendation of Hosmer and Lémeshow (1989}, variables
with significance =0.25 were considered further.

In addition to logistic regression, odds ratio mexi-
mization was used to identify geochemical parameters
with a strong relationship to at-risk PRBs. The odds ra-
tio estimates how much more likely it is for a certain out-
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come (e.g., at risk) given an input {e.g., influent alkalin-
ity concentration above a specified value). The odds ra-
tio can be expressed as (Hosmer and Lemeshow, 1989)

_ mI = m(1)) 10

w(O)/(1 = w(0)) \
where (1) is the probability of being at risk, and (0)
is the probability of beinig not at risk.

If 7(x) is not known, the probabilities may be esti-
matcd with a contingency table, a 2 X 2 matrix that
shows, for each possible outcome, the number of cases
with each independent variable. For example, consider
the parameter influent alkalinity concentration or Alk_inf
(Table 4). If 300 mg/L is defined as the cutoff value. then .
of the PRB sites with Alk_inf = 300 mg/L, 4 are at risk,
and 3 are not at risk. Similarly, the cases with Alk_inf <
300 mg/L. are divided into 2 at risk and 7 not at risk.
yielding the contingency table shown in Table 6. The es-
timated odds ratio is then (4/3)/(2/7), or 4.67. This result
indicates that, for-this dataset, sites with Alk_inf = 300
mg/L are 4.67 times more likely to be at risk than those
with lower Alk_inf. ) ’

The selection of a cutoff value is intégral to the cal-
culation of an odds ratio. In this study, the odds ratio for
cach parameter was maximized. Cutofl values lor each
parameter were systecmatically varied over 100 steps be-
tween the minimum and maximum values for that pa-
rameter, and the maximum odds ratio was recorded. A
perfect predictor, a cutoff below which all sites were not
at risk and above which all sites were at risk; would lead
to the recording of zero.values in the off-diagonal in the
contingency table, and thus a value of zero in the de-
nominator of Equation (10). In those cases, the zero value
was replaced with 0.5, as recommended by Hosmer and
Lemeshow (1989). To evaluate the importance of the ():al—
culated odds ratios, significance values were compuled
using the two-sided Fisher Exact test. This test, a form
of the chi-square evaluation, is appropriatc for sparse
datasets and evaluates whether the tested variables are in-
dependent or associated (Faraway, 2006). In the current
study, a significance (p-value) of 0.05 was used as the
criterion for inclusion of variables for further considera-
tion. -

- Finally, those parameters selected by the univariate lo- -
gistic regression based on a significance <0.25 or an odds

Table 6. Examplc of contingency table using a cutoff valuc for influent concentration of

alkalinity of 300 mg/L.

Toral = 16 'A.Ik_irgIZ 300 mg/L ~Alk_inf < 300 mg/L
At risk . 4 2
7

Not.at risk- 3
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ratio Fisher Exact test significance <0.10 were incorpo-
rated into a multivariate logistic regression model. These
variables were then used together in logistic regression
[Egs. (7-9)] in an attempt to judge the relative signifi-
cance of the variables in determining longevity potential.

RESULTS AND DISCUSSION

Graphical ahalysi.s‘

To determine which geochemical parameters correlate

with compromised PRB performance, matrix plots of all

the variables were constiucted, an example of ‘which is
shown in Fig. 2. In this figure, PRBs classified as at risk
are indicated by diamonds, while those PRBS not at risk
are indicated by circles. Regions in these two-dimen-
sional geochemical spaces where PRBs at risk and those
not at risk tend 10 group may be indicative of important

geochemical parameters; lack of grouping is suggestive

of little correlation. For example, this figure suggests that
dissolved oxygen (DO) and total] dissolved solids (TDS)
(shown enlarged in Fig. 3), although expected to strongly
influcnce PRB performance based on the lilérau_lrc? do
not do so. Column studies and.theoretical calculations

have clearly shown the possibility of deleterious effects

of DO on barrier hydraulics (Liang ef al., 1997; Macken-
- zie et al., 1999; Kjeldsen and Fulgszn_ig, 2000; Ott, 2000;
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Figure 2. Matrix plots of selected geochemicul parumeters.
At-risk PRBs are indicated by diamond markers, not-at-risk by
circles. Units are (mg/L) except for Ey (mV) and ptz (1 indi-
cates use of a pretrcatment zonc).
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éimon et al., 2001; Morrison er al., 2002b). DO is ex-

pecled' to corrode iron, increase pH, and promote the for-
mation of (oxyhydr)oxide solids. If influent DO were a
controlling factor, at risk PRBs should be grouped-above
some. cutoff DO value. Yet Fig. 3a shows at-risk PRBs -
at extremely low DO -values, suggesting that DO is not-.
well correlated with PRB longevity. :
Similarly, based on the literature, it seems likely ‘that -
TDS is a good estimator of potential failure: high influ-
ent TDS concentrations generally lead to high quantities
of mineral precipitation (Gillham er al., 1993; Gu et al.,
1999; ESTCP, 2003: Wilkin and Puls. 2003). However,
as seen in Fig. 3b, there are several PRB sites with high
TDS that are not at risk. If solutes such as Na™ account
for a large portion of the dissolved solids, TDS may not
be a reliable indicator of the potential for precipitation.
Besides suggesting parameters that may not correlate
with the potential for reduced longevity. these matrix
plots indicated other parameters that might be related to

- at-risk PRBs. Perhaps most evident were véry high fluxes

and cumulative fluxes of influent alkalinity, as well as
influent concentrations and cumulative fluxes of nitrate
(Fig. 4). Although these outliers were few in number, the

extreme values appear to be strongly correlated with at-

risk PRBs. Monticello (UT) and Y-12 (Oak Ridge, TN)
PRBs have very high mass fluxes and cumulative fluxes
for alkalinity and nitrate (as well as total carbonate and
calcium); these PRBs are also classified as at risk. This
finding makes conceptual sense, as exceptionally high
mass loadings increase the possibility of high levels of
precipitation (Wilkin and Puls, 2003). In addition, nitrate
has been shown to inhibit corrosion (e.g.. Kober er al.,
2002; Devlin and Allin, 2005). In most PRBs, nitrate val-
ues are gencrally quite low; only Monticello, Y-12, and
Haardkrom (Denmark) have values above 10 mg/L, and
of these threc. two, Monticello and Haardkrom, have ac-
tually failed. _ '

This analysis of the matrix plots also indicated some
combinations of parameters that may be correlated with

at-risk PRBs, including internal Ej, influent alkalinity,

influent chloride concentrations. and the saturation in-
dices of iron(Il).solids. Two example plots are shown in
Fig. 5. Figure 5a shows a complete separation of at-risk
and not-at-risk PRBs using internal £y and influent chlo-
ride concentration. In the upper right section of the graph,.
the at-risk PRBs are found, while the not-at-risk PRBs -

. lie'below and to the lefl. This PRB grouping makces sense:

higher £y values may lead to morc oxidation and thus
more potential passivation of iron (Stumm and Morgan,
1996; Johnson et al.. 1998; Wilkin and Puls, 2003). Chlo-

" ride has been shown to increase corrosion of iron (John-

son et al.,-1998: Devlin and Allin, 2005), which would -
be expected to improve PRB performance: however,

_ENVIRON ENG SCI, VOL. 24, NO. 4, 2007
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Figure 3. Plot of at-risk and not-at-risk PRBs with respect 1o influent pH and (a) inflient DO, (b) influent TDS. At-risk PRBs

arc indicated by diamond markers, not-at-risk by circles.

' Klausen et al., (200]) showed that the reactivity-dimin-
ishing effects of nitrate may outweigh the corrosion-pro-
moting effects of chloride. Figure 5b shows the data set
plotted as a function of infTuent alkalinity and nitrate con-
centration. Although the separation of at-risk and not-at-

risk PRBs is not as definitive as in Fig. 5a, Fig. 5b still .

suggests that higher alkalinity and higher NO3™ concen-
trations correlate with being at risk. The PRB at Lowry
AFB (CO), with low nitrate and high alkalinity, is an ex-
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Figure 4. * Significance of very high alkalinity and nitrate for
~prediction of at-risk PRBs. At-risk PRBs are indicaled by dia-
_-mond markers, not-at-risk by circles.

ception to this trend, but considering Fig. 5a, this may be -

attributable to its very low £y value.

Finally, the matrix plots of the data indicated that many
of the parameters, especially mass fluxes, cumulative
fluxes, and saturation indices are strongly correlated with
one another. The high degree of collinearity between mass
fluxes (g m™2 day™') and cumulative fluxes (kg m™?)
(Fig. 6) suggests that variation in the flow rate dominates
the parameter, value rather thun the variation in concen-
tration. Similarly, the saturation indices of hematite, fer-
rihydrite, and goethite, all iron(Ill) species, and magnetite,
an iron(IlYiron(111) solid. are collinear. This relationship
stems from the fact that at the £y values in the PRBs in
this data set. aqueous iron(Ill) concentrations arc negligi-
ble. Iron (1) concentrations may be calculated from re-
ported values of iron (II), but it will be directly propor-
tional: to the reported Ej, values. Because the saturation
indices of these solids will vary with the z\quéous iron(11I)
concentrations, all are collinear.
Statistical analyses )

v

To assess the degree of collinearity in the data, a Pear-
son correlation test was conducted. The results showed
that three sets of variables had correlations significant at
the 95% confidence level: (1) flow rate, mass fluxes, and
cumulative fluxes; (2) the saturation indices of calcite and
aragonite; and (3) Ey with saturation indices of iron(I1I)
solids. Based on this analysis, it was deemed necessary
only to include only one flux, onc calcium carbonate solid,
and one member of the third set. Based on its potential to
diminish the hydraulic conductivity and reactivity of ZVI
PRBs, the mass flux of alkalinity was chosen in the first
category; calcite was chosen as the calcium carbonate
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solid, and Eg. as a masler variable, was chosen over the
iron(1Ll) solid saturation indices. In addition. it was found
that influent alkalinity and chloride were linearly corre-
lated at a 95% confidence level; however, both parame-
ters were retained because they are not mechanistically
related as the paramelters in the other categories are.

Univariate logistic regression was carried out for each -

of the reported and calculated geochemical parameters in
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Figure 6. Mutrix plot of fluxes, cumulative fluxes, and flow
rate showing high degree of collinearity. At-risk PRBs are in-
dicated by diamond markers, not-at-risk by circles.

Tables 4 and 5, with the cxception of those parameters
eliminated due to high collinearity; reducing the total
number of parameters considered from 37 to 21. The re-
sults, presented in Table 7, include B [Eq. (7)] valucs,
the S.E., the Wald value (8,/S.E.), and the p-value, or
significance. Variables with d p-value =<0.25 were con-
sidered to be significant: influent pH, internal £, influ-
ént alkalinity. mass flux of alkalinity, influent chloride,
and the use of a pretreatment zone (ptz). Influent nitrate.
with a significance -0l 0.258, is on the cusp of inclusion.
These results agrec well with the qualitativc'graphical

- analysis. With the exception of influent pH and ptz, the
- variables with p-values =0.25 were also identified visu-

ally. A reexamination of the influent pH dala reveals that,
while the pH data are tightly clustered relative to other
variables, most at-risk PRBs have influent pH values >7;
on the other hand, there are several not-at-risk PRBs with
lower influent pH values, while one. the PRB at Borden,
Ontario has an influent pH >8. The probability of a PRB
being at risk increases with the use of a pretreatment zone.”
Though counterintuitive, this appears to be a case of cor-
rclation, rather than causation. In cases wherc perfor-
mance problems are anticipated, a PTZ is installed, which
while undoubtedly uscful, does not preclude loss of reac-
tivity or permeability in the reactive zone. :

To further corroborate the results of the graphical anal-
ysis and the univariate logistic regression, an odds ratio
analysis was conducted using the same parameters as (or
the logistic regression. The results of this analysis are
also shown in Table 7, which lists the maximum odds ra- .
tio achieved and the cutoff value corresponding to the
maximum odds ratio. The two-sided Fisher Exact Lest was
used to evaluate whether the tested variables arc inde-

"ENVIRON ENG SCI, VOL. 24, NO. 4, 2007
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Table 7. Univariate logistic regression analysis and-maximized odds ratio results.

Logistic regression Odds ratio
Standard Wald Max. Cutoff Fisher exact
‘Parameter Legend B -error significance  odds ratio value test significance
Run Time (year) RunTime -0.1470 0.200 0.54 0461 1.33 25 1.000°
Flow Rate (m/day) FlowRate 0.1806 0.302 0.36  0.550 2 1 0.604
pH influent pH_inf 0.8910 0700  1.62 0203 ~ 4.67 7.2 - 0.302
- pH internal pH_int =0.1315 0.564"  0.05 0816 3 8.9 0.500
Ey-internal (mV) - Eh_int 0.0161 0.009 332 0.069 60 ©=200 0.011
TDS influent {(mg/L) TDS_inf 0.0000 0.001 0.00 0.965 5 700, 0.307
DO influent (mg/L) DO_inf 0.2015 0.334 036 0547 3.6 5 0.400
Ca®~ influent (mg/L) " Ca_inf . 0.0035 0.006 0.39. 0.534 5 100 0.301
Ca?~ internal (mg/L) Ca_int 0.0106 0.012 084 0359 . 6 40 0.266
Alk influent (mg/L as CaCOzs) Alk_inf 0.0050 0.004 1.70 0.192 9 350 -0.118
Alk internal (mg/L as CaCO3)  Alk_int 0.0025 0.002 1.15 0.284 8 200 0.235
* CO3T influent (mg/L as CO327) CO3T_inf 0.0007 0.002 0.09 0759 - 75 410 0.145
Fe(T) internal (mg/L). Fe_int —0.0180 0.035 0.26 0.610 1.75. 1.3 1.000
S04~ influcnt (mg/L) SO4_inf 0.0003 0.001 0.04 0840 8 75 0.234
NO;~ influent (mg/L) NO3_inf 0.1005 0.089 1.28 0.258 24 20 0.035
CI~ influent (mg/L) Cl_inf 0:0246 0.018 1.93 0.165 1067 110 0.128
Alk Flux (g/m3day) Alk_flux 0.0040  0.003 .37 0.242 5 25 0.307
SI Calcite - SI_calcite 0.5300 0911 - 034 0.56] 9 1.15 0.192
‘SI Siderite SI_siderite 0.3483° 0.377 0.85 0.356 8 -0.2 0.208
SI Fe(OH), SI_feoh? 0.9669 1.806 0.29 0.592 5.33 0.35 0.333
1.6094 1.265-  1.62 0.203- S ol 0.307

PTZ ptz

pendent or associated, with a cutoff significance of p <
0.10. Therefore, the geochemical parameters deemed to
be most correlated with being at risk via odds ratio max-
imization were internal £4 and influent nitrate. While in-
ternal £y was deemed highly significant by logistic re-
gression, influent nitrate was on the borderline. Nitrate
(Fig. 4) has outlying points; when fitting these data to the

- linear regressor equation g(x) [Eq. (7)1, it is difficult to

estimate an accurate 8 for this parameter, since there arc
outlying points and each point weighs heavily in the small
data set. In contrast, when calculating the odds ratio, there

_is no weight associated with the extent that a point is an

outlier (e.g., with an influent nitrate ‘cutoff of 20 mg/L,
the odds ratio treats values of 20.1 and 200 identically).
Therefore, outliers do not affect the odds ratio in'the same
manner as in logistic regression.

Had a less stringent cutoff of, for example. a p-value
=0.15 been chosen, the list of relevant parameters se-

lected via odds ratio maximization would have included

influent alkalinity, influent total carbonate. and influent
chloride. With the exception of total carbonate, these ad-
ditional parameters are a subsct of those selected via lo-
gistic regression. Like influent nitrate, discussed above.
the significance of total carbonate is very different when
evaluated by logistic regression (significance = (.76)

and by odds ratio maximization (Fisher’s exact signifi-
cance = 0.145). An inspection of the data, illustrated in
Fig. 7. reveals that, although influent alkalinity and total
carbonate are generally well correlated. there is one out-
lying point—that of the CSM PRB (Australia). This sitc
has an unusually low pH, and hence. its low alkalinity
does not correspond to low total carbonate. As in the casc
of\nitrutc, this outlicr affects the fit such that the logistic
regression using total carbonate predicts no at-risk PRBs
for any. of the total carbonate values in the data set. In
contrast, 'the alkalinity values lack outliers, and hence,
the 'éstima[ed B value is more meaningful.

Both of the statistical approaches utilized here corrob-
orated the qualitative graphical observations. TDS and
DO are not major paramelers in determining at-risk
PRBs. However, influent pH. internal £y, influent alka-
linity, influent chloride, influent nitrate, mass flux of al-

- kahnity, and use of a pretreatment zonc are signilicant

for describing. at-risk PRBs. Despite the problems inher-
ent with measuring Ey in the ficld (Sposito, 1989), both

" statistical approaches .showed that this parameter has

strong predictive power. While both approaches agreed
on the significance of some parameters, influent nitrate
was found to be moré significant in the odds ratio anal-
ysis than in the logistic regression.

|
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Figure 7. Differences between influent alkalinity and influ-
ent total carbonate: the CSM (Australia) PRB has unusually low
influem pH. At-risk PRBs are indicated by diamond markers,
not-at-risk by circles. '

To better assess the relative significance and potential

interaction of terms. multivariate logistic regression was
performed with the combination of the paramcters selected
using the univariate logistic regression (p-value <0.25) and
the maximization of the odds ratio (p-value <0.10): pH_inf,
- Eh_int, Alk_inf, NO3_inf, Cl_in{, Alk_flux, and ptz. Yet
for this limited data set, internal £ and influent chloride
are “perfect predictors;” separating the data set completely
into at-risk and not-at-risk groupings (Fig. 5a). Further-
more, the parameter subset influent alkalinity (or influent
chloride, whichiis lincarly corrélated at the 95% confidence
level), alkalinity mass flux, and influent nitrate perfectly
predicted the data. Including perfect predictors into multi-
" variate régrcssion results in unstable’ paramcter estimates

(Faraway, 2006). Because of the limitations of the sizc of’

the data set. the best multivariate’ logistic regression that
could-be achieved included no interaction terms and only
the parameters pH_inf, Alk_inf, and Alk_flux. Even so, this

- model predicted at-risk PRBs with an 87.5% success rate,
with Alk_flux significant at a 90% confidence level and the
other two at an 80% confidence level.

CONCLUSIONS

PRBs, despite the lack of a thorough understanding of
the processes therein, have worked well in most in situ
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installations, as evidenced by the few PRBs reported to
have failed, Indeed. nearly all in situ PRBs that use ZVI

" (i.e., rather than experimental media) and treat contami-

nants at [ield concentrations (i.e., not at the artificially
high concentrations found in the laboratory) have met
their design goals (Liang ef al., 2000). Furthermore, most
PRBs continue to treat contaminants well despite the oc-
currence of polential problems such as porosity reduc-
tion. However. the current lack of understanding makes
this apparent robustness seem fortuitous rather than de-
signed. :

The literature suggests that the major‘issue in PRB per-
formance resulting in failure is design (Taws (such as im-
proper hydraulic characterization of a site), rather than
depletion of media reactivity or media plugging. Predic-
tions of severe pluo;,mg, usually based on laboratory -

" work performed using conditions that are not represen-

tative of the field (Elethcd DO, abnormal concentrations
and combinations of inor ganic groundwater constituents,
and high flow rates), are generally not borne out by field
experience at in sifu PRBs. Ex situ PRBs, on the other
hand, experience conditions closer to the laboratory and
suffer from high failure rates due to clogging, both [rom
guas and precipitate production..

The quantitative analyses performed here suggest that
high influent pH, internal Eg, high influent concentra-
tions of nitrate, chloride, and alkalinity, are problematic
for PRBs. Other parameters such as TDS, DO, and the
SI of carbonate solids that have been suggested in the lit-
erature as controlling PRB longevity did not appear to
have much predictive ability for classifying a PRB as at
risk. Ideally, the parameters selected by univariate re-
gression should be utilized in multivariate modeling to
gain a better understanding of the relative significance of
the parameters. However, the sparseness ol the dataset
made certain combinations of variables. like Ey and C17
perfect predictors, preciuding their use in a multivariate
analysis. Consequently, differentiating between reactiv-

ity and hydraulic changes as the dominant factor con-

trolling PRB longevity with any certainty is not possible
with the currently available data. Yet, the preponderance
of variables selccted as significant, Ey, alkalinity, and
NO;~ influence PRB performance through their impact
on ZVI reactivity. Thus, it appears that the inhibition of
ZVI corrosion, rather than the loss of permeability, may
determine PRB longevity.

As many PRBs begin their second dccadc of opera-
tion, they may be nearing the end of their estimated life
spans (Table 2). Thus, it becomes critical that field PRBs
are monitored more closely to determine the factors that

“control the time to failure. If it appears that precipitation

at the upgradient face is dominant, lifetimes may be ex-
tended by the installation of a PTZ containing reactive

ENVIRON ENG SCI, VOL. 24, NO. 4, 2007
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media, or by the periodic replacement of the first 20-30
cm of the PRB: where the precipitates are concentrated.
If media reactivity is the issue, then efforts should be di-
rected toward developing methods for rejuvenating me-
dia in site (Gavaskar, 1999; Gillham, 1999; Ou, 2000).
Ficld experience suggests that PRBs are a more robust
technology than one might anticipate based on laboratory
column experiments. Thus, morc detailed and compre-
hensive field monitoring is crucial to determining modes
of failure and, in turn, PRBs’ cost effectiveness as a lonv-
tenn treatment technology.
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. Federal Highway Administration (FHA) Facility, Lakewood, CO

Installation Date:

October 1996

- . Contaminants:

.TCA; 1,1-DCE; TCE
cDCE

Reactive Media:
Fe?

Installation Cost:
$1 ,OOO,QOO _

.Constr,uction:
Funnel and Multiple Gate

Point of Contact:

Peter McMahon

U.S. Geologlcal Survey
Denver Federal Center
(MS-415) '
Denver, CO 80225

Tel: 303-236-4882, x286
FAX:303-236-4912
E-mail: -
pmcmahon@usgs.gov

J

A permeable reactive barrier (PRB) system was installed in October
1996 at a site in Lakewood, Colorado.

Site Background

Contaminants at the site included 1,1,1 trlchloroethane (TCA),
1,1-dichloroethylene (1,1-DCE), trichloroethylene (TCE), and cis-
dichloroethylene (¢cDCE). The contaminated area is an unconfined
aquifer that is 15-25 ft thick and consists of unconsolidated gravelly
sand overlying weathered (fractured) claystone. These units are in
hydraulic connection and act as one aquifer. The geometry of the
aquifer is irregular, with a local presence of clay lenses in the
unconsolidated sand and sandstone lenses in the claystone. The
aquifer is confined from below by unweathered (unfractured)

- claystone.

Technology Appllcatlon

The PRB system is comprised ofal 040 ft funnel section and four
reactive gate sections, each 40 ft wide. This was the first funnel and
multiple gate PRB system using granular zero-valent iron (Fe%). A,
high degree of lateral geologic heterogeneity and variation in
volatile organic compound (VOC) concentrations led to varying
iron thicknesses in each gate. The gates were constructed using a
sheet pile “box.” Native material was excavated from the box and

. the reactive material installed, separated from the aquifer materials

by a layer of pea gravel.

Cost

Installation cost of the PRB system was about $1,000, 000 This
includes the cost of design, construction, matenals and the
zero-valent iron.

Results _
Ground-water velocities through the gates were expected to range
from 1 ft/day to 10 ft/day, depending upon the hydrogeologic
conditions in the vicinity of the respective gates. Measurements in
the cells using a heat-pulse flowmeter have ranged from < 0.1 ft/day

- to about }.5-ft/day. Design concentrations include up to 700 pg/L of

TCE ard 700 pg/L of 1,1-DCE. Half-lives of about 1 hour.or less -
were measured for these compounds in bench-scale design studies.
The only VOC exiting the cells above the 5 pg/L reporting level is
1,1-dichloroethane, which has'been measured up to 8 pg/L on the
downgradient side of the cells. There is some evidence of the
precipitation of calcite and siderite in the cells based on decreases in

8
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calcium and inorganic carbon in the treated ground watef._ This is
estimated to result in a potential porosity loss of 0.5% of the porosity
per year of operation.

Hydraulic head has increased upgradient of the.barrier, with up to
10 ft of head difference. measured across the barrier. This increases
the possibility for contaminated Q_\'/ater to move around the barrier.
Indeed, VOC concentrations are increasing in ground water moving
around the south end of the barrier and there is some evidence of
VOCs moving under the barrier in one location.





