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Background: The storage of PFAS (Per- and polyfluoroalkyl substances) within modern landfills is a
fairly recent question and issue. Geosynthetic “composite lined” barrier systems have an excellent track
record in the landfill containment performance of both household waste and more hazardous and
reactive materials. PFAS, in all the multiple varieties, is a fairly new consideration: PFAS is commonly
referred to as an emerging contaminate. As with landfilling of infectious, radioactive and other
hazardous materials, the goal with PFAS is to isolate the contaminate from the environment and thus
protect human health and the environment.
This report addresses this issue in two phases, particular to the Southern Waste ResourceCo
Stage 4 cell 3 installation. The first issue is the quality of the design and installation: does it do
everything possible to provide the best barrier available and was that design properly executed? Is
barrier as good (hole and leak free) as can possibly be expected? The techniques and standards of
practice for this are established, were examined and will be reported.
The second issue is the performance of the barrier system specifically relative to PFAS type
chemicals. In contrast to the preceding paragraph, this question is not as well “solved”: barrier testing
of PFAS type contamination does not broadly exist in technical journals and scientific publications,
however, very recent work and publications offer the first peer-reviewed, scientifically valid data in this
regard. This data confirms expectations and supplies a means for creating an estimate of PFAS barrier
performance.
My professional opinion is presented in the conclusion section – In short summary, my
professional opinion is that a dual lined composite barrier system with leak detection, such as is installed
at Southern Waste ResourceCo Stage 4 cell 3 offers the best possible barrier for PFAS type chemicals
and meets the best standards of practice available at this time.
Composite lining system performance:
Composite liners have been established as the primary barrier system for waste around the globe. A
composite liner, in regulatory and industry terminology is a two-component system. These are nearly
universal in the global containment of solid waste / landfills. A geomembrane (thermoplastic formed
sheet and rolls) is used as the primary containment and a second component is included, normally
beneath the geomembrane. This second component is commonly clay, or some other non-permeable
soil, also geosynthetic clay liners (GCLs) are used. The purpose of the second component is, in the event
of (conservatively expected) geomembrane leakage, provide a secondary barrier and both reduce the
volume of the leakage and prevent the accelerated propagation of the leak flow rate. The effective
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barrier performance of the composite system is well established. Perhaps the best reference in this
regard is Bonaparte et.al, in the US EPA report “Assessment and Recommendations for Improving the
Performance of Waste Containment Systems”, (EPA/600/R-02/099). This report is cited in the design
and construction quality assurance documents prepared for the Southern Waste ResourceCo cell.
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Figure 1. Leakage rates of GMB alone (top) and composite liners
(with CCL and GCL, respectively) after Bonaparte (Appendix E)
Data from appendix “E” is presented in figure 1, circa year 2002. The comparison is geomembrane alone
(yellow line), a composite liner of a geomembrane and compacted clay (green line) and a geomembrane
and a geosynthetic clay liner (GCL) (red line). The comparison is taken from data across multiple landfills
at various phases of operation with leakage rates presented on the y-axis. Clearly the composite liner
systems perform better than geomembrane alone, with the geomembrane/GCL system having the
lowest overall leakage rates, near zero after final cover placement.
There have been multiple performance enhancing activities and techniques that have become more
common since this data was published. These improvements include advancements in construction
quality control (CQC) and construction quality assurance (CQA) techniques, the creation and execution
of site geomembrane wrinkle management programs, long term geomembrane strain evaluation and
measurements, electronic liner integrity surveys – both on bare liner and following cover soil placement.
All of these improvements were included in the construction of Southern Waste ResourceCo Stage 4 cell
3.
The work done by Beck (Beck-Gilson 2012), referenced below, does a very good job of statistically
calculating the effectiveness of these advancements and placing a numerical estimate on the
effectiveness of reducing leakage rates. Of principle benefit is the planning and execution of a
construction quality assurance program. I have reviewed the site records, documents and photographs
and they are indicative of a top notch CQA operation, further the company who executed the
geosynthetics installation program is well known to me and holds a strong reputation both individually
with myself and within the Australian and global geosynthetic industry. This cell had good CQA.
Two other components that have advanced since the Bonaparte document was published are the
importance of wrinkle management and the associated importance of reducing applied strain on the
geomembrane. The result of this work is that it is understood that the geomembrane should be
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installed as flat as possible, with as few wrinkles as possible. Rowe (multiple references below) has
proposed a leakage rate equation that includes terms for the size and length of wrinkles – this equation
has been found to be accurate and effective. This site had an established wrinkle management plan that
CQA records indicate was operated effectively. This is supported by the photographs included in the
CQA documentation. Further, in addition to avoiding strain in the geomembrane via wrinkles, a
program, including completed and documented laboratory evaluations, was executed to assure that the
soils and drainage stone used in the site would not create unacceptable levels of strain at the
geomembrane interface.
An additional, more recently accepted technique that was applied to this site is the use of electronic
liner integrity surveys. These tests allow, through a variety of methods, to inspect the liner for barrier
performance (absence of holes) via an electronic survey, after the materials have been installed and
subjected to the possible damage due to construction operations. Two surveys were conducted, one on
the bare geomembrane at the conclusion of its installation, the second and more critical was an
electronic liner integrity survey conducted by an independent third party after the barrier system had
been covered with drainage gravel. It is hard to overestimate the importance of this survey. The
geosynthetic industry has long established that the most critical time period with the greatest potential
for damage to the barrier system is during cover soil or drainage gravel placement. Nosko and Touze,
referenced below, conducted detail investigations to establish this fact, and further, that the damage
that does occur during this period tends to be significant, if not major in its extent and impact. A
successful, independent, survey, conducted after soil or drainage gravel placement is also indicated by
Beck-Gilson to be a statistically strong indicator of reduced leakage rates.
I will finally mention perhaps the greatest single contributing factor to leakage reduction. This cell has
been constructed with a double composite liner. Meaning, beneath the primary composite liner of a
2.0mm thick geomembrane and a geosynthetic clay liner there exists a second, independent composite
liner with a second 2.0mm thick geomembrane and a 1-meter-thick layer of compacted clay. This
combination is exceedingly powerful at leakage reduction for several reasons.
As this double composite barrier system uses both compacted clay and a geosynthetic clay liner, it
receives the benefits of both types of clay barrier. A geosynthetic clay liner uses a particular type of
clay, high in sodium montmorillonite and thus has barrier properties (permeability rates) that are usually
two to three orders of magnitude better (less permeable) that compacted clay, further, as a
manufactured product, they tend to be more consistent than clays and can be, and are, tested in
advance of qualification for a project. However, compacted clay offers one benefit that geosynthetic
clay liners cannot and that is thickness and mass. In a landfill environment, while not likely, it is possible
to conceive of an unplanned incident breaching a geosynthetic clay liner which has a thickness of a few
millimeters. It is almost inconceivable that a breach through a 1-meter clay layer could occur.
Further, the system is designed with “belt and suspenders” as well as a warning bell. It is always
prudent to plan for less than perfect performance of any system. This design does that. Should a leak
occur in the primary liner, the fluids would be halted by the geosynthetic clay liner which would swell
and both act as a barrier to propagation of leakage and serve to “heal” the primary geomembrane by
expansion of the clay to fill the hole in the primary liner with a very low permeability clay. If the
geosynthetic clay liner failed to act as expected, the leakage would propagate into a leak detection
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drainage layer, installed to collect leakage through the primary composite liner into sumps which are
monitored. Thus, there is a “warning bell”, an increase in fluid collection in the leak detection system.
This warning enables the landfill operator to be aware of the situation, investigate and take appropriate
corrective action. Should this step fail to occur, the materials would still be contained by the secondary
geomembrane liner. Should the secondary geomembrane liner leak, that leak would be mitigated by
the compacted clay liner. Should the compacted clay layer fail, for some reason then, at that point, the
contaminate would begin moving into an attenuation zone. Presumably there are established
groundwater monitoring wells in place on the property which would again, measure and report this fact.
5 materials and systems, all independent, yet supportive of the other, would need to fail for release of
leakage to occur. This is highly unlikely.
The author knows of no double composite lined systems that have been properly installed, but failed to
perform as anticipated. This technology is not new, double composite systems have been in use for 40
years or more, to contain the most dangerous and chemically reactive materials. These systems work.
Chemical compatibility with PFAS type chemicals:
Having addressed the potential of leakage through holes, we now turn to the second possible source of
contamination through the barrier system, that of permeation due to diffusion. In this case, as
contrasted with a hole, the contaminate would move through the geomembrane and clay barrier system
themselves in a mass transfer mode. A similar analogy is found in a nicotine patch, the nicotine
(contaminate in this example) diffuses and moves through the human skin barrier. While this example is
illustrative, human skin is a very permeable material as contrasted with geomembrane and clays.
To this point, I have used the word “geomembrane” to describe the plastic portion of the barrier of the
system in Southern Waste ResourceCo Stage 4 cell 3. That is an oversimplification that requires
additional explanation. A geomembrane is a thermoplastic sheet designed specifically to contain waste.
The geomembrane used in this cell and nearly all geomembranes used in hazardous waste containment
facilities is made of polyethylene. Polyethylene geomembranes command nearly 100% of the market
for this specific (hazardous waste) application and they are used for several reasons. They are durable –
the estimated lifespan of a polyethylene geomembrane is measured in centuries. They are strong and
resistant to deformation and puncture – numerical values for physical property performance are well
established and were tested and met in this case. They have other properties and technology has been
developed that supports the proper installation and testing of the materials, as characterized above.
But perhaps the largest contributing factor to the selection of this material as the principal barrier is that
of chemical resistance.
A key to polyethylene geomembranes successful performance is the chemical resistance. Polyethylene
geomembranes are unaffected by pH extremes, acids, bases, oxidizing and reducing agents, and most
common chemicals. They are excellent barriers for fuel, oils, gasoline, detergents, cleaning compounds,
solvents and a nearly universal range of chemicals.
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However, there is a small family of a particular type of chemical that does interact with HDPE
geomembranes: low molecular weight halogenated materials. These types of materials, characterized
by ethylene dichloride, dichloromethane and other chemicals, will penetrate the HDPE geomembranes
at a higher rate than other types of chemicals. Exposing a polyethylene geomembrane to low molecular
weight halogenated materials will cause the geomembrane to swell in volume and physical properties
and barrier performance will decrease slightly. This has been investigated (see references Chao and
Touze Foltz, as well as many others) and permeation rates have been tested and established for
geomembranes with a broad variety of chemicals.
Commonly, an engineer can look up the values for the permeation rates of the chemicals of concern and
use those values in leakage calculations to estimate the barrier performance of a design. These
numbers are quite small and expresses as a rate of movement – so many meters 2 per second. However,
for PFAS type materials, as an emerging contaminate, this testing had, until recently, not been
completed. However, in mid-2020, testing that had begun several months earlier, reached the point
where conclusions could be made and results published in a peer reviewed journal.
This PFAS type permeability testing has been done at Queen’s University, Kingston, Ontario, Canada and
results recently published, DiBattista, V. et.al. The testing is modelled after ASTM F739 - Standard Test
Method for Permeation of Liquids and Gases through Protective Clothing Materials under Conditions of
Continuous Contact and is (generically) pictured below.

Figure 2: dual cell permeameter (photo courtesy INRAE)
Two cells are separated by a barrier, in this case, the geomembrane that is being evaluated. A
contaminate/permeant of interest is placed in one cell and the opposite cell is utilized as a receptor and
monitored on regular intervals for the presence and concentration of the contaminate which has passed
through the barrier.
Two varieties of permeant/contaminate were (and are being) evaluated: Perfluorohexane Sulfonic Acid
(identified as PFOS in figure 3) - CAS Number 355-46-4 and Perfluorooctanoic acid (identified as PFOA in
figure 3) - CAS Number: 335-67-1. These are thought to be typical of real world contaminates and can
be accurately measured for presence and concentration levels. The concentration levels used for
contaminate/permeant introduction were 20-30 ppm for several sets of samples and approximately 60
ppb for other additional sets. Quantification was done using liquid chromatography mass spectrometry
measurements with duplicate samples being run to assure accurate and repeatable measure of content.
A portion of the results (after 15 months of testing) are presented in figure 3.
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2: PFOA and PFOS best estimate Dg, Sgf, and Pg values compared to literature values
for other chemicals at mom temperature
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Figure 3 – Taken from DiBattista et.al.- “PFOA and PFOS Diffusion
through Geomembranes at Multiple Temperatures…”
This figure compares the tested values for PFOA and PFOS permeability with the historically wellestablished values (on the far right, column P g) for benzene and other aromatic materials including a
PCB (polychlorinated biphenyl) another durable, pervasive contaminate generated largely from the
electrical power industry. The permeability rates for PFAS type materials are better (lower permeation
rates) by four orders of magnitude (X 10 -17 ) than those for aromatics and seven orders of magnitude
better than PCBs.
These numbers are presented in scientific notation, which for some readers, might not properly describe
the values, thus the following example and comments. The value of benzene permeability of 1 X 10 -11
m2/second in standard notation is 0.00000000001 m 2/second. With 3.1536 X 107 seconds/year this
equates to fraction of a centimeter/year. Note that this value represents permeability through one of
the four barrier layers. Further note that PFAS type chemical permeability has been tested, as
illustrated above in figure 2 (DiBattista) to be 1000 times slower than this (10 -16).
The situation with clay and geosynthetic clay liners is not as clear, at least in the scientific peer reviewed
journals. To date, there have been little to no published data from the testing of PFAS type material
permeability with either clay or with manufactured geosynthetic clay liners. This testing is underway at
several laboratories around the world and published data should begin to appear in 2021. In personal
communications with some of the researchers undertaking this testing, preliminary results indicate that
there is no significant change in GCL permeability when using a contaminate/permeant containing PFAS
type chemicals. This result is in agreement with predications and is supported by the results of the
geomembrane permeability testing that was begun at much earlier dates.
The clay barrier layer for this site was tested for a coefficient of permeability with a maximum result of 6
X 10-10 m/sec. (Coffey Report: PERM ADEL 19S-03352-1) and the permeability of a GCL sample (roll
number 1170230) was tested and a result of 1.7 X 10 -11 m/sec. was reported (TRI log number: A19-297).
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In my opinion, a conservative estimate of GCL permeability for PFAS containment would be one order of
magnitude lower in each case, simply as caution, as the exact values are, as yet, unmeasured. However,
there is no reason to expect damage to the clay or GCL from PFAS exposure, nor any loss in
functionality.
Scientific, peer reviewed publications and data indicate that the barrier systems installed in Southern
Waste ResourceCo Stage 4 cell 3 are sufficient to contain PFAS type materials. This is supported by the
historical performance of these types of cells at locations around the world. Further, current and
ongoing testing has indicated no measurable negative effects from exposure of the geomembranes to
PFAS.
Additional comments:
There are additional comments that should be noted. They pertain to PFAS chemistry and
contamination content, the contamination levels that are being developed for both regulation and
human health considerations and the need to complete active research.
It is recognized and considered by the author that multiple types of PFAS exist and that the specific
varieties of this chemical family are still being characterized. Further it is considered that these
chemicals, similar to PCBs are long-lasting in the environment and demonstrate bio-accumulation in
animals and humans. The two varieties of PFAS that were tested, were chosen to be representative of
the more prominent types of contamination that exists. Further, the chemical principal that molecules
of similar size, structure and composition will behave similarly is applied here and there is no reason to
think that this universal trend in all chemicals would not also apply to the PFAS family.
It is important to understand the magnitude and rigor of the regulations for PFAS contamination that
have been enacted and are being considered. The Australian PFAS National Environmental
Management Plan V2 (PFAS NEMP) lists the recommended maximum exposure level in public spaces as
1 mg/kg, equaling one part per million. The US EPA recommendation is lower at 70 parts per trillion. To
add perspective to this, one million seconds equals 11 days and just over 13 hours, thus an equivalent
comparison is one second over an 11 ½ day period. This is an exceedingly small value and is certainly
not manageable without a place to dispose of contaminated materials. Further information on the
sources of PFAS is available in the reference from Sunderland. If one is concerned about PFAS
contamination – stop using Teflon coated cooking pans and wearing most water repellant clothing as an
immediate step.
In the interest of thorough and complete science, the testing that has been published on geomembrane
permeability and that is underway on clay permeability of PFAS type chemicals should be taken to final
conclusion and the results published in peer reviewed scientific journals.
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Conclusion:
It is a reasonable decision to dispose of PFAS/PFOS/AFFF contaminated materials in geotechnically
engineered and geosynthetic lined landfills. This is clearly the best option to follow at this time, and
consistent with the available information. The design, execution, installation and construction of the
barrier system meets global standards for best practices and existing national, state and local regulation.
The materials used in the barrier system in stage 4 cell 3 have demonstrated containment properties for
PFAS consistent with, or better than, those applied for other hazardous materials.
It is my professional opinion is that a dual lined composite barrier system with leak detection, such as is
installed at Southern Waste ResourceCo Stage 4 cell 3 offers the best possible barrier for PFAS type
chemicals and meets the best standards of practice available at this time.
I believe this opinion to be reasonable and conservative and are based on the references I have listed,
the documents that has been presented to me for the materials supplied to this project, the verbal
descriptions of the environment that have been provided to me and my professional experience and
expertise.

Respectfully submitted,
Boyd Ramseyx
Digital signature, December 14, 2020
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