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Mr.

Geoffrey H. Little

Environmental Engineer — Solid Waste Section

North Carolina Department of Environment and Natural Resources
Division of Waste Management

1646 Mail Service Center

Raleigh, NC 27699-1646

Re:

Permit to Construct Application for Cell 2
International Paper Industrial Landfill
Columbus County, North Carolina

Permit No. 24-02

Doc ID No 10949

Dear Mr. Little:

Below are responses to your June 25, 2010 letter, which contained nine comments regarding the above
referenced application. For completeness we have reiterated your comments (italicized), and provided
our response immediately below to facilitate your review. Purther, one electronic updated copy of the
specifications, drawings, and construction quality assurance plan are attached so that you can confirm
receipt of a complete Permit to Construct Application (PTC) submittal.

L.

Table 2-1 and related drawings of the application need to be amended to account for the bottom
elevation changes that occurred during placement of backfill and the underdrain system as noted in
a meeting at our offices with you May 12, 2010. Text in the application and related drawings need
to be reviewed for corrections.

Table 2-1 and related drawings were modified to account for the bottom elevation changes that
occurred during the installation of the underdrain system. Overlying landfill liner and leachate
collection system components have similarly been modified to conform with the bottom elevation
changes.

Please note that volume increases of more than 10% is defined by statute [ 1304-294(b1)(1)] to be a
substantial amendment in operation that would require a new application process. The basis for
the facility will be the original approved volume of 2,619,000 cubic yards. Over the life of the
presently permitted footprint, the maximum amount of expanded capacity will be 2,880,900 cubic
yards encompassing the volume above the protective cover including the final cover.

Table 2-1 has been amended to reflect the current landfill capacity, including the cell 2 bottom
elevation changes. Table 2-1 shows the combined cell 1 and cell 2 gross volume (residual volume
plus cover) has actually decreased from the originally permitted 2,619,000 cyds to the current
2,237,098 cyds.
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As discussed previously, the primary liner (the flexible membrane in closest proximity to the waste)
consisting of HDPE must be constructed of nominal 60 mil (0.06 inches) thickness material. The
EPA Technical Guidance Manual for Solid Waste Disposal Facility Criteria (1993) recommends 60
mil minimum thickness due to allow proper seaming. All drawings and specifications must be
modified to reflect this change.

The attached plan sheets and technical specifications were modified to show the primary liner as 60
mil HDPE geomembrane,

Technical Specifications Section 02621 Tri-Planar Geoner — A thickness standard test (ASTM D
5199) is referenced but a value and test frequency does not appear in the tables at the end of the
section.

Table 1 of Section 02621 was modified to include a thickness value and test frequency.

Only I Carbon Black standard test (ASTM D 1603) is referenced under the Description heading,
but 2 tests (D 1603 and D 4218) and a footnote are included in Table 1 and 1 test (D 1603) is
included in Table 3. Since the 2 tests are appropriate for differing blackening agents, please modify
the references and tables, and include an explanation for the 2 tests in the Table I footnote.

Table 1 of Section 02775 has been modified to show both ASTM specifications (D 1603 and D
4218) and an explanation has been included in the footnotes.

ASTM D 5035, which is appropriate for woven textile fabrics, appears in the Geonet Core section of
Table 1. Should the test be referenced in the Geocomposite or Geotextile sections of the table?

ASTM D7179 is a newer test method, which is gradually replacing ASTM D 5035 as the standard
for Geonet Core tensile property testing. The only difference between the two test methods is that
ASTM D7179 prescribes a 4-inch wide test specimen, whereas ASTM D5035 uses a 2-inch wide
specimen. ASTM D 5035, although written as a test procedure for woven fabrics, was heretofore
commonly adapted for testing Geonets. The two test methods produce similar results on Geonets
and Table 1 has been modified to allow either test method with the approptiate minimum value
provided. Non-woven Geotextile tensile properties are commonly specified by Grab Strength
(ASTM D 4632), and Table 1 correctly reflects the intended minimum tensile strength values using
ASTM D 4632.

The Table 1 specification (D 4716) for minimum average value (19.2 gal/min/ft) for the HyperNet
product. Other products offer higher values (43.5 gal/min/ft). With respect given to the historical
data listed in Section 2.3 Liner System modifications {actual measured historical secondary
containment flow rate of 0.79 gal/acre/day, should the system be constructed to handle a higher rate
of flow in case of a failure or accident?

The 2003 Cell | Counstruction Documentation Report shows the following TRI-PLANAR Geonet
Drainage Media Properties were approved.

= Transmissivity of 2.0 gpm/ft (4.1E-04 m*/m/sec)
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s Normal load of 25,000 psf, gradient = 0.2 after 24 hr load seating

s Boundary conditions were between soil and textured HDPE membrane
For Cell 2 URS is specifying a Tri-planar Geocomposite drainage media as follows:
= Transmissivity of 9.6 gpm/ft (2.0E-03 m*/sec)
s ASTM D 4716 @ 15,000 psf normal stress and a hydraulic gradient of 0.1
v between Ottawa sand and 60-mil textured HDPE liner

The transmissivity requirements for these two geocomposites are comparable, and differences
primarily reflect test procedure refinements and current manufacturer literature values. Both
Geocomposite tables were modified to reflect the properties of the Geocomposite currently
installed in Cell 1. These products are currently functioning properly and IP plans to use
comparable products for Cell 2 construction.

The Cell 1 secondary collection system long-term liquid removal rate was reported as 0.79
galfacre/day. This is sometimes referred to as a leakage rate through the primary liner, for which an
action rate of 500 gal/acre/day was approved in the Cell [ permit.

0.79 gal/acre-day *13-acres =10.27 gal/day

A single 6 foot wide panel of Tri-Planar Geocomposite, as specified above is capable of
transmitting: '

9.6 gpm/ft * 6 ft * 60 min/hr * 24 hr/day = 82,944 gal/day

Therefore, ignoring creep and clogging reduction allowances for the sake of discussion, a single Tri-
Planar geonet entering one side of the collection sump can transmit 82,944 gai/day. This capacity
provides a safety factor of 82,944/10.27 = 8,076. The Tri-Planar geocomposite provides a capacity
safety factor for the approved action leakage rate as follows:

ES = 82,944/(500%13-ac) = 12.8

Clearly, even with creep reduction and clogging allowances the specified Tri-Planar geonet is
capable of transmitting far more liquid than is currently being observed, or specified by the action
rate of 300 gallons/acre/day. Therefore, URS contends the currently specified Tri-Planar
geocomposite is capable of transmitting far greater than the liquid volume expected in the secondary
collection system.

Technical Specifications Section 02777 GCL — Should the GCL be tested for chemical compatibility
with the waste leachate? The roster of ASTM Standards does not include such a test.
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Most research has found, “the hydraulic performance of a GCL in a landfill bottom liner will not he
significantly affected by a typical modern MSW leachate” [CETCO Lining Technologies TR-254}.
In the writers experience, very high concentration cationic salt solutions (NaCl for example)
potentially counteract the swelling potential of montmorillonite and bentonite clays, which can
increase GCL hydraubic conductivity. However, review of IP-Riegelwood’s landfill leachate
chemistry shows Chloride concentrations are not high enough to negatively impact GCL liner
material performance. Attached are Cell 1 landfill liquid analytical results for two events in 2009.

9. [Leachate Collection System — The Solid Waste Sections is uniformly requiring remote video
inspection of leachate collection systems following construction and during the life of the facility,
Please submit an addendum to the Phase 2 Landfill CQA/Specifications that include video and a
plan for flushing/cleaning/video procedures for the maintenance of the collection system during the
life of the facility

Section 5.3 of the CQA Manual was modified to state the requirements for remote video inspection
of leachate collection system.

URS Corporation is submitting herein 1 bound paper copies of Drawings and one electronic version of
Drawings, Caleulations, Construction Specifications, and a Quality Assurance Manual for the above
referenced work. URS is resubmitting these plans on behalf of IP for your review and approval so a
permit to construct the Cell 2 liner system can be granted. URS will be contacting the state to confirm
your receipt of the plans and to estimate a review time so a construction schedule can be established.

Please do not hesitate to contact us with any questions concerning this submittal at 919-461-1100.

Sincerely yours,

URS Corporation
Q s ey %um S
Richard K. Lowe Conan Fitzgerald, P.E.

Principal Geotechnical Engineer St. Project Manager

Enclosures:

CETCO Lining Technologies TR-254

International Paper Riegelwood Mill Cell | Landfill Analysis Results for 2009

International Paper Riegelwood Mill Cell 2 Landfill Liner System Permit Drawings, Sheets 1 through
21

ce: Edward Kreul
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Technical Reference

HYDRAULIC CONDUCTIVITY AND SWELL OF NONPREHYDRATED
GEOSYNTHETIC CLAY LINERS PERMEATED WITH
MULTISPECIES INORGANIC SOLUTIONS

Kolstad, D.C., Benson, C.H. and Edil, T.B., Journal of Geotechnical and Geo-environmental
Engineering, ASCE, Vol. 130, No. 12, December 2004, pp.1236-1249.

Introduction, This article examines the influence of multispecies inorganic solutions on swelling and
hydraulic conductivity of non-prehydrated GCLs containing sodium bentonite. This is a continuation of
the research done by Benson, Edil and their students in the area of clays, including GCLs (see
CETCO TR-326). Multispecies incrganic solutions were mixed using deionized water, moncvalent
cation salts (NaCl andfor LiCl) and divalent cation salts (CaCl, and MgCly). GCL hydraulic
conductivity tests were performed using flexible wall permeameters at an average effective stress of
20 kPa (3 psi) and average head pressure of 2 feet. The GCL hydraulic conductivity tests were run
per ASTM D6766 until the influent and effluent electrical conductivity deviated less than 10%. Free
swell tests were also conducted per ASTM D6141 using the multispecies inorganic solutions as the
test liquid.

lonic strength and the ratio of monovalent cation concentration to the square roct of divalent cation
concentration (RMD) in the permeant solution were found to influence swell of the bentonite and
hydraulic conductivity of GCLs. A regression model was developed relating hydraulic conductivity of
the GCL to ionic strength and the RMD of the permeant solution. The results of this model are
expressed in equation 3 and graphicaily in Figures 7 and 10(a) of the article.

A literature search of leachate chemistry data from different waste containment facilities was also
conducted and listed in Table 4. Figure 10(b) plots the ionic strength and RMD of these various
leachates onto a corresponding isoperm chart. The chart implies that many municipal solid waste
{MSW) landfill leachates and mine waste site leachates, as well as some hazardous waste and fly ash
leachates, would result in high (>107 cm/s) GCL hydraulic conductivities.

Errata. An erratum was published by the authors in the July 2006 issue of ASCE Journal of
Geotechnical and Geo-environmental Engineering. The following corrections were noted:

o The RMD units in the text, tables and figures should be M"?, not mm™?,

» Equation 3. The correct equation is:

log Koflog Koy = 0.965 — 0.976*1 + 0.0797*RMD + 0.251*** RMD

e The fly ash leachate point coordinates from Table 4 are plotted incorrectly in Figure 10(b).
According to the data, all but one fly ash point should be between the 10®% and 10 cm/s isoperm
lines.

TR 254
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Data Review. Most of the MSW leachate chemistry data listed in Kolstad Table 4 is from prior to
1990. MSW leachate chemistry data for cells built prior to 1990 is not representative of modern MSW
landfills because; 1) it was common practice o dispose of industrial waste, hazardous waste and
various liquid wastes prior {0 promulgation of current national solid waste regulations, and 2) samples
may not have been taken from controlled collection points because many landfills did not have
leachate collection and recovery systems (Bonaparte et al., 2002). The diiference between these two
time periods in MSW leachate chemistry is quite apparent by segregating pre-1990 and post-1990
data. For those references published prior to 1990, the average ionic strength was 0.24 M with an
average RMD of 0.22 M" and the maximum ionic strength was 0.62 M with a RMD of 0.31 M2, For
those references published after 1990, the average ionic strength is 0.12 M with an RMD of 0.16 M'?
and a maximum ionic strength of 0.24 M with a RMD of 0.18 M" (Table A).

Table A, MSW Landfill Leachate Chemlstry Data.

ionac Strength 40 RMD ﬁ Eomc Str_en;gth.; ‘ o
My S (%))
Kolstad — 17 0.24 0.22 O 62
re-1990 cases
Kolstad — 5 012 0.16 0.24 0.18
post-1980
cases
EPA Study - 26 0.06 0.11 0.22 0.22
post-1990
cases
Combined 31 0.07 0.11 0.24 0.18
post-1990
cases

The segregated Kolstad data shows that modern MSW leachates (post-1990) have a lower ionic
strength than older MSW leachates {(pre-1990).

Leachate chemistry data collected from 26 post-1990 MSW landfills as part of a major study by
USEPA (Bonaparte et al. 2002) is also presented in Table A. lonic strengths were estimated from
specific conductance per Snoeyink and Jenkins (1980). RMDs were estimated from available
calcium, magnesium and sodium concentrations. The MSW leachates in the USEPA study had an
average estimated ionic strength of 0.06 M and a RMD of 0.11 M"?, Combining post-1990 cases from
both Kolstad and USEPA yields an average ionic strength of 0.07 M and RMD of 0.11 M2,

Modifying Figure 10(b) to correct the fly ash coordinates and to delete the Kolstad MSW data prior to
1990 vields Figure 1.

TR 254
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Figure 1. Modified Figure 10(b} from Kolstad et al. 2004 for nonprehydrated GCL permeated at 3 psi average effective
stress. When fly ash coordinates are corrected and pre-1980 MSW leachate chemistry data is removed, few leachates
cause a significant increase in GCL hydraulic conductivity.

Data Interpretation. The GCL tested in Kolstad's research had a hydraulic conductivity of 9 x 107"
cm/s when permeated with distiled water. Kolstad Equation 3 predicts the hydraulic conductivity of
the nenprehydrated GCL permeated with inorganic chemicals. Using the post-1990 MSW leachate
chemistry from Table A, the Kolstad model vields an estimated average nenprehydrated GCL long-
term hydraulic conductivity of 6.4 x 10° cm/s and a maximum of 1.7 x 107 cm/s at 3 psi average
effective stress.

However, as noted by the authors, the model expressed in Equation 3 does not take into account 1)
higher effective stresses which tend to decrease permeability, 2) prehydration from subgrade or 3)
increasing pH over time. The model should be adjusted to account for at least the first two important
factors. Petrov {1997) developed the following equation for the effect of confining stress on GCL
hydraulic conductivity permeated with distilled water:

log K = -8.0068 - 0.5429 log 0
Where Ky is in cm/s and ¢ is in kPa.
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Bonaparte et al. found that 74 MSW cells in the USEPA study had maximum heights ranging from 26
to 226 feet, with an average of 80 feet. Assuming a MSW density of 60 pcf (Daniel 1993), the typical
effective stress of a MSW liner is 37 psi. Although the expression developed by Petrov is stated to be
valid only for effective stress between 3 and 120 kPa (0.4 to 17 psi), the correlation appears to trend
linearly. Therefore, it is reasonable to use this expression for 37 psi stress, which is just slightly
higher on the logarithmic scale, For an increase in maximum effective stress from 5 psi to 37 psi, the
Petrov equation yields a 65% decrease in GCL hydraulic conductivity. Predictions from the Kolstad
model, adjusted for post-1990 MSW leachate chemistry data and an effective stress of 37 psi, yield an
estimated average nonprehydrated GCL. long-term hydraulic conductivity of 2.3 x 10® cm/s and a
maximum of 6 x 10 cm/s for MSW landfills.

Even lower hydraulic conductivity would be expected if the GCL prehydrates from subgrade moisture,
Lee and Shackelford (2005) showed that GCL. prehydrated with deionized water and then permeated
with a 0.1M CaCl; solution {I = 0.3 M) had a hydraulic conductivity 3 times lower compared to a
nonprehydrated GCL. Buf testing at CaCl; = 0.05M (I = 0.15M) indicated that the prehydration effect
was insignificant. It is possible that prehydration of the GCL will improve long-term hydraulic
conductivity at | = 0.24M, the upper end of the MSW ionic strength reported. However, more study in
this area is needed.

The highest MSW leachate ionic strength was for young MSW leachate (<5 years). After waste
placement ceases and the landfill is capped, methanogenic organisms begin to proliferate in a MSW
landfill and the pH hegins to approach neutrality as the acids are converted into methane and a
bicarbonate buffering system is established during the methane fermentation stage (Bonaparte et al
2002). Concenfrations of free divalent cations will decrease with increased pH, due to the solubility of
divalent cations (Snoeyink and Jenkins 1980). Consequently, after closure, the ionic strength of the
MSW leachate will decrease. Therefore, it can be argued that with GCL prehydration and/or leachate
aging that the previously estimated average GCL hydraulic conductivity of 2.3 x 10 for MSW landfills
is quite conservative.

Giroud (1997) has formulated equations for leakage rates through defects in geomembranes. Under
typical MSW landfill conditions; these formulas indicate that the leakage rate through geomembrane
defects is controlled by the hydraulic conductivity of the underlying clay. Thus, based upon the
estimated GCL long-term hydraulic conductivities stated above, a GM/GCL composite MSW liner
would be expected to have a lower leakage rate than a GM/CCL composite MSW liner, where the
CCL has a hydraulic conductivity of 107 cm/s. This is supported by the MSW landfill leakage rate
data of GM/GCL and GM/CCL composite liners collected in the USEPA study by Bonaparte et al. (see
CETCO TR-316).

Conclusion. In their conclusions Kolstad et al. state that, "high hydraulic conductivities (i.e., >107
cm/s) are unlikely for nonprehydrated GCLs in base liners in many solid waste containment facilities".
Based on the data review compiled above, it is reasonable to refine this conclusion {o a) the hydraulic
performance of a GCL in a landfill bottom liner will not be significantly affected by a typical modern
MS8W leachate and that b) high GCL hydraulic conductivities will only occur in certain cases at non-
MSW wastes (e.g., hazardous waste, mine waste, fly ash) when the waste leachate contains higher
ionic strengths.
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Hydraulic Conductivity and Swell of Nonprehydrated
Geosynthetic Clay Liners Permeated with Multispecies
Inorganic Solutions

Dale C. Kolstad, M.ASCE"; Craig H. Benson, M.ASCE?; and Tuncer B. Edil, M.ASCE®

Abstract: The influence of multispecies inorganic solutions on swelling and hydraulic conductivity of non-prehydrated geosynthetic clay
liners (GCLs) containing sodium bentonite was examined. Jonic strength and the relative abundance of monovalent and divalent cations
(RMD) in the permeant solution were found to influence swell of the bentonite, and the hydraulic conductivity of GCLs. Swell is directly
related fo RMD and inversely related to icnic strength, whereas hydraulic conductivity is directly related to ionic strength and inversely
related to RMD. RMD has a greater influence for solutions with low ionic strength (s.g., 0.05 M), whereas concentration effects dominate
at high ionic swength (e.g., 0.5 M). No discernable effect of cation species of similar valence was observed in the swell or hydraulic
conductivity data for test solutions with similar ionic strength and RMD. A strong relationship between hydraulic conductivity and free
swell was Tound, but the relationship muost be defined empirically for a particular bentenite. A regression meodel relating hydraulic
conductivity of the GCL 1o ionig strength and RMD of the permeant solution was developed. Predictions made with the mode! indicate
that high hydraulic conductivities (i.e., > 1077 cm/s) are not likely for GCLs in base liners in many solid waste containment facilities.
However, for wastes with stronger leachates or leachales dominated by polyvalent cations, high hydraulic conductivities may occur.

DOI: 10.1061/(ASCE)1090-0241(2004)130:12(1236)

CE Datahase subject headings: Hydraulic conductivity; Swelling; Tnorganic chemicals; Clay liners; Bentonite.

Introduction

Geosynthetic clay liners (GCLs) are factory-manufactured clay
liners consisting of a layer of bentonite clay encased by geotex-
tiles or glued to a geomermbrane. GCLs have become a popular
alternative to compacted clay liners in waste containment appli-
cations because of their relatively low cost, ease of installation,
perceived resistance to environmental distress (e.g. freeze—thaw
and wet~dry cycling), smaller ajr—space requirements, and low
hydraulic conductivity to water (<<107% cm/s). For GCLs that do
not contain a geomembrane, bentonite is responsible for the low
hydraulic conductivity, Sodium {(Na) montmoriilonite mineral is
the primary component of bentonite, and largely controls the hy-
draulic conductivity of GCLs (Shackelford et al. 2000).

A variety of studies have shown that the hydraulic conductiv-
ity and swelling of bentonite can be affected by inorganic per-
meant solutions (Alther et al. 1985; Shan and Daniel i991; Eg-
Joffstein 1997, 2001; Quaranta et al. 1997, Ruhl and Daniel 1997

‘Environmental Engineer, Barr Enginsering Company, 4700 West
77th St., Minneapolis, MN 53435, E-mail: dkolstad@barr.com

2Professor, Dept. of Civil and Environmental Engineering, Univ. of
Wisconsin, Madison, WI 53706, E-mail: benson@engr.wisc.edu

*Professor, Dept. of Civil and Environmental Engineering, Univ. of
Wisconsin, Madison, WE 53706. E-mail: edili@engr.wisc.edu

Note. Discussion open until May 1, 2005, Separate discussions must
be submitted for individual papers. To extend the closing date by onc
ronth, a written request must be filed with the ASCE Managing Editor,
The manuscript for this paper was subimitted for review and possible
publication on July 23, 2003; approved on April 6, 2004. This paper is
part of the Jowrnal of Geotechnical and Gesenvironmental Engineer-
ing, Vol. 130, No. 12, December 1, 2004, ©ASCE, ISSN 1090-0241/
2004/12-1236-1249/318.00.

Petrov and Rowe 1997; Shackelford et al. 2000; fo et al. 2001;
Vasko et al. 2001; Ashmawy et al. 2002; Katsumi et al. 2002,
2003; Shan and Lai 2002). The general conclusion of these stud-
ies is that the hydraulic conductivity and swelling of GCLs is
sensitive to the concentration of the permeant solution and the
cation valence, In general, higher hydraulic conduetivity and
lower swell are obtained in more concentrated solutions or solu-
tions with a preponderance of divalent cations. However, no sys-
tematic study hag been made regarding how the concentration and
relative proportions of monovalent and polyvalent cations in a
multispecies (i.e., more than one cation species) solution affect
swelling and hydraulic conductivity of bentonite and GCLs.
Several studies have been conducted in soil science regarding
the effect of multispecies solutions on the hydraulic conductivity
of montmorillonitic soils (Reeve and Bower 1960; McNeal and
Coleman 1966; McNeal et al. 1966; Mustafa aod Hamid 1973;
Malik et al. 1992). However, these studies have focused on in-
creaging the hydraulic conductivity of montmorillonitic soils for
land drainage and agricultural applications rather than maintain-
ing low hydraulic conductivity for containment applications.
Moreover, none of these studies has focused on clay soils very
rich in montmorillonite, such as the Na-bentonites used for GCLs.
This paper discusses how the ionic sirength and relative
amounts of monovalent and divalent cations in multispecies solu-
tions affect swelling and bydraulic conductivity of nonprehy-
drated GCLs containing Na-bentonite. The focus is on applica-
tions where inorganic solutes are the primary factor affecling
hydraulic conductivity (e.g., conventional solid waste contain-
ment facilities for municipal, hazardous, or mining wastes) and
where complete prehydration (i.e., prehydration by permeation
with distilled, deionized, or potable water) is unlikely. The effects
of complete prehydration and organic cempounds are discussed
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by others (e.g., Shan and Daniel 1991; Petrov and Rowe 1997;
Ruhi and Daniet 1997; Shackelford et al. 2000).

Background

Exchangeable Cations, Mobility of Water, and
Hydration of Bentonite

A weak interlayer bond allows the monimorillonite crystal layers
Lo separatc during hydration as water molecules enter the inter-
layer space (Grim 1968; van Olphen 1977). Consequently, cations
on the interlayer surfaces become exchangeable, which renders
ihe physical properties of Na-montmorilloniie susceptible fo in-
teractions with the permeant liquid. The degree of exchange de-
pends on the valence, relative abundance, and size of the cations,
Generally, cations of greater valence and smaller size replace cat-
ions of lower valence and larger size. The preference for replace-
ment is the lyotropic series, which is Li*<<Na*<K*
<Rb'<Cs" < Mg < Ca¥ <Ba¥ < Cu¥* <A< Fe’* (Sposito
1981; 1989; McBride 1994). Because Na" is at the lower end of
the lyotropic series, Na-bentonites are prone to cation exchange
when permeated with solutions containing divalent or trivalent
ions (Sposito 1981).

Water in the pores of bentonite can be considered mobile or
immobile. Mobile water is bulk pove water that is free to move
under a hydraulic gradient. Immobile water is bound to the exter-
nal and intemal (i.e., interlayer) mineral surfaces by strong elec-
trical forces, and is believed to act as an extension of the solid
surface. When the amount of immobile water in the system in-
creases, the hydraulic conductivity of bentonite decreases because
the interparticle flow paths for mobile water become more con-
stricted and tortuous. This is especially true in bentonites where
swell is constrained (e.g., needle-punched GCLs or GCLs under
confining pressure) (Reeve and Ramaddoni 1965; McNeal and
Coleman 1966; McNeal et al. 1966; Lagerwerff et al. 1969; Mesrti
and QOlson 1971; Peirov and Rowe 1997, Shackelford et al. 2000;
Jo et al. 2001). Changes in the volume of immobile water also
cause volume changes in the bentonite (swell occurs as the vol-
ume of immobile water increases). Thus swell and hydraulic con-
ductivity are generally inversely related for bentonites (Shackel-
ford et al. 2000; Jo et al. 2001; Ashmawy et al. 2002; Katsumi et
al. 2002).

The fraction of the pore water that is immobile is proportional
to the number of layers of water molecules hydrating the inter-
layer surfaces of the montmorillonite particles (McBride 1994).
Hydration of montmorillonite in electrolyte solutions occurs in
two phases: the crystalline phase and the osmotic phase (Noirish
and Quirk 1954; McBride 1994, Zhang ¢t al. 1995; Prost et al.
1998). The crystalline phase occurs first as several molecular lay-
ers of water hydrate the interlayer and outer surfaces from the
completely dry state. Osmotic hydration occurs when additional
water molecules hydrate the interlayer surfaces, resulting in Jarge
interlayer distances (McBride 1994). Crystalline hydration gener-
ally results in a small expansion of the interlayer space and a
limited amount of immeobile water, which is manifested at the
macroscale as a small amount of swelling (referred to as “crys-
talline swell”) and higher hydraulic conductivity. Osmotic hydra-
tion can result in appreciable expansion of the interlayer space, a
large fraction of the pore water being bound, and is responsible
for the large amount of swelling (referred to as “osmotic swell™)
and low hydrawlic conductivity often associated with Na-
bentonites.

When the interlayer cations are monovalent, both crystalline
and osmotic hydration oceur, allowing the interlayer spacings to
become large. However, only crystalline swelling occurs when
the interfayer cations are divalent or trivalent, limiting expansion
of the interlayer region to approximately 1.96 nm (four layers of
water molecules). Strong electrostatic attraction between the
montmorillonite sheets and the interlayer cations prevent osmotic
swelling when the cations are polyvalent, despite the larger hy-
dration energy associated with polyvalent cations {McBride 1994;
1997; Quirk and Marcelja 1997). Thus, appreciable swelling and
lower hydraulic conduetivity occur when the interlayer cations
are monovalent, whereas very little swelling and higher hydraulic
conductivity occur when the cations are divalent or trivalent (Nor-
rish and Quirlc 1954; McBride 1994; Wu et al. 1994; Egloffstein
1997, 2001; Onikata et al. 1999; Jo et al. 2001; Ashmawy et al.
2002). In monovalent solutions, the voluine of swelling and spac-
ing of the interlayer region is inversely proportional to the square
root of the concentration of the solution (Norrish and Quirk 1954;
McBride 1994; Zhang et al. 1995; Onikata ¢t al. 1999).

Hydraulic Conductivity to Single-Species Inorganic
Solutions

Mesri and Olson (1971) studied the mechanisms controlling the
hydraulic conductivity of bentonite when the interlayer cation
was sodium or calcium. At similar void ratios, the hydraulic con-
ductivity of Na-bentonite was approximately five times lower
than that of the Ca-bentonite. Mesri and Olson (1971) atiributed
the lower hydraulic conductivity of the Na-bentonite to the pres-
ence of immobile water, which resulied in smaller and more tor-
tuous flow paths for mebile water.

Petrov and Rowe (1997) investigated how NaCl solutions of
varying concentration affected the hydraulic conductivity of a
GCL containing Na-bentonite. Tests were conducted with distilled
(DI water and NaCl solutions having concentrations between
0.1-2.0 M. Hydraulic conductivity of the GCL generally in-
creased as the NaCl councentration increased. At 2.0 M, the hy-
draulic conductivity was as much as 800 times bigher than that
with distilled water. For concentrations less than 0.1 M, the hy-
drauvlic conductivity was comparable to that obtained with dis-
tilled water. Prehydration with at least one pore volume of dis-
tilled water tempered the sensitivity of hydraulic conductivity to
salt concentration. For 2.0 M NaCl, prehydration with distilled
water resulted in a hydraulic conductivity 25 times lower than
that obtained by direct permeation with 2.0 M NaCl. Tests con-
ducted over a range of confining stresses (3 to 118 kPa) showed
that, at a given concentration, the hydraulic conductivity can vary
by a tactor of 10 to 50 depending on the effective stress,

Jo et al. (2001) investigated how cation valence and concen-
tration of single-species salt solutions affect free swell and hy-
draulic conductivity of nonprehydrated GCLs containing Na-
bentonite. Salt solutions with cation valences of 1, 2, and 3 and
concentrations between 0.005 and 1.0 M were used. All tests
were conducted until the physical and chemical termination cri-
teria in ASTM D 6766 were achieved. Permeation with salt solu-
tions having concentrations less than 0.1 M (monovalent) or
0.01 M (divalent or trivalent) vyielded hydraulic conductivities
similar to those with D] water (=10"? cmn/s), regardless of cation
valence. For higher concentrations, swell decreased and hydraulic
conductivity increased as the concentration or valence increased.
Swelling in the presence of monovalent cations followed the
order of the hydrated radius (#,) and the lyotropic series, with Li
{r,=~0.6 nm) solutions vielding the greatest swell and K (r,
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==(.3 nm) solutions yielding the lowest swell at a given concen-
tration. In contrast, hydraulic conductivity to the monovalent so-
lutions was insensitive to cation species. No dependence on spe-
cies was observed for swell or hydraulic conductivity when the
solutions contained divalent or trivalent cations. In addition, so-
lutions with trivalent cations resulied in swell and hydraulic con-
ductivity essentially identical to those obtained with solutions
having divalent cations at the same concentration.

Jo et al. {2001) conclude that swell and hydraulic conductivity
depend more on valence at intermediale conceutrations
(0.025 M to 0.1 M), whereas concentration dominates at low
(0.005 M} and high (1 M) concentrations. They also conclude
that hydraulic conductivity and swelling have a strong inverse
refationship, and suggest that swell tests can be used as an indi-
cator of adverse chemical interactions that affect the hydraulic
conductivity of GCLs.

Hydraulic Conductivity to Multispecies Inorganic
Solutions

Reeve and Bower (1960) investigated how sodium adsorption
ratio (SAR) of the permeant solution and electrofyte concentra-
tion affected the hydraulic conductivity of a sodic (sodium tich)
s0il with a montmorillonitic clay fraction. SAR is a ratio describ-
ing the relative amounts of sodium, calcium, and magnesium in
the pore water equilibrated with the soil, and can be written as
(McBride 1994):

Na*
[(Ca®*+Mg¥)/2]4 |,

SAR= [ (1)
where the cation (Na*, Ca®*, Mg?*) concentrations are expressed
in meg/L (note; 1 meq/L=1 mN). The soil had a cation exchange
capacity (CEC)=8.9 meq/100 g. The permeant solutions were
Salton sea water (SAR=357) and diluted Salton sea water with
SAR=40,27.2, 182, and 2.2. Reeve and Bower (1960) found that
the rate of monovalent for divalent exchange is a function of the
divalent caiion concentration and SAR of the permeant solution.
At a given SAR, solutions with higher ionic strength resulted in
more rapid exchange and higher hydraulic conductivity.

McNeal and Coleman (1966) and McNeal et al. (1966) vsed
Na—Ca solutions to investigate how concentration and SAR affect
swelling and hydraulic conductivity of Gila clay from New
Mexico, USA, which has CEC=41.2 meq/100 g and consists of
29% montmorillonite. Swelling was quantified as the mass of
“bound” solution per mass of clay. Test solutions were prepared
with NaCl and CaCl, salts at concentrations of 0.8, 0.2, 0.05,
0.012, and 0.003 mN with SAR=0, 15, 25, 50, 100, and . Speci-
mens for hydraulic conductivity testing were initially equilibrated
by permeation with 10 pore volumes of a 0.8 N solution having
the same SAR as the iest solution, and then were sequentially
perimeated with test solutions of decreasing concentration.

MecNeal et al, (1966) found no appreciable swell in solutions
with SAR=0 (all divalent) regardless of concentration, which is
consistent with the lack of an osmotic swelling phase when the
interlayer contains polyvalent caiions (Noirish and Quirk 1954).
Measurable swelling began at 0.012 N and SAR=25, and in-
creased as the SAR of the solution increased. Decreases in hy-
draulic conductivity occurred with decreasing concentration and
increasing SAR of the permeant solution. For example, the hy-
draulic conductivity was 1.5% 107 ¢m/s for a 0.8 N solution
with SAR=0, 5.9% 107 cm/s for a 0.050 N solution with SAR
=100, and 1.5 1077 em/s for a 0,012 N solution with SAR=00
(all sodium).

McNeal et al. (1966) concluded that salt concentration and
SAR aifect swelling and hydraulic conductivity of Gila clay in an
inverse manner, which was alse reported by Jo et al. (2001) for
GCLs permeated with single-species solutions. [ncreasing the
concentration or relative abundance of divalent cations (lower
SAR) results in loss swell and higher hydraulic conductivity. Mc-
Neal et al. (1966) postulate thai swelling of montmoriilonite is the
dominant mechanism affecting its hydraulic conductivity because
it affects the opening and closing of pores.

Mustafa and Hamid (1975) investigated how electrolyte can-
centration and SAR of the permeant solution affected the hydrau-
lic conductivity of two montmorillenitic soils, one centaining
32% montmorillonite and the other 14% montmorillonite. The
hydraulic conductivity of both soils exhibited the same trends
with concentration and SAR as reported by McNeazl et al. {1966),
However, Mustafa and Hamid (1975) indicate that the relation-
ships hetween swell, hydraulic conductivity, and characteristics of
the permeant solution are wnique for each soil.

Malik et al, (1992) investigated how mixed Na-Ca solutions
of various concentrations affect swelling, dispersion, and flow in
two unsaturated clays reported to be mentmorillonitic (the mont-
morillonite conteni was not reported). NaCl and CaCl, solutions
with SAR=0, 5, 15, 25, and 50 and concentrations of 3.1, 12.5,
50, 200, and 500 mM were used. Their results were also similar
to those reported by McNeal et al. (1966); swell of both soils
increased and the hydravlic conductivity decreased as the concen-
tration decreased or the SAR increased.

Materials and Methods

Geosynthetic Clay Liner

The GCL used in this study contains granvlar sodium bentonite
encapsulated between a 170 g/m? slit-film movofilament woven
geotextile and a 206 g/m? staple-fiber nonwaoven geotextile. The
geotextiles are bonded by needle-punching fibers that are ther-
mally fused to the geotextiles. The specific gravity of the bento-
nite is 2.65, and the average mass of bentonite per area is
4.3 kg/m? The initial thickness of the GCL ranges from
5.5 to 6.5 mm, and the average initial gravimetric water content
of the bentonite was 9%.

Keray diffraction showed that the bentonite contains 86%
montmorillonite, 3% quartz, 5% tridymite, 3% plagioclase feld-
spar, 1% K-feldspar, 1% aragonite, 1% illite/mica, and trace
amounts of calcite, siderite, clinoptilolite, rutile, and gypsum. The
granule size distribution for the GCL (determined by mechanical
sieve analysis oo the aic-dry bentfonite) is shown in Fig. 1 along
with the granule size distribution for the GCL used by Jo et al.
(2001). Boih GCLs contain sand-size bentonite granules, but the
GCL used in this study has smaller granules.

The CEC and composition of the exchange complex (Ca, Mg,
Na, and K) were measured on two samples of bentouite from the
GCL using the procedures in Methods of Soil Arnalysis (Spark
1996). Soluble salts were extracted with DI water and exchange-~
able metals were extracted with ammonium acetate. These repli-
cate measuremenis yielded CECs of 652 and 73.5 meq/100 g
and the following exchange complex: Na—356,1 and
40,0 meq/100 g, K—0.6 and 0.8 meq/100 g, Ca—12.0 and
157 meq/100 g, Mg—4.0 and 4.8 meq/100 g. Thus, the bento-
nite used in this study is predominantly Na-montmorillonite.
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Fig. 1. Granule size distributions for geosynthetic clay liner used in
this study and by Jo ot al. (2001)

Permeant Liquids

The multispecies salt solutions were prepared with anhydrous in-
organic salts (>96% purity) dissociated in DI water. LiCl and
NaCl salts were used (o investigate the effects of monovalent
cations, and CaCl; and MgCl, salts were used to investigate the
effects of divalent cations. The anionic background (CI7) was
held consiant for all permeant solutions. Type II DI water was
used to prepare the solutions and as the reference solution,

A summary of the solutions used in this study is in Table 1. All
of the solutions have near neutral pH (6.6 to §.5), The parameter
RMD in Table 1 represents a ratic of the concentrations of
monovalent and divalent cations in the permeant solution. RMD
is defined as

My (2)

RMD =
VM,

where M, =total molarity of monovalent cations; and AM,=total
total molarity of divalent cations in the solution. RMD s slightly
different from SAR in that RMD characterizes the permeant so-
lution infroduced to the soil, whereas SAR generally describes
pore water equilibrated with the soil (although SAR has been
used to describe solutions by some investigators). RMD also is in
terms of molar concentrations (rather than normality), includes all
monovalent and divalent cations (SAR is limited to Na, Mg, and
Ca) in solution, and does not include a factor of 2 in the denomi-
nator (because more than two cations can contribute te Mp).

Solutions  having  ionic  strength (1) ranging  from
0.05 to 0.5 M and RMD from 0 to oo (all divalent to all monova-
lent) were used as permeant liquids. These solutions were selected
to repregeni the range of ionic strengths and RMDs expected in
leachate from modern disposal facilities for municipal solid
wasle, hazardous wastes, constiuction and demolition wastes, fly
ash, paper sludge, and mine waste. A review of literature pertain-
ing to the composition of leachates from these wastes is included
in Koistad {2000), and is summarized later in this paper. Most of
the solutions were Li—Ca mixtures. However, tests were also con-
ducted with Na—Mg and Li-Na—Ca—-Mg mixtures to investigate
how cation species affected swell and hydraulic conductivity of
the GCL.

Free Swell Tests

Free swell tests were conducied in accordance with ASTM D
5860. Bentenite from the GCL was ground to a fine powder using
a mortar and pestle and dry sieved through a No. 200 U.S. stan-
dard sieve. The sioved bentonite was air dried for 24 h, and then
stored in an airtight container prior to testing. A 100 mL gradu-
ated cylinder, accurate to £0.5 mL, was filled to the 90 mL mark
with the icst solution. Two grams of sieved bentonite were added
to the graduated cylinder in 0.1 g increments. Test solution was
ithen added to the cylinder to reach a final volume of 100 mL by
flowing the solution aleng the cylinder wall so that any particles
adhered to the wall would be washed into solution. Swell volume
(mL/2 g) was recorded after 24 h, which Jo et al. (2001) report is
adequate to establish equilibrium.

Hydraulic Conductivity Tesfis

Falling head hydraulic conductivity tests with constant tailwater
elevation were conducted on the GCL specimens using flexible-
wall permeameters in general accordance with ASTM D 3084 and
D 6766, An average hydraulic gradient of 100 and effective stress
of 20 kPa were applied. Hydraulic gradients this large are uncom-
mon when testing clay soils, but are common when testing GCLs.
Large gradients are acceptable when testing GCLs because the
differential in effective stress across a thin specimen is not very
sensitive to the hydraulic gradient (Shackelford et al. 2000).
Aqueous solutions of the inorganic salts (Table 1) were used as
the permeani solutions. Backpressure was not used to permit con-
venient coflection of effluent samples for pH and electrical con-
ductivity (BC) testing.

GCL test specimens were prepared by cutting a sample from a
GCL panel using a steel cutting ring (105 mm in diameter) and a
sharp utility knife following the method described in Daniel et al,
(1997). A small amount of test solution was applied along the
inner circumference of the ring using a squirt bottle to prevent
bentonite loss when removing the specimen from the trimming
ring. Excess geotextile fibers were removed from the edge of the
specimen with sharp scissors to eliminate potential preferential
flow paths between the GCL and flexible membrane (Petrov et al.
1997). Paste prepared with the test solution and beatonite trim-
mings was delicaiely placed along the perimeter of the specimen
with a small spatula to minimize the potential for sidewall leak-
age during permacation.

The initial thickness of the GCL specimen was measured to
the nearest 0.1 mm with a caliper. Four measurements were made
and the average thickness was recorded. The initial weight of the
specimen was measured to the nearest 0.01 g. On completion of
the hydraulic conductivity test, the specimen was removed from
the permeameter and the final thickness and weight were mea-
sured in the same manner,

Sidewall leakage and preferential flow paths aleng the needle-
punched fibers are of concern when permeating GCLs with solu-
tions that alter the hydraulic conductivity of bentonite. When rela-
tively high hydraulic conductivities (>>107° cm/s) were obiained,
the influent solution was spiked with Rhodamine WT dye
(5 mg/L} to stain the flow paths bright red. For all tests that were
conducted, the dye tests showed that preferential flow along the
needle-punching fibers and the sidewalls did not oceur. fo et al.
{2001) report similar findings in their single-species tests on
GClLs.
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Table 1. Summary ol Permeant Solutions

Tonic Menovalent Divalent
Type of strength concenfration conceniration RMD EC
soluticn (M) 1072 vy 1072 (M) {mM 2 eIt {S/m)
Li-Ca .05 5.00 0.00 o 7.4 0.50
4.35 0.22 0.93 7.6 0.48
3.33 0.56 0.45 7.7 0.43
2.00 1.00 0.20 7.2 0.42
0.00 1.67 0.00 7.8 0.36
Na-Mg 3.33 0.56 0.45 7.4 0.43
Li-Na 3.33 0.56 0.45 7.2 0.43
Ca-Mg Li{1):Na(3)" Ca(1):Mg(3)"
Li-Ca 0.1 10.0 0.00 o 6.8 0.88
8.70 0.44 1.32 7.9 0.87
8.33 0.56 112 3.5 (.88
7.77 0,77 0.28 8.1 0.87
6.67 .11 0.64 7.7 0.86
5.00 1.67 0.38 7.3 0.80
2.50 2.50 0.16 7.5 0.77
1.00 3.00 0.06 7.4 0.72
0.00 3.33 0.00 7.9 0.70
Na-Mg 8.70 4.35 1.32 6.8 0.87
6.67 1.11 0.64 6.6 0,86
1.0Q 3.00 0.06 7.2 0.73
Li~-Na 8.33 0.56 1.12 7.1 0.88
Ca-Mg Li(3):Na(l)* Ca(3):Mg(1Y®
Li-Na 2.50 2.50 0.16 6.3 0.77
Ca—Mg Li(1):Na(1)* Ca(l):Mg(])b
Li—Ca 0.2 20.0 0.00 o« 8.1 1.86
16.7 1.11 1.58 7.2 {72
13.3 222 0.89 7.1 1.62
8,00 4.00 0.40 7.2 1.50
0.00 6.67 0.00 7.2 1.29
Na—Mg 13.3 2.22 0.89 6.7 1.61
Li-Na 8.00 4,00 0.40 7.2 1.50
CaMg Li(1):Na(3)* Ca(¥):Mg(1)®
Li-Ca 0.5 30,0 0.00 ] 8.1 3.45
38.5 3.85 1.97 7.3 3.46
31.3 6.25 1.24 8.2 3.29
20.0 10.0 .04 8.1 3.03
0.0 le.7 0.00 7.6 2,74
Na-Mg 313 6,25 1.24 7.2 3.30
Li—Na 38.5 3,85 1.97 6.6 3,46
Ca—Mg Li(3):Na(1)* Ca(l):Mg(fi)b
Li-Na 20.0 10.0 0.64 0.9 3.02
Ca-Mg Li(2):Na(l)’ Ca{1):Mg(2)

Note: RMD=Relative abundance of monovalent and divalent caticns; EC=Exchange capacity.

*Molar ratic of monovalent cations when two specics are present.
"Molar ratio of divalent cations when two species are present

The hydraulic cenductivity tests were terminated when the ter-
mination criteria in ASTM D 5084 and D 6766 were satisfied. The
hydraulic conductivity was required to be steady (£25% of the
mean with no statistically significant trend for at least four val-
ues), the ratio of outflow to inflow was between 0.75 and 1.25 for
four consecutive values, and the pH and EC of the influent and

effluent deviated less than 10%. A minimum of 2 pore volumes of
flow (PVF) was also stipulated, although all tests required
more than 2 PVF to satisfy all of the termination criteria (some
tests required more than {50 PVE). A pH meter and a portable
electrical conductivity probe were used to measure the pH
and EC.
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Table 2. Summary of Free Swell Data

Free swell {mL/2 g}

lonic
strength RMD La-Ca Na—Mg Li-Na—Ca-Mg
(M) v solutions solutions solulions
0.05 0,93 30.5 — —
(.45 24,5 24.5 —
0.20 22.0 - —_
0.00 19.0 - o
0.1 1,32 21.5 21.0 —
1.12 210 e 210
0.88 19.0 — —
0.64 17.5 17.5 —
.38 14,0 — —-
*16 13.5 — 13.0
.06 11.5 £2.0 P
0.00 1i.0 — —
0.2 1.67 19.0 — —
0.89 15.0 15.5 -
0.40 12.0 — 125
0.00 9.5 — —
0.5 1.97 TLS — 12.0
1,24 10.5 0.0 —
0.64 835 — 8.5
0.00 6.5 — —

Note: Free Swell in distilled water=36.5 mL/2 g, RMD=Relative abundance of moncvalent and divalent cations.

Results of Free Swell Tests

Effect of Concentration and Relative Abundance of
Monovalent and Divalent Cations

Free swell tests were conducted using solutions with ionic
strengths ranging from 0.05 M to 0.5 M and RMD ranging from
¢ to 1.97 mM!"2, The multispecies solutions were prepared with
Li and Ca, Na, and Mg, or Li, Na, Ca, and Mg. Results of the
tests are summarized in Table 2.

Free swell is shown as a function of ionic strength in Fig. 2 for
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Fig. 2. Free swell of geosynthetic clay linei bentonite as a funciion
of ionic strength for low, intermediate, and high relative abundance of
monovalent and divalent cation

the Li—Ca solutions. The data are segregated by sofutions that are
predominantly divalent (RMD<C0.35 mMY2), solutions with
comparable fractions of monovalent and divalent cations
(0.35 mM'"? < RMD < 0.90 mM"?), and solutions that are pre-
dominantly monovalent (RMD > 0.90 mM'?). Free swell of the
bentonite decreases with increasing concentration for each range
of RMD. Lower free swell also occurs as the RMD decreases
because the presence of more divalent cations suppresses the os-
motic component of swelling. RMD also affects the sensitivity to
concentration. For the predominantly monovalent solutions
(RMD > (.90 mM*2), the free sweil decreases 19 mL/2 g, on av-
erage, as the ionic strength is varied between 0.05 to 0.5 M, For
the predominantly divalent solutions (RMD<0.35 mMY2), the
free swell decreases 14 mL/2 g, on average, over the same range
of ionic strengths.

The influence of RMD on swell at constant ionic strength is
shown in Fig. 3. The relationships are approximately finear, with
tiend lines fitted to the data using least-squares finear regression.
The slope of cach trend line reflects the sensitivity of swell to
RMD; the intercept is the free swell when the solution only con-
tains divaleni cations. When the ionic strength is lower, ihe trend
lines have a larger slope (e.g., slope=12.1 for /=0.05 M and 2.6
for 1=0.5 M), which indicates that RMD has a stronger influence
on swelling at low ionic strength and less effect at high ionic
strenglh.

The (rends in the free swell tests are consistent with those
reported by McNeal et al. (1966) for swelling of Gila clay in
mixed Na-Ca solutions. They found a unique relationship be-
tween swell and SAR when the concentration was fixed, and that
the sensitivity to SAR diminished as the conceniration increased.
Jo et al. (2001) report similar indings for single species solutions.
They found that concentration has & greater effect on free swell
for monovalent solutions than divalent solutions.

The sensitivity of free swell fo concentration and RMD is
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Fig. 3. Free swell of GCL bentonife as a function of RMD for ionic
strengths of 0.05, 0.1, 0.2 and 05 M

caused by expansion and contraction of the interlayer space as a
result of crystalline and osmotic swelling. This etfect is illustrated
in Fig, 4, which shows basal spacing (i.e., sum of interlayer sepa-
ration distance and thickness of one montmorillonite layer, also
referred to as dyy) as a function of ionic strength. The basal
spacing was computed using the method in Smalley (1994),
which is based on particle geometry, free swell of the bentonite,
the thickness of a mentmorillonite layer (=0.9 nm), the basal
spacing of Ca-montmorillonite in water (=1.96 nm), and the free
swell of Ca-montmoriflonite in water (=8.0 mL/2 g). The sym-
bol size in Fig. 4 is proportional to RMD (larger symbols for
targer RMD). At high ionic strength (0.5 M), the basal spacing
{dgg1) ranges between 1.5 and 2.9 nm, indicating that the swelling
is in the crystalline phase (dyg; =< 1.96 mn} or the low end of the
osmetic phase (dpy, > 1.96 nm). In contrast, the basal spacing
ranges between 4.5 and 8.6 mro at lower concentration (7
= 0.05 M), which corresponds to crystallive and osmotic swelling
{dggr = 1.96 nm). Morcover, the smallest symbols (lowest RMD)
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often correspond to the lowest dyg, for each ionic strength, reflect-
ing suppression of osmotic swelling due to the preponderance of
divalent cations.

Effect of Cation Species

The influence of cation species on free swell is illustrated in Fig.
5 using data from the Li-Ca, Na—-Mg, and Li—Na—Ca—Mg solu-
tions. Swell in the Na—Mg and Li-Na—Ca—Mg solutions is essen-
tially equal to the swell in the Li-Ca solutions at the same ionic
strength and RMD. No discernable effect of cation species is
evident. The tendency of divalent cations to suppress csmotic
swelling, combined with the insensitivity of free swell to type of
divalent cation species (i.e., as in Jo et al. 2001), probably muted
any sensitivity to species for the monovalent cations. The single-
species tests by Jo et al. (2001) also show that free swell in
monovalent solutions is only slightly sensitive to cations species.
Thus, free swell is likely to be insensitive to cation species for
most motiovalent—divalent cation mixtures.

Results of Hydraulic Conductivity Tests

Effect of Concentration and Relative Abundance of
Monovalent and Divalent Cations

Hydraulic conductivity tests were conducted using multispecies
aqueous solutions listed in Table 1. The ionic strength of the test
solutions ranged from 0.05 M to 0.5 M, and the RMD ranged
from 90 to 1.97 mM!2. Hydraulic conductivities obtained from
these fests are summarized in Table 3.

Hydraulic conductivity is shown in Fig. 6 as a function of
ionic strength (). As in Fig. 2, the solutions have been character-
ized as primarily divalent (RMD < 0.35 mM'?), comparable mix-
tures (0.35 mM2 < RMD < 0.90 mM'"?), and primarily monova-
lent (RMD > 0.90 mM'2), The hydraulic conductivity is sensitive
to the composition of the permeant solution, ranging from 5.6
X107 em/s (7=0.05M and RMD=066 mMY) to 1.0
> 1075 em/s (/=0.5 M and RMD=0), and varies exponeatially

1242 / JOURNAL OF GEOTECHNICAL AND GECENVIRONMENTAL ENGINEERING © ASCE / DECEMBER 2004



Table 3. Suvmmary of Hydraulic Conductivities

Hydraulic conductivity (cm/s)

[onic
strength RMD Li—Ca Na—Mg Li-Na—Ca—Mg

(M) {mM "3 solutions solulions sclutions

0.05 0.93 s6ex 10710 —
0.45 Lix10™® 2.1% 107 —
0.20 3.0%107° -
0.00 9.2%x 107 -

0.1 1,32 241077 8910710 e
1.2 23x107° — 4.8x 107
0.88 33x107 —
0.64 52107 63x107 e
0.38 3% 107 —
0.16 9.5% 107" — 2.1% 1078
0.06 L1x1078 85X 107
0.00 [.3x 1078 — —

02 L.67 2.8x107° —
0.89 2.5%107¢ 34x1078 —
0.40 491078 — 32%107%
0.00 1.ox 107 — —

0.5 1.97 24x1077 — 9.1x 1078

1.24 8.5x1077 42x 1077 —

.64 5.0%107° — 85X 1076

0.00 1ox 1073 — —

Note: Hydraulic conductivity to distilled water=9.0x 1671% cm/s;
RMD=Relative abundance of monovalent and divalent cations.

with ionic strength (linearly on a semilogarithmic graph). The
highest hydraulic conductivities at any ionic strength were ob-
tained using the primarily divalent {RMD<20.35 mM'"?) solu-
tions, and the lowest for the primarily monovalent
(RMD > 0.90 mM4) solutions.

The offect of RMD at constant ionic strength is shown in Fig.
7. The base-10 logarithm of hydraulic conductivity (log;K) is
approximately linearly related to RMD. The trend lines relating
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Fig. 6. Hydraulic conductivity of GCL as a function of solution ionic
strength for low, intermediate, and high RMD
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Fig. 7. Hvdraulic conductivity of GCL as a function of RMD for
ionic strengths of 0.05, 0.1, 0.2, and 0.5 M

log;oK and RMD in Fig. 7 were fit using least-squares lincar
regression. Their slope describes the sensitivity of hydraulic con-
ductivity to RMD, and the intercept is the hydranlic conductivity
to the divalent solution. The hydraulic conductivity exhibits
greater sensitivity to RMD at lower ionic strength (i.e., slope
=1.25 at I=0.05 M and 0.86 at /=0.5 M). The data for the tests
conducted at an ionic strength of 0.1 M are an exception to the
trend. The reasou for this deviation is unknown.

The trends in Figs. 6 and 7 are comparable to the trends re-
ported by MeNeal and Coleman (1966) for Gila clay. They found
that the hydranlic conductivity increases with increasing concen-
tration and decreasing SAR, and distinct curves relating hydraulic
conductivity to SAR exists when the concentraticn is fixed, Mc-
Neal and Coleman (1966) report that SAR has a stronger influ-
ence on hydraulic conductivity at low concentrations, and that the
effect of SAR diminishes at high concentrations. Jo et al. (2001)
also report similar sensitivity to ionic strength and cation valence
for single species sclutions. At a given ionic strength, the highest
hydraulic conductivitics were obtained with divalent or trivalent
solutions, and the lowest with roonovalent selutions.

A diminished effect of jonic strength and RMD probably
would have been observed had much Jower or much higher jonic
strengths been used. For example, D1 water is the limiting case
for dilute solutions (in this study, the hydraulic conductivity of the
GCL to DI water was 9.0 107 cm/s). In addition, Jo et al.
(2001) report that the hydraulic conductivity of the GCL they
tested leveled off between 107° to 107™* cm/s for ionic strengths
greater than 1 M, When the ionic strength is high, osmotic swell-
ing becomes negligible, and the basal spacing is reduced to its
smallest value in the hydrated state (=2 nm). Once this com-
pressed condition is reached, no further increase in hydraulic con-
ductivity can occur. Tn fact, a decrease in hydraulic conductivity
is possible due to the higher viscosity of concentrated solutions
(Fernandez and Quigley 1988).

Effect of Cation Species

Li-Ca, Na-Mg, and Li-Na-Ca-Mg solutions having various
RMD and ionic strengths were used to investigate how differ-
ences in cation species affect the hydraulic conductivity ot GCLs
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permeated with mixed solutions. Composition of each solution is
summarized in Table 1 and the hydraulic conductivitics are in
Table 3.

Hydraulic conductivities obtained using the Li—Ca solutions
are compared with those obiained from the Na—Mg and Li-Na—
Ca—Mg sclutions in Fig. 8 At comparable ionic strengths and
RMD, essentially the same hydraulic conductivitics were ob-
tained with the Na—Mg and Li-Na~Ca-Mg solutions as with the
Li—Ca solutions. No discernable effect of cation species is appar-
ent. The insensitivity of hydravlic conductivity to cation species
is analogous to the insensitivity of free swell to cation species.
Differences in preference of the montmaorillonite for Ca over Mg
and Na over Li appear to have a small effect compared to the
cffects of RMD and concentration. In addition, Jo et al. (2001)
found that the hydraulic conductivity was insensitive to cation
species for a given valence.

The insensitivity to cation species evident in Fig. 8, combined
with the ingensitivity to cation species observed by Jo et al.
(2001} for single-species solutions, suggests that the hydrautic
conductivity at fixed RMD is likely to be insensitive to cation
species in most monovaleni—divalent mixlures. Moreover, Jo et
al, (2001} found that permeation with single-species solutions
containing divalent and {rivalent cations yielded essentially the
same hydraulic conductivity at a given concentration. Thus, the
insensitivity to cation species may extend to multispecies solu-
tions in general, with ionic strength and RMD being the daminant
variables controlling hydraulic conductivity. In this case, the de-
nominator of RMD would include the total normality of the poly-
valent (valence = +2) cations in the solution. While this hypoth-
esis is plausible, more testing is needed to confirm its validity.

Practical Implications

Free Swell and Hydraulic Conductivity

Jo et al. (2001) show that a strong relationship exists betweent free
swell of bentonite and the hydraulic conductivity of GCLsg ex-
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Fig. 9. Hydraulic conductivity of GCL as a function of free swell of
bentonite. Test data arc from this study and from Jo et al. (2001)

posed o single-species solutions. A similar relationship could be
expected for multispecies solutions as well becanse Figs. 2, 3, 6,
and 7 show that tonic strength and RMD affect swell and hydrau-
lic conductivity in a consistent and similar manner. McNeal et al.
(1966) also report a strong correlation between swelling and by-
draulic conductivity for Gila clay permeated with solutions hav-
ing different ionic strengths and SAR.

Hydraulic conductivity of the GCL specimens permeated with
the multispecies solutions is shown in Fig. 9 as a function of free
swell along with the single-species data from Jo et al. (2001). A
strong relationship exists between hydraulic conductivity and free
swelt for both data sets. The slight offset in the two data sets at
lower swell volumes (and higher hydraulic conductivities) is most
likely due to differences in the granule size distributions of the
bentonites and not the use of multispecies versus single species
solutions. The GCLs used in both studies were essentially idendi-
cal, except the bentonite in the GCL used in this siudy has smaller
granules than the bentonite in the GCL used by Jo et al. (2001)
(Fig. 1). Mesri and Olson (1971) and McNeal et al, (1966) indi-
cate that bentonites with larger “domains” (quasi-crysials) permit
larger flow paths and higher hydraulic conductivity. 1n addition,
Katsumi et al. (2002) show that nonprehydraied GCLs containing
bentonite with larger granules are more permeable than GCLs
with smaller granules when permeated using stronger (0.2 M)
salt solutions. Because the granules do not swell appreciably in
strong solutions, bentonites with larger granuies have larger inter-
granular pores, and higher hydraulic conductivity. That is, the
hydraulic conductivity of granular bentonite permeated with
strong solutions follows a similar relationship with particle size as
do granular soils; i.e., the hydraulic conductivity increases as the
particle size increases, all faciors being equal (e.g., Lambe and
Whitman 1969; Terzaghi et al. 1996). In contrast, granule size has
no cffect on free swell, because the bentonite is crushed to pass
the No. 200 sieve prior to free swell testing.

McNesl et al. (1966) conclude that swelling of expansive min-
erals soch as montmorilionite is the dominant mechanism affect-
ing the hydraulic conductivity. The results of this study, as well as
those in Jo et al. (2001), support this conclusion. The trends
shown in Fig. 9 also indicate that free swell tests can be a rela-
tively simple and quick screening method to evaluate the compat-
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ibility of GCLs permeated with inerganic salt solutions contain-
ing mixtures of cations. Although not a surrogate for chemical
compatibility testing {direct testing is needed to demonstrate that
a GCL is compatible with a liquid), frce swell testing can be used
to identify liquids that arc incompatible with GCLs. The dala in
Fig. 9 also illustrate thai the relationship between hydraulic con-
ductivity and free swell is bentonite specific, and needs o be
identified empirically.

Estimating Hydraulic Conductivity

The approximately linear trends shown in Figs. 6 and 7 suggest
that a refatively simple empirical model can be used to estimate
hydraulic conductivity of GCLs as a function of fonic strength
and RMD. A model relating these parameters was developed
uging stepwise regression (Draper and Smith 1998) using a sig-
nificance level of 0.05:

log K,

= 1.085 — 1.0977 + 0.03987> RMD &)}
log Kp;

In Bq. 3, K.~hydraulic conductivity to the inorganic chemical
solution and Kp=hydraulic conductivity to deionized water. The
R? for Bq, (3) is 0.967 and the p statistic is less than 0.0001. Eq.
(3) is linear in both 7 and RMD, and the product 2 X RMD re-
flects that the sensitivity to RMD varies nonlinearly with ionic
strength (e.g., as in Fig. 7). Eq. (3) is valid for 1=0.05-0.5 M and
RMD < 2.0 mM"2.

Eg. (3) is based on data from the GCL tested in this study
under the state of stress that was employed (effective stress
=20 kPa). However, Eq. (3) can be used to estimate how inor-
ganic solutions may affect the hydraulic conductivity of other
GCLs provided they employ granular Na-bentonite consisting of
approximately 80% montmorillonite. Many of the GCLs used in
North America today fit this description. Even if the granule size
or montmorillonite content differs from those in this study, the
relative effects of ionic strength and RMD should be approxi-
mately correct. In addition, Petrov and Rowe (1997} show that the
hydraulic conductivity of GCLs exhibits similar sensitivity to ef-
fective stress regardless of whether DI water or a salt solution is
used as the permeant liquid, Thus, Eq. (3) can be used to estimare
the hydraulic conductivity at different effective stresses if the hy-
draulic conductivity to DI water at these stresses is known.

A comparison of K, predicted with Eq. (3) and the measured
hydraulic conductivity is shown in Fig. 10(a). The contour lines in
Fig. 10 correspond to Eq. (3}, whereas the data points correspond
to the / and RMD for the tests cenducted in this study. Eq. (3)
captures the data reasonably well. Hydraulic conductivities pre-
dicted with Eq. (3) are also shown as contours in Fig. 10(b) along
with points corresponding to /' and RMD for actual leachates from
a variety of wastes and solid waste disposal facilities reviewed by
Kolstad {2000). The ionic strength and RMD of each leachate is
summarized in Table 4, along with the data source (literature and
regulatory agency reports) and the type of containment facility.
The points and contour lines in Fig. 10(b) illustrate what hydrau-
lic conductivity likely would have been had the GCL used in this
study been tested with these leachates.

Of the 50 points shawn in Fig. 10(b), 37 fall below 1077 em/s
(74%) and 24 fall below 1073 cm/s (48%). Thus, GCLs with high
hydraulic conductivities (1077 em/s) sheuld not be common in
bottern liners where leachates similar to those in Table 4 are
likely to be found, Moreover, many of the points in Fig. 10(b)
associated with high hydraulic conductivities correspond to
“young” (landfill age<5 yr) muonicipal solid waste (MSW)
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Fig. 10. Contours of hydraulic conductivity as a function of RMD
and ionic strength predicted with Eq. (3) along with (a) measured
hydraulic conductivities as solid circles and {b) poinis corresponding
to jonic strength and RMD of various leachates. Data from Williams
{1975) (/=1.87 M and RMD=0) and Kolstad (2000) (/=1.37 M and
RMD=2.52 mM!2) are off the scale in (b).

leachates (Table 4). The composition of MSW lcachate changes
over time, and thus high hydraulic conductivities may not be re-
alized because of the relatively long time required for a GCL and
leachate to reach equilibrium under field conditions (Yo 2003).
However, some of the points for mine waste, paper sludge, and fly
ash disposal facilities are associated with high hydraulic conduc-
tivities, and the composition of leachates from these wastes can
be persistent.

Effect of Prehydration

The results of this study pertain specifically to nonprehydrated
GCLs. Different results may have been obtained had the GCLs
been completely prehydrated by permeation with DI or potable
water for several pore volumes of flow. Comparisons between
hydraulic conductivities of nonprehydrated and completely prehy-
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Table 4. Summary of Ionic Strength and RMD of Various Leachates

Leachate lonie RMD
Source type strength (M) {mM 1)
Ehrig (1983) Young MSW 028 0.21
Pohtand (1980) leachate 0.38 0,25
i (<5 yn
Tchbanoglous 0.14 0.0
et al. (1993)
Chian and DeWalle 0.17 0.13
(1975)
Cheremisinofrl (1983} 022 0.40
Alker et al. (1995) 0.16 0.13
Chian and DeWalle .57 0.23
(1975)
Chijan and DeWalle .62 0314
(1975)
Chian and DeWalle 0.34 0.18
(1975)
Farquhar (1989) 0.40 0.31
Shams et al, (1994) 0.24 0.18
Ehrig (1983) [ntermediate 0.10 0.52
Pohland (1980) 1 Msl“i 0.19 0.33
Chian and DeWalle caghate 0.17 0.06

(5~10 yr)
(1975)
Chian and DeWalle 0.11 011
(1975)
Farquhar (1980) 0.18 0.14
Chian and DeWalle Old 0.06 0.01
(1975) MSW
Chian and DeWalle leachate 0.06 0.28
(1975) (=10 yr)
Farquhar (1989) G.06 0.07
Alker et 2]. (1995) G.04 0.17
Kmet and MeGinley MSW leachate 0.19 0.16
(1982)
Ruhl and Daniel (1997) 0.04 0.17
Kalstad {2000) Cand D 0.05 ¢.01
Kolstad (2000) leachate 0.02 0.01
WMNA (1993) 0.04 0.07
Weber et al. (2002) 0.066 0.66
Kolstad (2000) Fly ash leachate 0.03 0.25
Kolstad (2000) 0.63 0.06
Kolstad (2000) 0.02 0.10
Kolstad (2000) 0.05 023
Kolstad (2000) 0.06 0.13
Kolstad (2000) 0.07 0.20
Kolstad (2000) 0.37 2.52
Kolstad (2000) 0.76 0.71
Al et al. (1994) Mine process waler 0.05 0.00
Shackelford (1998) 0.04 0.00
Jordan et al. (1598) 0.05 0.20
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Table 4. {Continued.)

Leachate Tenic RMD
Scurce type strength (M) (mM172)
Williams (1975} Acidic {.87 0.00
Christensen and Laake mine weste 0.J3 0.00
(1996) dramagc
Christensen and Laake 0.0% 0.00
(1996)
Al et al. (1994) 0.81 0.00
Shackelford (1998) 0.31 0.00
Williams (1975) Pyritic tailings 0.26 0.16
leachate
Pettit and Scharer Ur rock drainage 0.10 .01
(1999)
Kolstad {2000) Hazardous waste 0.001 0.1l
leachate 0.70 0.07
0.003 0.04
Kolstad (2000) Paper mill landfill 0.17 0.07
leachate 0.01 0.01
0.03 0.04

Note: RMD=Relative abundance of monovalent and divalent cations; MSW=Municipal solid waste.

drated GCLs that have been permeated long enough to cstablish
chemical equilibrium between the bentonite solid and the solution
show that prehydration by permeation with DI water results in
hydraulic conductivities an order of magnitude lower than those
obtained without prehydration, even if cation exchange between
the mineral surface and the permeant liquid is complete (Petrov
and Rowe 1997; Jo et al. 2004).

Although the effect of complete prehydration is significant,
complete prehydration is unlikely to occur in the field. Most
GCLs in field applications hydrate as water is drawn to the ben-
tonite from an underlying subgrade via vapor diffusion or gradi-
ents in matric potential (Daniel et al. 1993, 1998; Katsumi et al.
2003). The prehydration afforded by these processes does not
appear to have the same effect as complete prehydration by direct
permeation. Vasko et al. (2001) found that the hydraulic conduc-
tivity of GCLs prehydrated with DI water via capillary wetting
and vapor diffusion and permeated with CaCl, solutions had es-
sentially the same hydraulic conductivily as nonprehydrated
GCLs unless the solution was very strong (concentration
>0.1 M). Comparable findings are reported by Katsumi et al,
(2003). These observations suggest that hydraulic conductivities
reported in this study are likely to be more representative of most
ficld conditions than hydraulic conductivities of completely pre-
hydrated GCLs.

Summary and Conclusions

This study dealt with the influence of multispecies inorganic salt
solutions on swelling and hydraulic conductivity of nonprehy-
drated GCLs. Free swell and hydraulic conductivity tests were
conducted on nonprehydrated specimens of a commercially avail-
able GCL using DI water and aquecus solutions of LiCl, NaCl,
CaCl,, and MgCl, salts. The relative amounts of monovalent and

divalent cations in solution were guantified with the parameter
RMD, which is the ratio of the total molarity of moncvalent cat-
ions to the square root of the total molarity of divalent cations.

Results of the free swell tests show that swell is directly re-
lated to RMD and inversely related to ienic strength. RMD has a
strong effect on swell in weaker solutions, and a modest effect in
strong solutions. Similar findings were obtained from the hydrau-
lic conductivity tests. Hydraulic conductivity was found to be
directly velated to ionic strength and inversely related to RMD,
with RMD having a greater effect on hydraulic conductivity in
wealcer solutions. Tests weie also conducted to determine if cation
species affects swell or hydraulic conductivity. No discernable
effect of cation species was evident in the free swell or hydraulic
conductivity for tests conducted at a given ionic strength and
RMD.

A strong relationship between hydraulic conductivity and free
swell was found that is analogous to the relationship reported by
Jo et al. (2001) for tests conducted using single-species salt solu-
tions. However, the hydraulic conductivity-free swell relationship
is not unigue, and must be defined empirically for a particular
bentonite if free swell tests are to be used for chemical compat-
ibility screening.

The hydraulic conductivity data were also used to develop a
regression model relating hydraulic conductivity of the GCL to
ionic strength and RMD of the permeant solution. Predictions
made with the model indicate that high hydraulic conductivities
{i.e, >107 cm/s) are unlikely for nonprehydrated GCLs in base
liners in many solid waste containment facilities. However, for
some wastes that transmit stronger leachates or Ieachates that are
dominated by polyvalent cations (e.g., fly ash, paper sludge, and
mine wastes), high hydravlic conductivities may be realized pro-
vided adequate time exists for the bentonite and Jeachate to reach
chemical equilibrium.
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The following corrections should be noted.

The units for RMD in the text and graphs in this paper should
be M2 rather than the onits of mMY* shown in the published
version. Eq. (3) also contained typographical errors. The correct
version is

log K,
222 _ 0,065 ~ 0.976/+ 0.079TRMD +0.25 1 /ZRMD (3)
log Kp,

In addition, the plotting positions for the fly ash leachates were
reversed in Fig. 10(b) {i.c., the fly ash leachate data were plotted
as I versus RMD insiead of RMD versus 7). A correct version of
Fig. 10(b) is presented here. These errors do not affect any of the
conclusions or inferences in the paper.
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Fig. 10. Contours of hydraulic conductivity as a function of RMD
and ienic strength predicted with Bq. (3) along with {a} measured
hydraulic conductivities as solid circles and (b) points corresponding
to ionic strength and RMD of various leachates. Data from Williams
(1975) {(I=1.87 M and RMD=0) and Kolstad (2000) (/=1.37 M and
RMD=2.52M'2) are off the scale in (b).
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TABLE 3

NEW LANDFILL CELL 1 ANALYSIS RESULTS
INTERNATIONAL PAPER
RIEGELWOOD, NORTH CAROLINA

¥s.u. = Standard unif

Qualifiers {Q);

8
J

ug/L, = Micrograms per Liter
umhiosicm = Micromhos per centimeter

Bold values indicate concentrations in excess of NC Groundwater quality standards for the protection of the groundwater.
2L Standard - 154 NCAC 2L Groundwater Standards
SWSL. - Solid Waste Section Limits
NE = Not Eslablished

The analyte was analyzed for, but was not detected above the associated detection limit.
The analyte was detecled in a laboratory blank at a similar concentration,
The analyte was positively identified; lhe asscciated numerical value Is the approximate concentration of the analyte in the sample

Client Sample ID: Primary Leachate Secondqry Leachate Under-Dr.ain Leachatef
Coltection System § Collection System { Collection System
Coilect Date: 8/12/09 8/12/09 8/12/09
Method Parameter Units Q Value 4] Value Q
EPA 2007  [Arsenic ug/| 27 U 5.4
EPA 200.7 [Barium ug/l 68.8 110 2,000 100
EPA 2007 {Cadmium ug/l U 0.5 U 0.5 U 175 1
EPA 200.7  |Chromium ug/| 7.1 326 50 10
EPA 200.7  |Copper ug/l U 0.3 U 0.3 U 1,000 10
EPA200.7 |(Iron ug! 80 - 12000° | 300 300
EPA200.7 |Lead ugll 4 4 15 10
EPA200.7 |Manganese uglh 0. 1 g80. ] s0 50
EPA200.7 |[Selenium g/ y 3.8 U 38 50 10
EPA200.7  |[Silver ug/l J 0.23 J 0.42 J 17.5 10
EPA200.7 |Vanadium ug/l 14.6 qug - NE 25
EPA200.7 |Zinc ugfi 79 B 0.4 U 1,050 10
EPA 2451  |Mercury ugfl 0.07 U 0.07 U 1.05 0.2
ASTM D516-90 |Sulfate ug/! 0o - 112000 6900 250,000 | 250,000
EPA 120.1  |Specific Conductance umhos/cm 8150 2870 3880 NE NE
EPA 3532 |Nifrate ugfl 100 ) 100 U 100 U | 10,000 { 10,000
EPA 3651 |Orthophosphate ug/l 1300 2100 420 NE NE
SM 2540C _|Total Dissolved Solids ugl | stoooee | ] 2200000 2990000 500,000 | NE
SM 4500Ci  |Chloride ug/| 153000 52700 221000 250,000 NE
SM 4500F  |Fluoride ug/l 190 850 190 2,000 2,000
SM 52108 |Biochemical oxygen demand uglt 33,600 J 3600 J 3,600 J NE NE
Si 52200 |Chemical oxygen demand gl 862000 148000 290000 NE NE
SM 53108 |Total Organic Carbon ug/l 292000 42500 105000 NE NE
SW-846 9020 |Total Organic Halides ug/! 2000 1600 3000 NE NE
SW-846 5040 |pH 5.U. 7.2 J 5.7 J 6.6 J | 6585 NE
Notes:

P:\Jobs4\ Projecisiinternational PapenP - Riegelwood Geosciencesi31826632 Landfill Monitoring\d.0 Deliverables\4.2 2009 2ndiIP
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TABLE 3
NEW LANDFILL CELL 1 ANALYSIS RESULTS
INTERNATIONAL PAPER
RIEGELWOOD, NORTH CAROLINA

Client Sample ID: PrimarIy Le?chate Secondgry Leachate Under-Dr.ain Leachatef~ = I S
Collection System | Collection System | Collection System -+
Collect Date: 2125009 2125109 2125009
Method Parameter Units Value Q Value Q ~ Value 0]
SW-846 60108 |Aluminum ugy| 1,170 45.5 B 490
SW-846 6010B |Arsenic ug/) 29.3 2.7 U 7.4 50 10
SW-846 60108 |Barium ug/| 207 504 106 2,000 100
SW-846 60108 |Cadmium ugy/! 05 U 0.5 U 0.5 U 1.75 1
SW-846 60108 |Chromium ug| 18.6 10.6 31.6 o0 10
SW-846 60108 [Cobalt ug/l 1.5 J 0.8 U 15 J NE 10
SW-846 60108 |Copper ugll 0.3 U 043 J 0.3 U 1,000 10
SW-846 6010B |Lead ug/l 4 U_jr _ 4 ] U_ i5 10
SW-846 6010B |Manganese ug/! o ' CRAY o1 50 50
SW-846 60108 |Molybdenum ug| 1.4 U NE NE
SW-846 60108 |Silver ug| 0.56 B 0.95 B 175 10
SW-846 6010B |Zinc ug/| 9.7 J 0.4 U 1,050 10
SW-846 7470 |Mercury ug/ 0.76 0.82 1.05 0.2
ASTM D516-80 |Sulfaie ug/l 000, 166,000 7,700 250,000 § 250,000
EPA 1201  |Specific Conductance umhos/cm 5220 3,040 4,370 NE NE
£EPA353.2 |Nitrate ug/l 100 U 100 U 109 U | 10,000 § 10,000
EPA 3651 | Orthophosphate ug/l 280 J 1,200 510 NE NE
SM 2540C | Total Dissolved Solids ug/l ) 500,000 NE
SM 4500CL  |Chlaride ug/| 118,000 53,000 238,000 250,000 NE
SM 4500F  |Fluoride ugl 130 660 180 2,000 2,000
SM5210B  (Biochemical oxygen demand ugf! 5,500 J 5,200 J 6,300 J NE NE
SM 52200  |Chemical oxygen demand ugll 366,000 121,000 277,000 NE NE
SM5310B  |Total Organic Carbon ug/! 179,000 106,000 157,000 NE NE
SW-846 9020A |Total Organic Halides ug/lL 270 130 280 NE NE
SW-846 9040 |pH S.u. 7 J 6.8 J 6.8 J 5.5-8.5 NE
Notes:

{Bald values indicate concentrations in excess of NC Groundwater quality standards for the protection of the groundwater,
2L Standard - 18A NCAC 2L Groundwater Standards

SWSL. - Solid Waste Section Limits

NE = Not Established

s.u. = Standard unit

ug/l. = Micrograms per Liter

umhosfem = Migromhos per centimster

Qualifiers (Q):

| The analyte was analyzed for, bul was net detected above the associated delection limit.
| [5] The analyte was detected in & lzboralory blank at a similar congentration.

J The analyte was positively identified; the associated numerical valus is the approximate concentration of the analyte in the sample
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