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Dear Chair Fowler and Members of the Planning Commission:| PHONE OR EMAIL ;e,:qko orq.
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Thank you for this opportunity to provide new testimony based on information and
claims that have emerged since the start of the hearing process for LU-24-027.

My address is 38566 Hwy 99W, Corvallis OR 97330. | work internationally as a
recognized expert with a specialization in fractured rock hydrogeology?, with a
Ph.D. in geology plus undergraduate degree and graduate studies in mining
engineering and rock mechanics.

In this memorandum | focus mainly on the issues of groundwater availability and
groundwater quality. | will set forth the following series of numbered points, just
briefly stated here, but elaborated further in Annex 1 of this memo.

1. Benton County staff acknowledge that groundwater impacts "have been and
continue to be a controversial topic in landfill expansion applications in Benton
County."

2. Both County staff and the applicant acknowledge that access to groundwater is
part of the existing residential and agricultural use of adjacent properties, and
important to the character of the area.

3. County staff acknowledge a lack of internal technical expertise on the topic of
groundwater.

4. Despite the acknowledged relevance of groundwater issues and their own lack
of expertise in the subject, County staff have neither sought nor obtained
evaluation of groundwater impacts by independent experts.

1 Titles of recent contracts include, for example: (1) Hydrogeological expert support (Swedish Radiation
Safety Authority); (2) Expert services regarding the hydrogeology of natural barrier system in nuclear waste
disposal, (Radiation and Nuclear Safety Authority, Finland), Analyse critique et synthése des travaux du
modeéle hydrogeclogique integré région (French National Radicactive Waste Management Agency), Foreign
consultant (Korea Institute of Nuclear Safety).
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5. Benton County staff have furthermore failed to make use of groundwater
expertise that was available to them, both within the Disposal Site Advisory
Committee (DSAC) and within their roster of third-party consultants.

6. Staff suggest that groundwater impacts will be addressed by "multiple levels of
state and federal regulation" but they have not identified any specific regulatory
steps in which risks of impacts on nearby wells will be assessed, nor have they
even contacted the most appropriate state agency (Oregon Water Resources
Department).

7. Despite their acknowledged lack of expertise on groundwater issues, and failure
to seek opinions from qualified independent experts, Benton County staff chose to
endorse the applicant's claim that the proposal is unlikely to “seriously interfere”
with the reliability of wells on neighboring properties.

8. Similarly, despite their lack of expertise and failure to obtain qualified
independent expertise, Benton County staff chose to endorse the applicant's
claim that the proposal is unlikely to “seriously interfere” with adjacent uses in
terms of groundwater quality impacts, including potential contamination of
aquifers by arsenic.

9. Information presented by the applicant on groundwater topics is misleading on
numerous counts, possibly deliberately so. It is aiso inadequate to support the
applicant's claim that groundwater resources will not be adversely affected, either
in terms of quantity or quality.

10. Information presented by the applicant is not adequate to support their claim
that their proposed conditions of approval are adequate to protect groundwater
resources in terms of both quantity and quality.



11. Despite their acknowledged lack of expertise and failure to utilize independent
expertise regarding groundwater, Benton County staff have uncritically endorsed
and adopted the conditions of approval suggested by the applicant.

12. Benton County's proposed conditions of approval regarding groundwater
protection, adopted wholesale from the applicant, are stated in such terms as to
not be legally binding, and hence will be ineffectual even if Benton County had a
mechanism for enforcement of said conditions (which it does not).

As a second general topic, my comments based on new information regarding
wildlife (including Great Blue Herons) are given in Annex 2.

Lastly, in response to claims by proponents that there are no examples of highly
engineered modern landfills with geosynthetic liner systems that leak, as Annex 3
I'm appending a European study that assesses the long-term risk of failure for
various types of landfills. Please note the statement on p. 4: "retrospectively,
highly engineered landfills were not supposed to leak when they were designed,
but some of them nevertheless leaked soon after they were constructed." Also
note the statement on p. 5: "Operating landfills situated directly above an aquifer
are rarely found anywhere in the world today." As |'ve previously noted, Coffin
Butte Landfill is located very close to the main Willamette Basin aquifer.

Thank you for considering these additional comments. | apologize for the
somewhat rough condition, as I've had to assemble these quickly.

Yours sincerely,
Joel Geier, Ph.D.
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Annex 1: Detailed information regarding groundwater issues

1. Benton County staff acknowledge that groundwater impacts "have
been and continue to be a controversial topic in landfill expansion
applications.”

This is acknowledged directly on p. 60 of the Supplemental Staff Report, which
notes that concerns about groundwater were raised not just by residents but also
by the county's own Environmental and Natural Resource Advisory Committee,
which was set up specifically to advise the county on environmental issues.

2. Both Benton County staff and the applicant acknowledge that access
to groundwater is part of the existing residential and agricultural use of
adjacent properties, and important to the character of the area.

County staff acknowledge this explicitly on p. 19 of the original Staff Report,
where groundwater is listed as one of five key categories of impacts (the other
four being noise, odor, traffic, and visual aesthetics). They further note that the
five categories of impacts including groundwater “are typical direct impacts
related to landfill uses" and furthermore "were identified by the applicant as
potential off-site impacts."”

VLI (according to their consultants' statement submitted by VLI as Exhibit 49)
"recognizes that our neighbors rely on well water, and that springs are part of the
appealing natural landscape. We will work closely with the community to monitor
and address changes in local water supply wells and springs that may be affected
by our operations." Further on, "VLI acknowledges the community’s concern
regarding local arsenic concentrations and potential water quality changes
associated with the proposed development.”



3. Benton County staff acknowledge a lack of technical expertise on the
topic of groundwater.

Benton County staff, in both the initial staff report and in the supplemental staff
report, acknowledge that they lack expertise on groundwater issues. As stated in
the Supplemental Staff Report:
.... the county is limited in its ability to evaluate and regulate groundwater
impacts beyond the multiple levels of state and federal requiation
applicable to the proposed landfill expansion. Those regulatory agencies
provide a more appropriate venue to address groundwater impacts.

The county's lack of expertise on the issue of water resources in general is further

illustrated by this inaccurate statement from Benton County Public Works:
“Drainage for the landfill complex flows roughly from west to east. The E.E.
Wilson Wildlife Area, a network of ponds and wetlands east of the subject
property are the direct receiving waters for drainage from the landfill. The
E.E. Wilson Wildlife Area functions as one of the headwaters of Bowers
Slough, a tributary of the Willamette River."

In fact surface drainage from the landfill complex flows both eastward and
westward, because the landfill is located in a topographic saddle between Coffin
Butte and Tampico Ridge. Drainage from portions of the landfill complex on the
east side of the saddle does flow out onto E.E. Wilson Wildlife Area, but onto the
portion that belongs to the Luckiamute River Watershed. Only a few acres of E.E.
Wilson Wildlife Area, namely wetlands in the far south end adjacent to Adair
Village, drain toward Bowers Slough, but those are on the other side of the surface
water divide from Coffin Butte (Figure 1).
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Figure 1. Map showing landfill complex area (hot pink) and E.E. Wildlife Area
(vellow, labeled) in relation to boundary between the Luckiamute Watershed
{which includes the Socap Creek sub-watershed) and Bowers Slough watershed
boundaries. Luckiamute State Natural Area (yellow, unlabeled) is also shown to
the northeast of E.E. Wilson Wildlife Area, where Soap Creek flows into the
Luckiamute River just above the confluence of the Luckiamute with the
Willamette River. Map adapted from the Luckiamute Watershed Council website
(www.luckiamutelwc.org). Note that the service area of LWC as mapped here also
includes the Ash Creek Watershed, to the north of the Luckiamute Watershed.



4. Despite the acknowledged relevance of groundwater issues and their
own lack of expertise in the subject, County staff have neither sought
nor obtained evaluation of groundwater impacts by independent
experts.

Rather than dedicate resources to independent review, as they have done for
other key issues raised in this land-use process, County staff frankly chose to punt
on groundwater issues. They hired consultants to assess the application on issues
of fire, odor and noise, but not on groundwater impacts.

This leaves you in an unfortunate position of having to decide on this application,
without any technical support on an issue that everyone agrees is important.

5. Benton County staff have furthermore failed to make use of
groundwater expertise that was available to them, both within the
Disposal Site Advisory Committee (DSAC) and within their roster of third-
party consultants.

The County's roster of third-party consultants includes Dr. Tony Sperling. Per his
CV included as an annex of the Staff Report, his professional experience includes
hydrogeological assessment of landfills, including an evaluation of the potential
for groundwater contamination from the City of Vancouver's municipal landfill in
British Columbia. However County staff have only utilized Dr. Sperling as a
subcontractor for their primary contractor that was tasked with evaluation of
issues related to landfill fires.

DSAC is under the direction of Community Development staff. Its membership
includes David Livesay, former president of GSI Water Solutions and currently
leading a DSAC subcommittee which is charged with an independent evaluation of
the applicant's groundwater monitoring network at Coffin Butte. Mr. Livesay's
findings would be highly relevant for your evaluation of groundwater issues



related to this application. However staff have not shared his report, nor made the
proceedings of that subcommittee's meetings public.

According to Benton County Code, this application should have been reviewed by
Benton County's Solid Waste Advisory Council (SWAC), who would have given you
their recommendation. If not for the county's ill-advised dissolution of SWAC, by
statute this would have included all members of DSAC except for the landfill's
representative (currently Paul Koster).

This would have given you access to the expertise of Mr. Livesay and other highly
qualified current members of DSAC, independent of the landfill's representative
(who was present along with Bret Davis, during the meeting when DSAC discussed
whether and how to formulate input for your decision; the recording of that
meeting shows that Mr. Koster abstained from the discussion but Mr. Davis did not
abstain from interjecting his opinions during DSAC's deliberations).

Instead SWAC's statutory role in this process was assigned to the Environmental
and Natural Resource Advisory Committee (ENRAC) by Benton County Board of
Commissioners Order #D2024-048 in July of 2024, Although ENRAC members did
their best to come up to speed on the issues, they acknowledged that many
aspects of landfill operations were new to them. In his personal statement
appended to ENRAC's recommendation to deny this application, the chair of
ENRAC expressed frustration that they were also hindered by County staff. | urge
you to read his statement to give you further insight into the process.

All of these factors combine to leave you with less gualified support to make your
decision, than you should have had if County staff had made better use of the
resources and expertise available to them, including community expertise.



6. Staff suggest that groundwater impacts will be addressed by "multiple
levels of state and federal regulation” but they have not identified any
specific regulatory steps in which risks of impacts on nearby wells will
be assessed, nor have they even contacted the most appropriate state
agency.

Of the agencies listed by Public Works (as cited in the Staff Report) no agencies
with jurisdiction over groundwater resources are identified, except for Oregon
Department of Environmental Quality (ODEQ) which did not respond.

County staff did not seek or obtain comments from the Oregon Water Resources
Department (OWRD), which is the state-level authority responsible for assessing
groundwater supply issues.

The Department of Geology and Mineral Industries (DOGAMI}) were invited to
comment but responded that they have no comments. Benton County staff
mistakenly cite this lack of comment as evidence:
Additionally, DOGAMI! had no comments on the proposal (see Exhibit BC2).
Staff therefore concurs with the applicant’s analysis and engineering
comments. For purposes of county review, and in the LU-24-027 Coffin Butte
Landfill CUP Supplemental Staff Report context of additional required
regulatory frameworks, the proposal is unlikely to "seriously interfere” with
adjacent uses concerning groundwater impacts.
DOGAMI has no regulatory authority over groundwater resources, although they
do have a role in regulating surface-water discharges from mining operations.
Their lack of comment on this application has no significance for the issue with
regard to which it is cited by staff.

County staff did not obtain comments from the Luckiamute Watershed Council
(LWC), which has a mandate for watershed health in the watershed that contains
the site of the proposed new landfill. LWC is not listed among the entities from



which county staff sought comments, and it is not clear whether they were even
notified.

Staff mention Oregon DEQ as an agency that may play a role in the landfill
permitting process, but they do not identify any specific process in which ODEQ
can be expected to evaluate risk of impacts to reliability of nearby wells.

Oregon Department of Environmental Quality does not evaluate impacts on
groundwater availability or water rights in their permitting decisions, nor do they
have any particular expertise in this area. Their mandate is limited to the issue
water quality (whether water is safe to drink), not whether the sufficiency of water
supplies for established uses will be impacted by a new development that affects
groundwater.

7. Despite their acknowledged lack of expertise on groundwater issues,
and failure to seek opinions from qualified independent experts, Benton
County staff chose to endorse the applicant's claim that the proposal is
unlikely to “seriously interfere” with the reliability of wells on
neighboring properties.

As stated in the initial Staff Report:
Staff concurs with the applicant’s analysis and engineering comments. For
purposes of county review, and in the context of additional required
regulatory frameworks, the proposal is unlikely to “seriously interfere” with
adjacent uses with regard to any groundwater impacts.
County staff would have been more prudent simply to state that they did not
evaluate the question of whether the proposed development could impact the
reliability of wells on adjacent properties.

Staff statements on this issue lack credibility, and should be disregarded unless or
until they can be supported by independent experts.

10



8. Similarly, despite their lack of expertise and failure to utilize qualified
independent expertise, Benton County staff chose to endorse the
applicant's claim that the proposal is unlikely to “seriously interfere”
with adjacent uses in terms of groundwater quality impacts, including
potential contamination of aquifers by arsenic.

Again, County staff would have been more prudent to state simply that they did
not evaluate the risk of impacts to groundwater quality, due to lack of technical
expertise.

9. Information presented by the applicant on groundwater topics is
misleading on numerous counts, possibly deliberately so. It is also
inadequate to support the applicant's claim that groundwater resources
will not be adversely affected, either in terms of quantity or quality.

9.a. Seismic disturbances from blasting

Applicant's attorney, in his cover letter for Exhibit 49, inaccurately states that the
memo addresses whether blasting will impact nearby wells:
Groundwater Interruption. The memorandum analyzes whether the blasting
and excavation on the new cell in the expansion area will impact wells on
surrounding properties. The analysis concludes that these activities should
not have any material impact on surrounding wells but proposes ongoing
monitoring and mitigation if necessary.
In fact the section of the memo titled "Seismic disturbances" only addresses (as
its title clearly implies) whether blasting during construction of the new landfill is
likely to cause seismic disturbances (such as window-rattling or foundation
damage).
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The memo doesn't do a very good job on that topic either. The discussion of the
extent of fractures induced around a blast hole is not relevant to the question of
how far and how strongly seismic waves propagate from a blast hole. Seismic
waves are an elastic response of the rock, while fracturing around a borehole is
anelastic. So this is really a "red herring" as raised by the applicant.

The third paragraph of this section is the only one relevant to the question of
seismic wave propagation:
Even with the short distance of rock fragmentation from the blasting hole,
as a precaution, the contractor deployed seismographs to monitor ground
vibration caused by the blasting at several locations along Military and
Wiles roads on the north side of Coffin Butte near existing homes, at
distances of approximately 1,100 to 2,300 feet from the excavation. The
seismic wave velocities at those distances were all far below the criteria
used for assessing ground vibration associated with building damage.
However the applicant has not presented the seismographic data alluded to in
this paragraph (or even named the contractor), as part of the evidentiary record
for this land-use proceeding.

This paragraph also contains a glaring technical error, in the last sentence, which
calls into gquestion the VLI consultants' understanding of the topic. Seismic wave
velocities are a material property of the rock, not something that depends on the
intensity of a blast (see for example this page maintained by the Society of
Engineering Geophysicists: https://wiki.seg.org/wiki/Seismic_velocity

which lists typical values of seismic velocity for different rock types, and notes the
fundamental relationship between seismic velocities and elastic properties of the
rock). Stating that "these are all far below the criteria used for assessing ground
vibration associated with building damage" is pure nonsense.

What matters for building damage (in severe cases) or lesser disturbances (such
as window-rattling) is the seismic wave amplitude. Presumably this is what the
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contractor was trying to measure by deploying seismographs. Either the
contractor misunderstood what they were measuring, or VLI's hydrogeological
consultants misunderstood (granted they are geologists, not geophysicists).

Turning to the legitimate question of whether blasting can affect groundwater
wells on neighboring properties, the applicant has not addressed whether the
natural fracture system could be affected by blast-induced seismicity.

Among geoscientists it is well-known that large earthquakes can cause long-term
impacts on local groundwater levels. The classic example is the 1964 Alaska
Earthquake. See for example Waller {1966), which you may note is a very old
paper, but still 4 years younger than the blasting reference cited by VLI (Duvall
and Fogeison, 1962).

More recent research shows that groundwater systems can be influenced by much
smalier seismic events. For example, Lee et al. (2024) showed that earthquakes
as small as M 2.0 can influence groundwater levels.? The mechanism by which
very small seismic events influence groundwater in fractured bedrock is generally
thought to be localized slip along fractures, rather than formation of new fractures
such as considered in VLI's 1962 reference.

Ongoing monitoring and mitigation in the event of impacts on nearby farms and
residences is certainly a good idea, if this can be made binding.

2 | happen to know of the Korean research from meeting one of the authors to discuss her work,
while | was visiting Daejeon in 2019 to give a series of lectures on the more topic topic of fractured
rock hydrogeology. But this is a very active field of research which has developed enormously
since 1962. Relying on this very old Bureau of Mines document to dismiss community concerns

about blasting impacts is simply not credible. As a matter of due diligence, this should not be
accepted.
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9.b. Dewatering effects on neighboring wells

Applicant claims (Exhibit 49) to have recently applied an "analytical solution” for
calculations to estimate risk of impacts of construction on local wells. However
they have presented neither the mathematical formula used, nor the results, nor
the parameter values that they assumed as input for their calculation.

Taking the applicant's self-reported results at face value, this statement is cause
for concern:
the analyses indicated that the change in water levels associated with the
proposed development would be similar to changes in water levels
associated with seasonal precipitation patterns.
This could be a significant impact on existing uses, if the impacts of excavation
occur during the season when groundwater levels are seasonally low, and these
effects are additive. Indeed, that seems likely given statements by VLI given in
oral testimony on July 8, 2025, that construction would generally occur over 6 to 8
months in the warmer/drier part of the year.

But without documentation of their calculations and independent review by
competent experts, other claims of no impact cannot be accepted as evidence.
The applicant describes their method only in general terms:
VLI’s evaluation of the impacts to local water supply wells considers the
relative consistency of the groundwater flow conditions to support a
conservative assumption that fractured bedrock behave similarly to a
porous media. Under this assumption, all fractures are interconnected,
allowing the analytical solution to evaluate the most widespread effect of
the proposed project.
in such a model, normaily a key parameter is the effective hydraulic
conductivity of the fractured bedrock. The degree of drawdown of water in the
bedrock, as a function of distance from the excavation, will depend on what value
is assumed for this parameter. Given data on the hydraulic properties of water-
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conducting fractures under Tampico Ridge, and their frequency in the bedrock, a
range of plausible values could be calculated. But VLI has not provided any
documentation of their assumed parameter values, or their basis in terms of data
from Tampico Ridge.

Applicant claims without evidence that the hydrogeological conditions under
Tampico Ridge are similar to those under Coffin Butte. In fact they have neither
obtained nor presented data on the bedrock hydrogeoclogical properties, nor have
they demonstrated hydrogeological understanding of the bedrock south of the
proposed new landfill.

Applicant implicitly acknowledges this lack of information, by suggesting that they
will undertake hydrogeological investigations if the CUP is approved. But they give
no guarantee that this work will be performed beyond whatever VLI deems
necessary for obtaining a permit from ODEQ.

If this investigation is limited to the areas indicated on the applicant's filings, with
a few monitoring wells and "sentinel wells" located just outside the perimeter of
the planed excavations, it will not be sufficient to provide an understanding of the
hydrogeology of Tampico Ridge farther south. This is self-evident because without
data from the area of interest, you cannot develop an understanding. It follows
that risks to wells on neighboring properties will not be possible to fully assess,
even after completion of the ODEQ-required investigations.

As further indication of the applicant's poor state of knowledge regarding
groundwater under Tampico Ridge, note that the new Figure purporting to show
groundwater directions under Tampico Ridge contradicts Figure 1 of the
"Environmental and Operational Considerations" memo provided by Mr. Tuppan on
February 25th. Both figures are schematic in nature and are not supported by any
actual investigations of groundwater flow directions south of the proposed
development area.

15



9.c. Arsenic

Applicant's arguments in Exhibit 49 regarding the occurrence of arsenic are
misleading to the point of deceptiveness. They rely on “cherry-picking"
information selectively from the USGS study by Hinkle and Polette (1999), while
omitting mention of contradictory evidence. Specifically:

+ They misconstrue statements about data sparseness in the mountainous
portions of eastern Linn and Lane counties, as if they apply to the
Willamette Valley as a whole;

« They misleadingly suggest that, because the study included specific
datasets from Linn and Lane counties, that data are lacking from the vicinity
of Coffin Butte; '

« They misconstrue statements about "voicanic rock of rhyolitic to
intermediate composition,” as if they apply to volcanic rock in general.

In fact, the dataset used in the USGS study included 9 domestic wells and 1
natural spring within 5 miles of Coffin Butte Landfill, plus 40 additional wells that
were within 10 miles (Figure 1). Only one of those 50 data sources showed arsenic
levels above 10 pg/L (the EPA maximum contaminant limit for drinking water).
One of those points is adjacent to the Springhill Golf Course in North Albany, and
the other is adjacent to OSU's experimental farms near Peoria Road, both
locations where arsenic-based weed-killers from past decades are a plausible
source. None showed arsenic levels above 50 ug/L, in stark contrast to what has
been observed at Coffin Butte.
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Figure 1. Detail of Plate 1 from Hinkle and Polette (1999) showing wells and
springs within a 10 mile radius of the Coffin Butte Landfill site (purple dot). The
bilue shaded circle highlight wells and springs within 5 miles. Black symbols show
sampled wells and springs where the measured arsenic concentrations were less

than 10 ug/L. The two red symbols show wells where arsenic concentrations
above 10 ug/L (but less than 50 ug/L) were found.

The statements by Hinkle and Polette (1999) about data sparseness referred

specifically to sparsely populated part of the Willamette Basin, to whit:
Large portions of the area covered by the Fisher and Eugene Formations and
correlative rocks, and the undifferentiated tuffaceous sedimentary rocks,
tuffs, and basalt, are not represented by data collected and compiled for
this report. Although most of the unsampled areas underlain by
these rocks are not densely populated, they are not uninhabited,
and the potential for impacts to human health are not insignificant,

Their meaning is further made clear by their Plate 1, which has been submitted as

part of the record. The areas lacking data are mainly in the Cascades portion of

the basin, or the deeper parts of the Coast Range.
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Basalt, as found at Coffin Butte (Allison, 1953), is on the opposite end of the
spectrum from rhyolite, in standard classifications of volcanic rock based on silica
content. This is basic information taught in introductory-level courses in geology,
so VLI's geological consultants ought to know the difference.

CLASSIFICATION & FLOW CHARACTERISTICS OF VOLCANIC ROCKS

(thick, sticky)
to flow P
(thin, runny lava) l
b
: Decreasing mobility of lava
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Basalt Andesite Dacite Rhyolite Volcanic rock name
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| i |
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| } | to flow
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f i
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I' Mobility of lava flows

Figure 2. Volcanic rock compositions classified by silica content, ranging from
basalt to rhyolite.

Hinkle and Polette (1999) state specifically:
High arsenic concentrations in Lane and Linn Counties appear to be
associated with two regionally extensive associations of rocks, (1) the Fisher
and Eugene Formations and correlative rocks, and (2) the undifferentiated
tuffaceous sedimentary rocks, tuffs, and basalt. .... At land surface, these
two rock associations cover 24 percent of the Willamette Basin. These
associations of rocks include extensive volumes of silicic (rhyolitic)
volcanic rocks, which are commonly associated with high concentrations
of arsenic. ...
Arsenic can be a component of volcanic glass in volcanic rocks of rhyolitic
to intermediate composition, adsorbed to and coprecipitated with metal
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oxides (especially iron oxides), adsorbed to clay-mineral surfaces, and
associated with sulfide minerals and organic carbon. ....

[Allthough high concentrations of arsenic often occur in water within the
Fisher and Eugene Formations and correlative rocks, Goldblatt and others
(1963) suggest that the Fisher Formation, and not the Eugene Formation, is
the source of most of the arsenic in that area. Similarly, water within
basalt flows in the undifferentiated tuffaceous sedimentary rocks,
tuffs, and basalt is not a likely candidate for high concentrations of
arsenic because basalt typically yields water low in arsenic (Welch
and others, 1988).

VLI's presentation of data from monitoring wells at Coffin Butte is also misieading.
In presenting historical data on arsenic at Coffin Butte, they misleadingly plot data
on a strangely chosen scale, with a maximum 10 times the range of the data
(Figure 3). The effect is to conceal the strong fluctuations over time which are
evident in a more scientifically reasonable presentation of the same data, as used
in their Annual Environmental Monitoring Reports (Figure 4).

Note that the first plot in Exhibit 49 shows no arsenic measurements above 50
micrograms per liter {ug/L}, but values up to 68 ug/L have been measured in a
nearby well more recently. VLI's consultants are certainly aware of those recent
high values.
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Historical Inorganic Constituent Concentrations
Wells MW-26 and MW-27

300.0
250.0
200.0

150.0

g MW -26 - Chiorige {mafL) — V- 27 - ChiDrige (mg/L)

FMW-26 - Arsen, Tota (pg/l) MW-27 - Arsenic, Tota (pg/L)

Figure 3. Arsenic and chloride levels in compliance-boundary wells MW-26 and
MW-27 as plotted by VLI's consultants in Exhibit 49. Note that chloride is plotted
in milligrams per liter (parts per million) while arsenic is plotted in micrograms
per liter (parts per billion).
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East Side Wells:

Arsenic
Coffin Butie Landfill
0 —~ |
\
| \
80 1
50 + o
= : Lo w2z
g 40 | o o MW
e i
o t & MW-24
= | oo
‘E | ] B | a  Mwas
§ 304 = ap o = s mwazs
é D o o
]
a le o] o | o Mw.e7
A D | x Pag
= c o
R 1 =y o L og “l|-mmner |
I o B = Eh. Q E o 98 ogo B
:'ZP B %48 g 5 %m °?o ;B"‘SQE . o
o8 O en
10 : -w—o.-o.o.o---g-qug:-e.-gtau--:-oQUSO-.(p--m ------- 5""-__-""'
| o 2 e b
I x o a 0
I
0 +— et X X K K K K ox B X a8 A oa oA oaoAsN oA B a8 n
01/01/94 01/01/99 01/01/04 12/31/08 01/01/14 01/0119 01/01724

Figure 4. Arsenic concentrations in east-side monitoring wells as plotted in the
2024 Annual Environmental Monitoring Report for Coffin Butte Landfill (obtained
by a public-records request from ODEQ).

Returning to Exhibit 49, in this statement VLI's consultants also carefully avoid
mention of an east-side well (MW-23):
VLI acknowledges that since arsenic was first detected at well MW-9S,
elevated arsenic concentrations have been detected in wells that monitor
the east side of the facility; namely, wells MW-26, MW-27, and MW-3S;
however, no monitoring results indicate that these arsenic concentrations
are attributed to a leachate discharge.

VLI has previously acknowledged (in their past AEMRs submitted to DEQ) that high
arsenic in MW-23 resulted from seepage of landfill leachate. For example, this was
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the description given in the 2023 AEMR which was produced by one of the same
two consultants who signed Exhibit 49:
Cell 2 - Detection Well MW-23. Early in its history, detection well MW-23 had
shown increases for bicarbonate alkalinity, chioride, hardness, total
dissolved solids (TDS), for five of the major dissolved metals, and for
arsenic. This had been attributed to localized seepage of leachate from the
south side of the landfill.
Note that this seepage was attributed to Cell 2. This directly contradicts VLI's
statement in oral testimony on July 8th, that there has never been a
seepage event from any of the lined cells at Coffin Butte.

In the applicant's attempt to defray concerns about arsenic, they suggest that
chloride is a better indicator. The second plot in Exhibit 49 (reproduced here as
Figure 5) shows that the initial measurement of chloride in MW-9S was about 50
mg/L, but soon afterward the concentration jumped by nearly a factor of 6.

Historical Inorganic Constituent Concentration - Well MW-9S
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Figure 5. Arsenic and chioride levels in MW-9S as plotted by VLI's consultants in
Exhibit 49.

Though this declined somewhat after the seepage problem was discovered in the
mid-1990s, and corrective actions were taken, chloride in MW-9S has remained
more than a factor of 3 above the initial baseline value, ever since. Far from
alleviating concerns about leakage from Cell 2, this plot elevates concerns about
potential for ongoing contamination of the Willamette Basin aquifer.

VLI notes that lower chloride levels are seen in the two compliance-boundary
wells, MW-26 and MW-27, but this does not necessarily rule out that the high
levels of arsenic observed in those wells could come from ongoing or past leaks.

As discussed by Cherry (1990), plumes from a localized leak in a landfill liner
could be narrow due to weak lateral dispersion (Figure 6); Cherry noted that this
problem is especially acute for monitoring wells located close to the landfill, which
is currently the situation for MW-26 and MW-27. Since the conditions controlling
flow from underneath a landfill may change over time as various cells are
developed, the groundwater flow direction and position of the leachate plume can
also shift over time.

As noted by VLI's consultants, chloride and arsenic have different mobility in the
subsurface environment:
As groundwater migrates beyond areas of low dissolved oxygen, the iron
oxide and arsenic precipitate back to the soil, reducing the concentrations in
groundwater.
This means, for example, that arsenic released by seepage from a zone of anoxic
conditions below the landfill could precipitate in soil as a leachate plume emerges
from under the landfill, even as chloride is carried onward by the groundwater.
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Figure 6. Schematic illustration of a narrow leachate plume originating from a
liner leak, depicting how this may result in the plume bypassing monitoring wells
that are located close to the landfill (Cherry, 1990).

If the position of the ptume then shifts, in tight formations such as around MW-27
the accumulated arsenic could remain as a source that leaches out again
depending on seasonal changes in oxygen levels, even while the main plume
passes between the wells. In this scenario, a monitoring well located farther from
the landfill (such as MW-9S) could have a better chance of picking up the main
plume. Other contaminants have their own issues, for example the tendency of
VOCs to sorb (bond) to organic matter in soils.

Other scenarios and other hypotheses could no doubt be proposed that match up
with this sparse dataset. Preferably the alternatives should be tested by a
combination of computer modeling and additional monitoring wells, if the existing
network of wells is too sparse to discriminate between alternatives.
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The AEMRs for 2020 through 2024, at least, do not present any such models, nor
any examples of new monitoring wells being added to address this issue.

The last leg of VLI's argument is that "ODEQ has found this rationale sound in
approving the detection monitoring program for the east side of the landfill."

The level of attention by ODEQ is questionable. When | asked ODEQ's responsible
hydrogeologist about this issue in 2023, he responded (e-mail dated November
16, 2023) in part:
You are correct that MW-23 appears to have been impacted by early releases believed to
have arisen from Cell 2, prior to the construction of cell 3. Most parameters have declined
to inferred background concentrations {as seen in the AEMR figures) and arsenic remains

somewhat elevated at this well. If arsenic at MW-26 and 27 is a relic of past leaks as seen in
MW-23 then we would not expect to see higher levels in MW-9s than in MW-26 and MW-27.

For MW-26 and MW-27 which are compliance wells, we use the historic database to derive a
permit specific concentration limit. if that limit is exceeded, the change in groundwater
would require some explanation or investigation to assess the cause.

However it turned out that VLI's permit did not list any "permit-specific
concentration limits" for arsenic in these wells.

Likewise when | requested documentation of what he described as “a
comprehensive review of the data [] used to distinguish naturally occurring levels
of arsenic from impacts of landfill leaching,” it turned out that this just meant that
DEQ had read the VLI's report and accepted it, with no record of any comments.

Data on mercury were missing from all AEMRs from 2020 through 2023, despite
that these reports listed protocols for sampling for mercury (after | brought this

gap to ODEQ's attention, all mention of mercury was removed from the 2024
AEMR).



County staff should have these AEMRs on file if needed for the record (they are
very large documents).

10. Information presented by the applicant is not adequate to support
their claim that their proposed conditions of approval are adequate to
protect groundwater resources in terms of both quantity and quality.

Applicant proposes adding a handful of "sentinel wells" (also referred to as “sentry
wells in some places) but provides no model results or other calculations to justify
the position of these wells, or why just two or three wells just outside the landfill
footprint should be sufficient.

As noted above, and discussed further by Cherry (1990), sentinel wells located
close to the edge of a landfill might not be effective for detecting leachate plumes
that originate from narrow liner leaks.

11. Despite their acknowledged lack of expertise and failure to utilize
independent expertise regarding groundwater, Benton County staff have
uncritically endorsed and adopted the conditions of approval suggested
by the applicant.

Staff have not provided any coherent reasoning as to why they believe the
applicant's proposed conditions of approval will be adequate for protecting
groundwater and protecting adjacent land from adverse consequences.

Again, staff should just admit that they lack expertise to judge whether the
applicant's proposed mitigation measures are adequate to prevent impacts on
adjacent properties. It is irresponsible of them to express an opinion in support of
the applicant on a topic where they admit they have no technical expertise.
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12. Benton County's proposed conditions of approval regarding
groundwater protection, adopted wholesale from the applicant, are
stated in such terms as to not be legally binding, and hence wiil be
ineffectual even if Benton County had a mechanism for enforcement of
said conditions (which it does not).

VLI's geological consultants {notably not VLI themselves) have offered the
possibility that they will do "focused hydrogeologic investigation of the proposed
development,” but only after VLI receives approval for the CUP. We note that one
of these consultants recently retired from practice, and the other one who signed
the memo was not registered to practice in Oregon, at the time of this memo.
However sincere they might be in their offers to conduct such work, VLI has not
given its own assurance.

County staff, in recommending these consultants' proposals as Conditions of
Approval, have used language that can best be described as wishful thinking ("VLI
will do ...") rather than legally binding language ("VLI shall do ...").

Staff have not identified any clear process for review of the proposed
investigations (recall their lack of internal technical expertise), nor any
mechanism for public involvement or reconsideration of the CUP, once granted.
As such, these proposed conditions are both toothless and meaningless.
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Annex 2. Comments regarding wildlife impacts:

Impact of county-recommended conditions on wildlife

Conditions of approval recommended by Benton County are poorly considered and
are likely to exacerbate impacts on wildlife and adjacent properties. In particular
OP-15 (E) {which calls for the entire landfill property including portions zoned as
Forest Conservation to be enclosed with a chain link fence) will block movement
of elk, deer and other wildlife through Forest Conservation lands, in direct conflict
with the purpose of the FC zone.

This condition, proposed by the County to mitigate one demonstrated impact of
the landfill (windblown trash), will foreseeably create its own impacts, as elk, deer
and the predators which follow them (in particular cougars) will be diverted
through agricultural and residential properties. This is also unlikely to be effective
for its stated purpose of controlling wind-blown trash, which will simply sail over
the top.

Impacts to Great Blue Herons

OP-16 Active Rookery Protection is wholly inadequate for its stated purpose of
protecting active heron rookeries. The record from the past 4 years shows that
biologists hired as consultants by the applicant have either failed to notice or
failed to report accurate numbers and locations of heron nesting activity. The
abysmal track record of the applicant on this issue, together with circumstantial
indications that the applicant's activities have repeatedly caused nesting locations
to shift, clearly points toward a need for a more robust inspection protocol, for
example, independent monitoring by ODFW or by qualified biologists hired by

ODFW, with oversight by recognized experts on Great Blue Heron nesting
colonies.
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In Exhibit 43, the applicant's wildlife consultant acknowledges "the landfill can
attract a high density of eagles" and that "the high density of eagles and large
flocks of other predatory birds" may pose a threat to heron rookeries near the
landfill.

We agree that the concentrations of eagles and other predatory birds drawn to
the landfill pose a risk not just to herons but also to other bird species of concern,
in particular Oregon vesper sparrows (candidate for federal listing) and Streaked
horned lark (federally listed as Threatened), which are documented to nest within
2 miles and 4 miles of the landfill, respectively.

Starting a new landfill south of Coffin Butte Road will increase the impact on these
bird populations, by extending the risk of nest predation over an additional time,
beyond the scheduled closure of the existing landfill. In other words, the risk is
cumulative,

On other matters related to the nesting herons, the applicant's wildlife consultant
has demonstrated a poor record. To whit:

« In 2021 this same consultant undercounted the number of active nests in
the poplar grove {"east rookery") by more than a factor of two, as
documented by community members.

+ During 2022 this consultant did not record a visit during the month of May
when the colony underwent a nesting failure; again, community members
noticed and investigated the failure before the applicant's consultant.

« During 2023 through May 2025, the same consultant failed to notice or
document heron nesting activity in the Oregon ash grove just across Hwy
99W from one of their observation points.

« In their most recent opinion responding to VNEQS concerns (Exhibit 53}, the
consultant suggests that the new rookery location that they previously
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failed to notice might be more favorable for heron colony survival because
"it is in @ mixed conifer/deciduous stand."

In fact there are no canopy-forming conifers in the stand (Figure 7). The new nests
are |located entirely in Oregon ash trees, which are among the last native tree
species in our area to leaf out in spring {(contravening the consultant's claim that
they provide better cover in early spring months).

Figure 7. Deciduous stand SW of Coffin Butte Rd. x Hwy 99W where Great Blue
Herons have nested in 2023 through 2025. Note the absence of conifers. Trees are
mainly Oregon ash with minor cottonwood component.
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Oregon ash trees are also known to be highly susceptible to the Emerald Ash
Borer beetle (see
https://www.oregon.gov/oda/ippm/survey-treatment/Pages/emerald-ash-borer.aspx

for further information from the Oregon Department of Agriculture). Thus these
trees are at risk from a known threat which could, in a few years, require the
herons to shift locations.

The applicant's wildlife consultant also fails to address the impact that a new
landfill would have, as a major new topographic obstruction in the herons' flight
paths to documented foraging areas in Soap Creek Valley. Heron experts including
Dr. Ann Eissinger (cited in previous testimony) have identified flight paths to
multiple foraging areas as a critical factor in heron rookery success.
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Subject Area Environmental Science
More specific subject area Waste disposal

Groundwater protection
Method name Long-term risk assessment model for sanitary landfills
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Life cycle assessment {e.g., Turner et al., 2017)
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Method details
Background

The article is closely related to a research article “Long-term risk assessments comparing
environmental performance of different types of sanitary landfills” [ 1] and Data in Brief article “Long-
term groundwater protection efficiency of different types of sanitary landfills: data description” [2],

Accurate modeling of leachate derived poliutant emissions from sanitary landfills into the
surrounding hydrogeological environment is an extremely difficult task to be accomplished as
the number of factors which affect contaminant migration is too high and need to be limited
when making a model |3]. Probabilistic methodology is usually applied to landfill risk assessment
models because it allows guantification of ubiquitous uncertainty when specifying hydro-geological
environment, landfill leachate chemistry andfor performance of landfill lining systems. The most
known software in use today is LandSim 2.5 [4], which was primarily designed to calculate
environmental permit- related outputs such as leachate head at the bottom of landfills and
concentration of pollutants at the correspondent compliance points. However, deterministic models
are sometimes used, too. For example, Turner et al. (5] developed a specific model for evaluation of
different landfill aftercare strategies based on “Life Cycle Assessment” (LCA) approach.

None of the already known models seemed to be adequate for performing long-term risk
assessments comparing groundwater protection effectiveness of landfills of different types, which was
the objective of the related research article |1}. Consequently, a specific risk-assessment model was
designed for the purpose, which is presented in this article.

Types of sanitary landfills

Suitable categorization of sanitary landfills into different types is very important in order to
understand the concept upon which the presented risk assessment model was developed.

Sanitary landfills are facilities for disposal of untreated, mixed municipal solid waste (MSW) as a
principal waste stream. Landfills for disposal of mechanically-biologically pre-treated residual MSW or
for disposal of waste-to-energy derived bottom ash do not comply with such definition.

Sanitary landfills can be divided into opposite groups from many different aspects, e.g.

"y

« "modern” vs. “old ", “higlhy- engineered-" vs. “poorly-engineered”, “high-cost-" vs. “low-cost-",
“uncontained” vs. “contained” facilities

» “dry-type” vs. "wet-type" facilities (the later category includes bioreactor landfills)

» “anaerobic” vs. “semi-aerobic” landfills (aerobic also exist)

« “above-ground” vs. “pit and mound” facilities (the later category includes “below-ground” landfills}

» “active” vs. “closed”, “non-compartmentalized” vs. “compartmentalized” landfills, etc.

Borderlines which separate sanitary landfills into opposite categories appear to be vague. For
example, landfills which were considered to be modern in 1980s may not be considered to be modern
from a present-day perspective. A particular landfill can be at the same time poorly-engineered, wet-
type, semi-aerobic, above-ground, compartmentalized, etc.
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When separating landfills into antagonistic types specifically to quantitatively compare their long-
term groundwater-protection efficiency after landfill closure, the most important characteristics to be
scrutinized appear to be -

» the design of bottom liner- and capping systems
« landfilling methods which arefwere applied and
« approaches eventually employed to stabilize the buried waste

Many types of sanitary landfills can be defined based on these criteria, however, in the related
research article (1} only four categories of landfills were distinguished. Categorization was performed
in a way that

¢ landfills which broadly demonstrate similar long-term environmental characteristics were grouped
together to form one landfill type
¢ high-cost and low-cost facilities were classified as separate types

Two high-cost- and two low-cost landfill types were predisposed. Landfills bottom-lined with
composite liner systems were automatically considered to be “modern” in the research article. Closed
medern landfills covered only with soil located in humid climate environments were considered to be
of a wet-type, since leachate generation can sometimes amount up to 60% of annual precipitation |6].
Such landfills generally stabilize fast when compared to thoroughly sealed landfills where composite
liners were implemented for capping (the later were considered to be modern landfills of a dry-type).

Low-cost landfill types were also divided into two broad categories: (1) uncontained dumpsites and
{2) contained, clay-only lined waste deposits. Each of these two categories includes subtypes which
affect the environment extremely differently. For instance, dumpsites constructed as above ground
waste piles generally emit much less pollutants into the subsoil than dumpsites located in abandoned
pits or natural depressions. It would be senseless to group them together as a common type in order
to perform comparative risk assessments. Consequently, low-cost landfill types were represented only
by the subtypes which perform the best from the long-term groundwater vulnerability point of view
(i.e., represented by those which on average stabilize the fastest and emit the smallest amounts
of pollutants into the subsoil), These sub-types are represented by the “above-ground semiaerobic
dumpsite” (subgroup appertaining to the uncontained landfills category) and “high-permeability
landraise” (subgroup appertaining to the contained, clay-only lined landfills). Other subtypes of low-
cost landfills were not considered since it is obvious that they behave environmentally much worse
than the two mentioned above within their categories. However, it has to be taken in mind that large
number of landfills operating today in low-income developing countries belong to environmentally
“bad subtypes”, such as

» below-ground and “pit and mound” dumpsites

= below-ground and “pit and mound”, clay-only lined anaerobic waste deposits

= above-ground, anaerobic, clay-only lined waste deposits (these landfills may look similar to high-
permeability landraises, however, they appear to be inherently of a "non-flushing-" instead of a
“flushing” type and conditions within their interior to be anaerobic rather than semiaerobic, which
is due to higher in-place densities of the buried waste, impermeable final cover design, etc.)

Characterization of the four typesfsubtypes which were compared [1] is outlined below:

1. Dry-type modern landfills: (a} composite bottom liner- and composite cover systems are
installed; (b) highly engineered systemns for leachate and landfill gas capture, collection, and
treatment are provided; (c) buried waste is heavily compacted; {d) leachate recirculation is not
implemented.

2. Wet-type modern landfills: (a) composite bottom liner and mineral or composite cover systems
are installed; (b) highly engineered systems for leachate and landfill gas capture, extraction,
collection, and treatment are provided; (c) buried waste is heavily compacted; (d) water
recirculation and other waste stabilization activities start after landfill closure, which may
include controlled air injection; (e) landfills that were not capped with composite liners and
are located in humid regions are also considered to be of a wet-type even if not practicing
leachate circulation
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3. Above-ground semiaerobic dumpsites: (a) erected as relatively narrow above-ground waste
piles, (b) contain no liner at the bottom of the landfill, (c) has buried waste that is logsely
compacted, (d) minimal sanitary covering is provided during the time the dumpsite receives
waste; waste soils andfor construction and demolition (C&D) waste are used for this purpose,
(e} some soil is provided as a final cover.

4. High-permeability landraises (HPL's): (a) above-ground waste pile is designed in a way that
passive aeration of the landfill interior is provided; (b) clayey barrier and low-cost leachate
drainage system are provided at the bottom of the landfill; (¢} buried waste is loosely
compacted using only a bulldozer; (d) multi-branched recirculation system for in-situ treatment
of leachate and other facility-derived wastewaters is installed, which includes a landfill body
flushing component activated immediately after landfill closure,

Modern dry- and wet-type landfills could be divided into smaller groups (e.g., by introducing
“state-of-the-art waste disposal facilities” as separate dry- and wet- branches of modern landflls),
however, older and newer modern landfills are not antagonistic to one anather but rather represent
continuums of conceptually equal landfills as described in Section “Approaches used to calculate
leakings when referring to the companion research article”.

Reasons for introducing “high-permeability landraise” (HPL) as a specific subtype of a contained, low-cost
landfill

In 1999, so called “Landfill Directive” | 7] was issued in the EU. Actively operating sanitary landfills
were already gradually disappearing in Germany and other highly industrialized EU countries. These
facilities were progressively supplanted with landfills for disposal of mechanically-biologically pre-
treated residual MSW or landfills for disposal of MSW-to-energy derived bottom ash. EU Landfill
Directive has not addressed the issue of using alternative, more sustainable sanitary landfilling
concepts for bridging transitional time until integrative waste management {WM}) systems would be
established in other parts of the EU, too [&|. Although it was already known that disposal strategy
involving waste encapsulation does nat bring the buried waste closer to final storage quality and
implies acceptance of an indefinite responsibility for a potential environmental risk on behalf of future
generations, modern dry type landfill remained to be considered as a reference type of facility in
many national regulations within the EU. On the other hand, Final Report for the Swedish EPA in
2000 |8] explicitly recommended new landfill concepts to be developed and implemented rather
than using old ones, such as avoiding below ground landfilling, identifying critical components in
defining “final storage quality”, employing strategies to minimize short and long term impacts on
the environment, providing passive environmental protection systems in the final stage of landfill
life, developing metheds and technologies to ensure uniform distribution of water across the volume
of the landfill, investigating possibilities for accelerated flushing of the landfill interior, etc.. “High
permeability landraise” type of landfill | 1] was largely developed on basis of these recommendations
at the same time seeking to find low-cost waste- disposal solutions |9,10]. This type of landfill seems
to be espetially suitable for purposes of flexibly bridging the needed transitional time in low-budget
environments where local authorities seek to gradually transform their former dumpsites into safe
disposal facilities and further into integrative WM sites.

In the related research article |1}, HPL's were represented as a heterogenecus group of landfills in
order the performed comparative risk assessments evaluating environmental effectiveness of different
landfill types would be based on the same premise. Probability distributions for the inputs required
for modeling were selected in a way to consider probable differences which would occur in real-
world environment if HPL's were constructed in large numbers. E.g., if such kind of a low-cost facility
had to be implemented in some less developed country today, the capacity and waste composition
would certainly differ from the one which was involved in performing the research. It is also unlikely
the facility would be constructed and operated exactly in a way as intended. Human factors and
errors have to be integrated into risk analyses as is inherently the case with other landfill types, too.
E.g.. looking retrospectively, highly engineered landfills were not supposed to leak when they were
designed, but some of them nevertheless leaked soon after they were constructed. Therefore, among
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other differences, decadic orders of magnitude different hydraulic conductivities “ksa;” were selected
as probable values in order to perform simulations using the proposed model (Fig. 4).

Statistical parameters used to define the presumed log-normal distribution of ‘'key" (mean = 5 .
10 " mys, st. deviation = 7.19 - 10 '® m/s) may be considered to be too unobjectionable for a low-cost
type of landfill. However, hydraulic conductivity of 2 bottom clayey liner and its thickness are among
the most essential parameters defining HPL as a landfill type. In the absence of an adequate clayey
barrier such facility can be regarded as a conventional “above ground waste deposit”. Considerable
clay liner thickness of 11 m-1.5 m which was used in the comparative model (Fig. 4) was meant
to be an appropriate measure for preventing contamination in extremely vulnerable hydrogeological
settings (the aquifer was assumed to be situated directly underneath the landfill). In most of realistic
settings clay liner of 1.0 m is all what is needed to effectively prevent excessive emissions frem such
a type of facility.

Description of the applied approach developing the model
Conception of the method

Logic used in developing the model was driven by the recognition that long-term leachate
pollution-potential from sanitary landfills can be gquantitatively established if post-closure time-
dependent variable “QRP," (reference pollutant annually released into the subsoil) was known.

Just two quantities are needed (o derive 'QRP;’ according to the proposed model:

1: probability distribution of values for time- dependent variable ‘Cy’ across the post-closure time
period (reference pollutant concentration within the leachate at the bottom of the landfill)

2: probability distribution of values for time- dependent variable ‘Q;" across the post-closure time
period (annual leachate leakages into the subsoil)

The problem is that these variables already represent quantities on the output side of the model.
However, an important point is that the outputs 'Q;" and 'C¢ can be obtained by performing Monte
Carlo simulations utilizing relatively small number of input variables which can be convincingly
attributed with probability density functions processing already available data and information.

Once the simulated data for time-dependent variable 'QRP,' are known, they can be used to derive
other, more complex outputs. The most valuable asset which can be potentially threatened by the
landfill appears to be an aquifer utilized as a drinking water supply source. Groundwater threshold
values are usually given in terms of pollutant concentrations at compliance- point wells and set
according to the requirements imposed by the regulations. However, if the considered aquifer was
well explored, these values can also be given directly in terms of threshold discharges of pollutants
into the aquifer. Levels of possible landfill-derived pollution can be labelled e.g. as moderate-, severe-
andfor “irreversible-".

If the aquifer was positioned directly underneath the landfill, separated just by a narrow,
permeable vadose zone, yearly fugitive emissions into the subsoil would be equal to annual discharges
into the aquifer. Separate hydrogeologic transport model would not be required in this case. Operating
landfills situated directly above an aquifer are rarely found anywhere in the world today. However, the
concept can be adequate for specific modeling purposes, such as for quantitatively comparing long-
term groundwater-protection efficiency of different types of sanitary landfills. This was the objective
when referring to the companion research- and data- description articles [1,2].

Identifying suitable modeling inputs

Sanitary landfills around the world dramatically differ among themselves not just from points of
view of their capacities and waste composition, but also by their design, mode of operation, waste
placement conditions, initial in-place densities of waste, climate in which they are located, etc., to
mention just a few. Myriad of combinations exist in regard to how all of these factors may interact
between themselves, Large differences exist also among the sanitary landfills appertaining to the very
same type/category. Even when dealing with a single landfill and a lot of data is already available, it is
still difficult to estimate probability and magnitude of threat the site imposes to adjacent groundwater
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bodies in the long term. It seems to be impossible to perform quantitative risk assessments in a
reasonable way trying to process so many indirectly andfor stochastically related elements, many of
which are unknown. Better approach would be to simplify the complex system in order to exploit
simplicities without deconstructing intricate complexities.

According to the applied approach, vast number of interrelated factors which influence long
term groundwater- protection performance of sanitary landfills can be reduced to few general
determinants: 1) Overall hydrogeological setting; 2} Landfill footprint; 3) Landfill characteristics.

1) Overall hydrogeological setting is meant to be quantitatively evaluated only after the results
regarding pollutant emissions into the immediate subsoil are already attained. The task
regarding transport of pollutants and their fate in the subterranean environment is therefore
meant to be tackled separately, using one of the already existing hydro-geo-environmental
models.

2) Landfill footprint is one of the few input parameters which are already known or can be
determinedly assumed, therefore quantified with a discrete value.

3) Ample amount of information which usually exists describing characteristics of a particular
landfili (such as landhll-type, -design, -capacity, waste composition, quality of landfill
construction, etc.) is meant to be filtered out in a way to find answers to essential questions
regarding the -

a. reliability of implemented bottom liner systems:

iil.

Leakages from landfills are mostly related to hydraulic characteristics of natural and/or
artificial barriers situated at their bottom and to different deterioration processes
gradually affecting performance of composite leachate containment and conveyance
systems eventually instailed there,

i. Long-term leachate losses into the subsoil are usually considered to be a stochastic

phenomenon when referring to modern landfill types [which are inherently considered
to be bottomn lined with composite liner systems). Set of random variables which were
employed as model inputs in order to perform simulations in the companion research
article [1] consisted from 'tpjure’. 'do’s Tz and ‘gmax’ (Fig. 1). Other approaches can be
implemented, though, which is touched in Section “Leakage through composite liner systems
and the related affecting factors”.

Hydraulic systems at the bottom of clay-only lined landfills are considered to be
deterministic. Long-term leakage rates are calculated using the Darcy law, nevertheless,
values of the required inputs 'ksy', 'd’ and ‘i’ (Fig. 1) usually appear to be uncertain,
therefore, they have to be quantitatively characterized as random variables, making this part
of the model to be probabilistic, too. When pesrforming general risk assessments studying
landfill types as groups, the spread of possible values for these variables is inherently larger
in order to consider for diversity of landfills apparteining to particular landfill types.

iv. Data are usually very deficient when evaluating environmental impacts from uncontained

landfills {dumpsites). Leachate infiltration into the subsoil is prevalently dependent on local
hydrogeologic and climate conditions. If attributed with appropriate distributiens of values
and their probabilities, ‘Qprecip’ and ‘Pyngg’ (Fig- 1) appear to be practical, reliable input
parameters to be applied to estimate annual leachate discharges from dumpsites into the
immediate underground.

b. groundwater- contarnination- related pollution- potential accumulated at the site during the
landfill pre-closure phases:

Usually, only a very small part of the overall pollution potential which was accumulated at
the site before the landfill was closed ends up in the form of fugitive emissions of aqueous
pollutants into the subsoil after the landfill was closed. Major part of the accumulated
pollution potential rather ends up in the form of treated leachate and treated landfill
gasses (which is something to be expected when referring to contained types of landfills,
at least during the first 30 years after landfill closure) or as direct pollution fluxes into the
surface waters and into the atmosphere (which are common circumstances when referring
to uncontained landfills). When evaluating groundwater protection performance of landfills
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Fig. 1. Flowchart of the applied method concept.

of different types these other fluxes are in principle not important as long as they are not
needed for calculation of emissions of pollutants into the subsoil. Landfill's potential to
generate specific amounts of aqueous pollutants during the post-closure time is therefore
not equal to groundwater- contamination- related pollution- potential according to the
applied concept.

Only data regarding concentration of reference pollutants within the leachate at the
bottom of the landfill and the related length of post-closure time that such potentially
harmful leachate exists there appears to be indispensable information to evaluate possible
pollutant discharges into the subsoil. Pollution potential is generally the greatest during
the time a landfill ceases to receive new waste and the landfill is closed. According
to the applied approach, this initial pollution potential is expressed by introducing the
input parameter “initial reference pollutant concentration 'Cy™. 'Co’ can be expressed as a
discrete value only in cases when evaluating emissions from factual, already closed landfills
where the parameter was actually measured. Otherwise, the input is considered to be a
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random variable quantified by a probability density function derived on basis of processing
secondary data from scientific literature and other sources.
¢. expected rate of pollution-potential decline during the landfill post-closure phases:

i. After closure, reference poliutant concentration values within the primary leachate at the
bottom of the landfill generally start to drop. The faster this process proceeds, the smaller
1 the probability for groundwater to become contaminated, andfor
2 the magnitude of eventual groundwater contamination, and/or
3 the length of time the threat is present at the site and/or the poliutants can be emitted

into the subsoil

ii. Annual average concentration of reference pollutant(s) within the leachate at the bottom of
the landfill are good indicators describing the acquired level of landfill stabilization and
its remaining potential to pollute groundwater in the future. When reference pollutang
concentration becomes so low that primary leachate cannot cause harm to the adjacent
subterranean environment any more, the related landfill pollution potential can be
considered to be exhausted and the particular landfill to be stabilized.

iii. The rate of pollutant concentration decline at the bottom of the landfill is considered to
be approximately of the pseudo-first order rate, therefore expressed as haif-life period ‘Tps’
(time needed for reference pollutant concentration to be reduced by 50%). This input has
to be always considered uncertain for modeling purposes (therefore characterized by a
probability density function) even if the value was acquired by performing measurements
on a factual waste disposal site which was already closed over a long period of time.

Flowchart demonstrating the applied modeling concept is presented in Fig. 1.

Determination of inputs-outputs relationships

As mentioned in Section “Conception of the method”, there are just two decisive quantities which
are ultimately important to perform the necessary calculations to evaluate long-term pollutant
emissions into the subsoil "QRP;": 1) "primary leachate losses into the subsoil” and 2) “concentration
of pollutants within the leachate at the bottom of the landfill”. Both quantities generally change over
time after landfill closure (Q, Ci).

Since many of the modeling inputs are inherently quantified through probability density functions,
the derived outputs, too, can be nothing but quantified with probability distributions of possible
outcomes. The task can be comfortably accomplished utilizing appropriate softwear tool which uses
established mathematical algorithms (such as Monte Carlo algorithm) to select random values in order
to perform simulations in which many recalculations are required. When using @Risk [ 11}, which is an
add-in to Microsoft Excel, uncertain inputs are conveniently entered as probability density functions
in cell formulas. The program is mostly used in economic sciences, however, it is frequently applied
in environmental sciences, too. It allows extraction of meaningful statistics for the desired outputs.

Calculation of long-term pollutant concentration decline in primary leachate

Long-term decline in the concentration of primary leachate pollutants after landfill closure is
satisfactorily described by pseudo-first-order rate kinetics: C; = C - e ¥ [12]. Values for the constant
“k" are derived from the correspondent half-lives: k = In2{T; ;. Therefore, concentration of pollutants
within the primary leachate 'C;’ can be calculated if probability distributions of random variables
*Co (initial concentration of the pollutant immediately after landfill closure} and ‘Ty 5" (half-life period
characterizing rate of pollutant concentration decline) are entered into the model.

As outlined in Section “Identifving suitable modeling inputs”, ‘Cy- value appears to be one of the
outcomes resulting from all those interconnected processes convoluting at a particular disposal site
during the pre-closure phases. On the other hand, ‘Tys’ is related to the nature and intensity of
biological, chemical and physical processes occuring within the landfill during the period of time after
the facility was closed. ‘Cy and ‘Tgs' values cannot be calculated by quantitatively considering all of
the above mentioned processes many of which are unknown andfor stochastic in nature, However,
these quantities can be measured (if dealing with the factual, already closed facilities) or can be
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reliably estimated by landfill experts on basis of general knowledge they have in the field, namely,
these values tend to cluster together around the averages which are characteristic for particular
landfill types. Therefore, part of the work needs to be done qualitatively using sound professional
judgment according to the proposed methodology. Such approach is common in other fields, too,
when dealing with uncertain and stochastic inputs [11,13].

When loosely defined groups of landfills are to be compared, which was the objective of the
related research article [1], probability distributions for the inputs ‘Cy and Tgs' can be nothing but
approximate and spread out. Approaches and techniques which were used to derive their averages
and standard deviations are presented in Section “Derivation of probability distributions for the inputs
‘Cg' and To_s -

Calculation of long-term leachate losses into the subsoil

As opposed to the parameter ‘Cy’, calculation of leachate losses 'Q;’ into the underground cannot be
applied in a common manner when referring to different landfill types, landfill designs, etc., because
the related hydraulical settings appear to be inherently diverse, as contemplated below:

1) Fugitive flow of leachate needs to be evaluated at an annual level for modeling purposes,
therefore, quasy steady-state flow situations occuring at the bottom of already closed clay-
lined landfills can be hardly assessed in the same way as transient flow situations occuring
sporadically at the bottom of inadequately capped above ground dump sites.

2) While hydraulic properties of compact clay liners {(CCL's}) are not expected to change
significantly through the decades {espetially not for the worse), characteristics of composite
liner systems (CLS's) are probabilistically expected to change [14,15]. Even CCL's which are
constituent parts of CLS’s do not behave in the same manner as CCL's acting as sole elements of
bottom- liner sealing systems, at least not probabilistically (the later are inherently continually
water-saturated, consequently, clay minerals remain in a maximally swollen condition all the
time, which can not be claimed for CCL’s that reside in the vadose zone below the synthetic
geomembrane). While transport of pollutants through CCLl’s is dependent on hydraulic and
chemical concentration gradients and permeability and diffusivity of the related compacted
clays [15,16] leakages through CLS’s appear to be dependent on a much larger number of known
and unknown factors interacting between them in the short- as well as in the long-term.

3) Darcy's law describes flow of a fluid through a porous medium such as CCL. It is not intended to
be used for calculating flow through synthetic geomembranes (although permeability through
composite liner systems is sometimes given by an all-encompassing hydraulic coefficient value
- eg. [5]). Vice versa, when comparing environmental performance of different types of
landfills, it would be factitious to ignore the fact that hydraulic conductivity is an essential
property of clayey barriers just to show that equal probabilistic method was used to calculate
long-term leakages considering both, clay-only-lined landfills and landfills equipped with
composite liner systems.

4) Based on reasonings specifyed above, relations between leakages and input variables required
to calculate these leakages can be deterministic in some settings (Darcy law can be applied in
situations where hydraulic conductivity and thickness of the clayey barrier at the bottom of the
landfill are approximately known) while stochastic in other settings (e.g., already constructed
faiture probability curves based on documented environmental performance of modern-type
landfills can be used to evaluate timing and the related probabilities of composite liner system
failure).

Leakage through composite liner systems and the related affecting factors. Reliability of composite liner
systems and consequently of their failures depends on several events, each characterized by an
actual probability. Analysis usually entails knowledge of failure probability of the individual elements
{subsystems) and combines them with an appropriate probabilistic analysis to define the reliability of
a more complex system [17,18]. A Fault Tree is widely used to assess the failure of a “technological
system™ | 12].

Estimated landfill leakages through the geomembrane (GM) are often calculated using Bernoulli or
Giroud equations if the hole size and frequency are known or presumed |19]. Leak frequency and size
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statistics are normally generated from the results of geoelectric leak location methods [20]. Average
hole size and frequency contributing to leakage depends heavily on the skill of the liner installer
and the skill of the construction-quality-assurance (CQA) agency. GM/CCL composites are better in
preventing ieakage than GM’s or CCL's alone if GM is in direct contact with CCL and temperatures at
the landfill bottom are smaller than 40 °C in the long term |13]. For example, calculated leakage when
considering 2.5 small holesfha and 30 cm water head appears to be just 1 lphd. However, if that holes
appear to be located within the GM system of interconnected wrinkles (waves) of length 200 m/ha
(such circumstances are sometimes observed when performing liner integrity surveys before waste
disposal operations begin), the calculated leakages rise to 120-170 Iphd [15].

Mathematical models for advection-dispersion of pollutants through layered bottom liners (such
as through a composite geosynthetic clay linerf attenuation layer system) have usually been solved
numerically or using analytical solutions [3].

According to the analysis which quantitatively scrutinized leakage performance of GM/CCL systems
[21] and the importance of particular components involved by altering

» hydraulic head (from 0.3 m to 10 m)

GM thickness (from 0.5 mm to 2.5 mm)

number of GM defects (from 2 to 200 holesfha)

CCL thickness (from 0.5 m to 3 m) and

hydraulic conductivity of CCL (from 1 x 10 3 mfs ta 1 x 10 1% m/s),

CCL thickness appears to have the greatest impact on CLS performance. Other parameters being
constant, numerically calculated critical time for reaching critical concentration of Cd®* on the bottom
part of the CCL was

« 11 to 80 years (by altering water head)

» 75 to 83 years (by altering GM thickness)

+ 27 to 153 years (by altering number of holes/ha), however, as much as
= 44 to =1000 years (by altering CCL thickness) and

¢ 33 to 147 years (by altering ks, of the CCL).

Modern landfills for disposal of untreated MSW are generally very anaerobic. Also, footprints of
hydraulically separate compartments normally appear to be relatively small in order to be filled with
waste as rapidly as possible, preventing excessive rainwater to enter the buried waste. Consequently,
even if the amount of generated leachate is small, the generated leachate can be very loaded
with both, organic and inorganic substances eventually causing heavy precipitation of calcite, iron
colloids and humic material on locations whereever oxidationfreduction potential (ORP) suddenly
increases. Subsequently, such conditions often result in cloggings and incrustations of leachate
drainage and collection systems [22-24] and leachate mounds with excessive water heads can be
induced potentially increasing the intensity of eventual leakings. Many other factors and mechanisms
can provoke leakage increases in the short- as well as in the long term |15].

Bioreactor operation is not recommended by geotechnical experts because high leachate
temperatures can induce water vapor movement and dessication cracking in clayey liners lying
underneath geomembranes, espetially if liner thickness was small. Estimnated service life of GM is
heavily dependent on landfill liner temperature-time hystory, too, which can range roughly from 20
to 3300 years in real life landfills [25].

All-encompassing way to assess performance of modern landfills and their CLS's is by obtaining
data from meonitoring wells lying downstream of as large number of modern-built landfills as possible.
All the factors and interactions between them which could have caused the failure are in this
manner factored in, including the fact that GM and CCL for some reason did not prevent the leak.
However, groundwater- protection effectiveness cannot be acquired in this way when referring to the
contemporary, state-of-the-art landfills, because too little or no post-closure time has expired so far
in order to evaluate performance of this particular sub-group of modern landfills.

Approaches used fo caiculate leakings when referring to the companion research article, Approaches
which were used to calculate long-term leakages 'Q;" are described below:
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Above-ground dump sites. Annual quantity of water infiltrating into the waste pile and further
emigrating downwards into the underground was estimated as a percentage of precipitation based on
the presumed hydrologic and hydrogeologic characteristics of the site and its surroundings.

Q = Qprecip - A - Pundg

Qprecip: annual precipitation [mm];

A: landfill footprint [m?];

Pundg: Part of annual precipitation which is infiltrated into the landfill generating landfill leachate,
but only that portion which percolates further down into the subsoil [%]

High-permeability landraises (HPL's) Leachate flow through the saturated clayey barrier
underneath the landfill was calculated according to the Darcy's law. Quantity of leachate released
into the subsoil was considered to be zero until the time leachate pollutants penetrate the liner and
break through on the other side of the liner.

Q= 0, ift = threanenes Q@ = Ksac - A+ 1 ift = Cpreauenes Chreakthr — d/(Ksar - 1)

d: clayey liner thickness [m];

i: hydraulic gradient [/];

ksar: hydraulic conductivity coefficient [m/s];

threakthr: POst-closure time which has to pass for pollutant to penetrate the clay liner [years]

Probability density functions for parameters ‘ksy' and ‘d’ were selected according to the
characteristics which define HPL as a landfill type.

Modern landfill types. Leachate losses into the subsoil were considered to be non-existent until
the post-closure time when bottom liner system fails. General process which leads to landfill liner
systemn failure was thought-out to be inherently stochastic. Probability distribution of values for the
iInput ‘tejyre” (post-closure time which has to expire for bottom liner system to fail, i.e., for leakages
to begin) can be derived in different ways, as presented in Section “Leakage through composite liner
systems and the related affecting factors”. Approach which was applied in the companion article |1]| was
to utilize already obtained 'failure probability curve’ based on monitoring data derived from North
ltalian wells positioned downgradient of landfills bottom lined with CLS's [12]. Since the number of
menitored landfills was relatively large, the related failure probability curve which was constructed
could be considered to be quite representative for landfills lined with composite liner systems during
the 1980s and 90 s.

Initial leakage flow rates into the underground per unit area of landfill footprint ‘qq' after the liner
fails could only be very low for modern landfills. Exact measurements could have been historically
performed only on real and pilot-scale landfills equipped with double bottom lined systems [14,26,27].
Already measured values mainly fell within the 0.1-10 Iphd range, much less into 10-100 Iphd range.
There were also few cases which fell into (100-1000) lphd and ‘nc-leaching-detected’ ranges. The
highest measured value was 1410 Iphd.

Leakage flow rates are likely to increase gradually in the long term [12], but only until reaching
some upperbound limit 'qmax’ (maximal possible leachate losses into the subsoil per unit area
of landfill footprint). This value {or probability distribution of possible values) can only be given
arbitrarily, however, realistically: leakages could be hardly larger than they would be if compact
clay liner was a sole element of composite liner system. The largest measured value for ‘qy’ which
was already measured on landfills equipped with double bottom liner systems (27| suggests such
proposition to be reliable. Rate of increase in leachate flow rates can be conveniently described by
first-order rate kinetics (e.g., values can be given by the parameter “time needed for leachate losses
to double after the system fails” (T;}. Since buried HDPE geomembranes are estimated to have service
life of many hundreds of years in ideal circumstances |14] it is likely that eventual leachate losses
on average grow in an extremely slow pace during the post-closure period of time. It was therefore
supposed that centuries would pass on average for leakages to intensify from the smallest- to the
highest possible ones which were already measured on double lined systems. Spread of possible
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values for ‘T’ was chosen in a way that scenarios with decreasing leakages across the post-closure
time were considered to be realistic, too, when performing simulations (average value and standard
deviation were both estimated to be 30 years).

Relationships between the inputs and long-term leakages were mathematically expressed as
follows:

Q = 0.ift < thjjype s

Q = Qo - exp[K(t — tgype)]. if Qo - exp [K(t — trajiyre)] E%ax[mifyear]and U= thiure :Qp = Qo - A3
Omax = Qmax - A: K = In2/T,

Q= Qmax[mzfyear]' ifQp - exp [K(t — tgire)] = Qmax[m3r"year]

Chailure [years]: post-closure time which has to pass for composite liner system to fail

Qp [m3/year]: initial leachate losses into the underground soon after liner system fails

qo [lphd]: initial specific leachate losses into the underground soon after liner system fails {liters
per hectare per day|

A [m?]: landfill footprint area

K [year ']: first order rate constant describing increase of leachate losses after the system fails

T [years]: time needed for leachate losses to double after the system fails

Qmax [m?fyear]: maximal possible leachate losses into the subsoil

QOmax [Iphd]: maximal possible leachate losses into the subsoil per unit area of landfill footprint

Wet-type landfills were assumed to leak twice as much as dry-types on average in order to
consider greater possibilty for leachate collection systems to clog ( potentially inducing eccessive water
heads) and for high leachate temperatures to develop within the landfill interior {potentially inducing
geomembrane failures andfor CCL cracking |25]).

Probability density distributions of values attributed to above mentioned inputs were presented
in the companion articles [1,2]. It has to be taken in mind that input variables were quantified on
basis of processed secondary data derived by performing monitoring and testing on landfills and
experimental CLS systems which were considered to be “modern” in the recent past. In general, these
values do not represent well the characteristics of contemporary modern landfills. In other words,
state-of-the-art landfills constructed in highly developed countries today undoubtedly outperform
landfills which were lined with composite liner systems during the 1980s and 90s, due to

- advances of knowledge related to factors that influence leng-term performance of composite landfill

liners [15]

advances in installation quality and construction quality assurance (CQA) practices {leakage rates

greater than 50 Iphd have decreased significantly in the past 20 years [20]); best available

technology for locating leaks in geomembranes before they become a problem is geoelectric leak

location methods, also known as liner integrity surveys; ideally, a bare geomembrane method would

be used after geomembrane installation, then the dipole method would be used after the placement

of cover materials

greater durability and chemical resistance of geomembranes; HDPE geomembranes produced

nowadays are extremely durable products, designed with service lives up to several hundreds of

years under ideal conditions [14,28,29]

- greater percentage of double-lined landfills built today than in the past

- improvements in waste acceptance procedures and criteria for wastes to be disposed in landfills
{e.g.. [25]), which means, pollution potential per ton of received waste is much lower now than it
was years and decades ago

On the other hand, in-place densities of waste are much bigger nowadays on average than
they were decades ago. Consequently, waste stabilization rates are generally lower in contemporary
modern landfills than they were in the older ones. Also, it has to be taken in mind that quality
of landfill capping systems improved over the decades, not just the quality of bottom-liner-systems.
Although short-term environmental risks diminished tremendously because of the above mentioned
advancements, the same cannot be claimed when evaluating long-term environmental performance of
state-of-the art landfills. One paradox exists which is usually ignored and can be in short presented
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as follows: (1} The better the long-term sealing efficiency of implemented cover systems — (2} the
slower the rate of decline of the related pollution potential accumulated at these landfill sites — (3}
the greater the long-term environmental risks. Consequently, not only average 'ty values would
be estimated in terms of hundreds- rather than tens of years when referring to state-of-the-art
conventional landfills, the same is true for ‘Tys' values as well. The problem is that these two inputs
adversely affect outputs results. Therefore, when performing long-term risk assessment simulations,
eventual pollution “events” would be shifted few hundreds of years further into the future, but
scenarios with excessive release of pollutants into the environment would still be calculated by the
model.

As opposed to state-of-the-art conventional (i.e. dry-type-) landfills, state-of-the-art bioreactor
landfills demonstrate high rates of pollutant concentration decline in primary leachate after landfill
closure (which means, relatively low average values are characteristic for the input Tgys’), however,
greater probability for CLS failure has to be considered, too, based on previous studies [15,25] (i.e.,
relatively low average values have to be attributed to the input ‘'t as well).

Calculation of more complex outputs

Once probability distributions for the outputs 'Cy" and ‘Q;" are known, fugitive emissions of
pollutants into the subsoil and their probabilities ‘QRP;’ can be acquired by calculating the product
of the two:

QRPy = G -
QRP; [kgfyear]: Quantity of a reference pollutant released into the subsoil during the post-closure
year ‘t’

All other outputs can be acquired by further processing already obtained simulated data for the
parameter 'QRP;’. If the aquifer existed directly underneath the landfill, separated just by a narrow,
permeable vadose zone, yearly fugitive emissions into the subsoil would be equal to annual discharges
into the aquifer. Environmental permits would not be given to operators of such sites, however,
the considered concept is adequate for modeling purposes, especially for quantitatively comparing
long-term groundwater-protection efficiency of different types of sanitary landfills, which was the
objective of the related articles [1,2]. For solving such-a-task the common environmental setting
has to be presumed, anyway: it has to be as simple and risky as possible in order the expected
differences would be clearly revealed. More thresholds and related levels of aquifer contamination
were determined (defined as moderate-, severe- and irreversible-) rather than just one in order to
analyze differences in environmental performance between landfill types from various aspects. In
flowchart Fig. 1 both modeling pathways are shown, i.e. considering possibilities of either direct or
indirect release of landfill-derived pollutants into the aquifer.

In realistic hydro-geo-environmental settings pollutant emissions into the subsoil are not equal to
the related discharges into the aquifer. Correlations between the two can be potentially acquired after
performing hydro-geo-environmental modeling (i.e., evaluating transport of pollutants and their fate
in the environment before they eventually reach the aquifer and discharge into it as depicted below:

Pollutant source Pollutant pathway {hydrogeoenvironmental modeling) Pollutant receptor
QRP femssions into the subsoiy ~ —  pollution attenuation within the hydrogeoenvironment =+ QRP; gischarges inso the asuiter)

Environmental conditions at given compliance points would be eventually determined in this way,
However, if the problem in consideration does not seem to be very important andfor complicated, the
correlation between the two can be simply expressed by introducing an attenuation factor

QRPt (emissions into the subsoil} * AF B QRP[ {discharges into the aquifer)
Ag....attenuation factor (0 = Ag = 1)

If the aquifer lies directly below the landfill, separated just by a thin vadose zone, the two
quantities appear to be equal {i.e, Ar = 1). The equation also implies that in the case landfill
hydrogeological setting was ideal (i.e., Ar = 0), the agquifer would not be affected even if landfill's
environmental-protection performance was extremely bad.
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Long-term environmental risk can be defined as the likelihood that an aquifer will be
contaminated because of leakage from a landfill. Groundwater thresholds are normally expressed
in pollutant concentration units. However, if the aquifer threatened by the landfill is already well
researched, a hydrogeologist is in principle able to define threshold values directly in terms of
required reference pollutant discharges into the aquifer which would invoke such already prescribed
pollutant concentration levels within the groundwater, e.g.

QRP, (threshoid #1) < MLP = QRPy yhreshold #2) = SLP [kg of reference pollutant / year]
CUMQRP, (threshola#3y < ILP [kg of reference pollutant]

The above mathematical expressions can be articulated as delineated below:

s Iffjwhen the calculated quantity of reference pollutant discharged into the aquifer during the post-
closure year ‘t' is greater than the lower threshold value but smaller than the higher threshoid value,
the acquired level of groundwater pollution is considered to be moderate during that particulate
year (moderate level of pollution, or MLP).

= Iffwhen the calculated quantity of reference pollutant discharged into the aquifer during the post-
closure year 't" exceeds the higher threshold value, the acquired level of pollution is considered to
be severe during that particular year (severe level of pollution, or SLP).

= Iffwhen the overall amount of reference pollutant cumulatively discharged into the aquifer during
the post-closure period of time until the year ‘t' exceeded the predisposed threshold, the aquifer
itself can be considered to be polluted, not just the related groundwater (i.e,, an ‘irreversible’ level
of aquifer pollution was reached, or ILP}.

Environmental risks can be quantitatively assessed by calcufating the probabilities that a given
aquifer will be moderately, severely or irreversibly polluted due to landfill- derived impacts (i.e., Pyp,
Pg.p and Py have to be calculated). According to the definitions described above, moderate and severe
levels of pollution are considered to be temporary, reversible conditions as opposed to irreversible
level of pollution, which is considered to be indefinitely long lasting condition. Moderate level of
pollution is reached during the post-closure year when annual pollutant discharges surpass the given
lower threshold and lasts until the year when the pollutant discharges fall below that threshold once
again.

Probability for an aquifer to become polluted is related to the considered length of time after
landfil closure. The longer the time, the greater the probability. Therefore, time- lengths required
for moderate-, severe- and irreversible levels of pollution to be reached and for moderate- and
severe levels to end are calculated together with their probabilities. In the related research- and
data-description articles [1,2] these outputs were labeled as MLPging, SLPgtarting: [LPscarting: MLPending
and SLPnging. respectively. Overall probability (i.e., Pyp, Psip or Pyp) can be calculated only when
considering the entire duration of time until a residual threat appears to be present at the site, ie.,
until the particular landfill exhibits sufficient pollution potential to harm the aquifer.

The output MLPg;,ing Sives probability distribution of values for a parameter “post-closure time
needed for MLP to begin” (where time is given in years and probability in percents}. Cumulative
probability for MLP to start rises over the passage of time until reaching a plateau. It can not rise
any more once the landfill is stabilized/ detoxified and poses no threat to the environment. MLPy,in,
output results are best represented graphically by a cumulative probability curve as shown in Fig. 2.
Therefore, by acquiring probability distribution of outcomes for the output MLPg,yine, the overall
{total) probability for MLP is also derived, where ‘Pyyp’ is given as a discrete value expressed in%.

The output MLPenging, ©n the other hand, gives probability distribution of outcomes for the
parameter “post-closure time needed for MLP to end” as a result. ‘MLPg,g;ng" cumulative probability
curve reaches the plateau at a later post-closure year than the related ‘MLPgg,nin,’ curve does,
however, the calculated overall probability is the same for both of the curves as it should be
(Pmupstarting = Pmipending) — See Fig. 2. By analyzing ‘MLPe,ging’ statistical data one can define the
post-closure year when landfill does not pose reasonable threat to the aquifer any more with some
high degree of probability, e.g. 90%. Duration of average time required for these conditions to be met
can differ by several hundreds of years when comparing post-closure environmental performance
of different types of sanitary landfills. Pollution potential of a landfill to contaminate the adjacent
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Fig. 2. Comparative demonstration of the related MLPy,qing
description article |2]).

aquifer further in the future is therefore depleted at this point in time. In other words, calculated
reference pollutant annual discharges fall below the levels which can potentially pose a threat to local
groundwater resources, i.e.,

toret = MLPepging (P = 90%)
MLP,

ending = tQRP threshold # 1 reached during the post  closure period of time characterized by declining pollution discharges
[years]

However, landfill can be considered to be fully stabilized/detoxified considering other criterions,
100, e.g.

tgret = SLPepging(P = 99.5%)

SLPendlng - tQRP threshold #2 reached during the post closure period of time characterized by declining poltution discharges
[years]

Overall groundwater pollution potential which exists immediately after the landfill is closed can
be retrospectively expressed in terms of cumulative quantity of a specific pollutant which can be
potentially released into the aquifer considering infinite post-closure time:

CUMQRPmax = ) QRP; [kg): 0 =t = o0

As already explained above, this quantity can be acquired accurately enough when considering
post-closure time which is at least equal to the time needed for calculated emissions to fall below
the lower threshold:

CUMQRPmax = Y QRP([Kg]: 0 < t < MLPepgng(P = 90%)

Spreadsheets which were designed to derive all of the above described outputs in order to
compare environmental performance of different types of landfills based on premises outlined in
the companion research article [1] are presented in Section “Construction of spreadsheet models”. The
related outcomes are graphically presented and compiled in the companion data- description article
[2].

Derivation of probability distributions for the inputs ‘'Cy’ and ‘Tz’

Biodegradability of organic content of MSW and heavy compaction of waste after its placement
makes the landfill an anaerobic environment, giving many similarities to generated leachates
compositions among the sanitary anaerobic landfills in general; a strong relationship exists between
the state of refuse decomposition and its associated leachate characteristics [30,31]. Semiaerobic
landfill environment on the other hand generates leachates with their own distinct characteristics
|32}
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Likewise, strong relationship exists between the rate of decline in primary-leachate pollutants-
concentrations during the post closure time and landfill typefsubtype involved in generating this trend
as written below:

1. Tgs dry-type landfil >> To5 wet type landfill

The related factor: refuse moisture content |33 |

2. Tos non flushing landfill =~ Tos flushing landfill

The related factor: rate of the pollutants washout [34]

3. To5 non-treated leachate recirculating landiill = > TO.S ex-situ treated {e.g., nitrifyed) leachate recirculating landfill

The related factor: recirculated liguids composition |35]

4. To5 anaerobic landill >> Tos {semi}-aerobic) landfill

The related factor: environmental conditions occuring within the landfill body | 32|

In other words, ranges of probable values for typical pollutanis are characteristic for landfills
of particular types and ages. By acquiring general information regarding the history of a particular
landfilt one readily gets a clue about its primary leachate composition.

A particular landfill can be at the same time e.g. anaerobic, wet-type, non-flushing, etc. It can be
a modern, highly engineered facility or a simple above ground waste deposit. Characteristic values
for parameters 'Cy and ‘Tgs' can be estimated based on this and other information. The problem
of uncertain inputs is usually considered by assigning them with probability distributions of values,
In general, the better the particular landfill or a landfill group is defined, the more precise these
estimates can be, Values tend to cluster together around the averages which are typical for particular
landfill types. Probability distributions for the inputs are more spread out when environmental
performance of landfill types are evaluated (rather than environmental performance of particular
landfills), because heterogeneity factor has to be considered, too, not just the uncertainty factor.

Therefore, selection of probability distributions is meant to be based on comprehensive knowledge
related to characteristics of different types of landfills. Some experts will not agree with probability
distributions estimates given by other experts or professionals, but not in any dramatic way, since
basic facts cannot be changed.

Representativeness of ammonia nitrogen as a reference pollutant

The focus of the companion research study |1]| was put on comparing long-term environmental
performance of different types of sanitary landfills. For practical reasons, only the most representative
aqueous pollutant was considered to perform comparisons, i.e. the one which is characteristic for
sanitary landfills after their closure. Among other dissimilarities, leachate pollutants differ according
to their characteristic timelines of occurence in relation to the succession of characteristic phases
of waste decomposition. If (for example) volatile fatty acids (VFA)s were used as a representative
parameter in order to compare long-term environmetal performance of different landfill types, no
differences would be detected, since these pollutants are generated during the acidogenetic phase,
i.e., by degradation of freshly disposed MSW. These pollutants are almost not even present within
the leachate after landfill closure. Similarly, the content of heavy metals in landfill leachates is in
general already low during the stable methanogenic phase as a result of alkaline conditions occuring
within the buried waste and attenuating processes (sorpion and precipitation) that take place within
the disposed waste |30]. Comparative landfill-simulating tests showed either no major differences in
leachate heavy metals concentrations between anaerobic, semi-aerobic and aerobic bioreactors [36] or
better performance of semi-aerobic reactors because they more readily act as a final sink for heavy
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metals due to fast stabilization of organic matter into humic substances [37|. At high-permeability-
landraise (HPL) research site |1], the concentration of heavy metals in primary leachate was always
very low, too.

Leachate pollution index |38| or leachate toxicity could be better parameters for characterizing
leachate pollution potential, however, for purposes of comparing environmental performance of
different types of landfills in general these parameters seem to be too complex in order to
convincingly attribute the related input variables ‘Cy and 'Ty 5" with probability distributions of values.

Ammonia nitrogen is a typical persistant pollutant, one of the most representative ones for
purposes of analysing long term environmental performance of different types of landfills. Many
renowned reserchers acknowledged that {e.g., [30,31]). This pollutant does not seem to follow much
faster decreasing trends characteristic for many other leachate pollutants, such as biological oxygen
demand (BOD).

Derivation of ‘Cg- and Ty 5” as modeling inputs in the related research study

When referring to the research article |1], probability distributions of ammonia-nitrogen values
attributed to input variables ‘Cy and ‘Tps' were obfained by qualitatively processing data related
to real-world landfills but also by considering information derived from laboratory and pilot scale
experiments. Different liquid-to-solid (L/S) ratios and different scales of heterogeneity which exist
between laboratory-, pilot-scale- and realistic landfill- environments [39,40] were taken into account.

Explanation;

Literature specifically targeting ‘Cy and 'Tgs' values does not exist. On the other hand, there is
a vast body of literature which provides theoretical and practical information about the subject,
especially with respect to NHy - N characteristics as a reference pollutant {e.g., explaining why
ammonia nitrogen is so persistent pollutant in anaerobic landfills but not in semiaerobic landfills
and certain types of leachate-recirculating andjor flushing landfills). It is true, concepts of different
types of sanitary landfilis are vaguely defined, but the nature of the work is intrinsically based just on
such kind of imprecise information. When gathering information regarding leachate compeosition from
real life landfills one should be aware that these systems are almost never clearly defined, at least
not from all of the relevant aspects. However, this does not mean such information is irrelevant. It is
up to the researcher to select and interpret these data appropriately and to connect this information
with findings obtained from laboratories and pilot-scale studies where systems were precisely defined
(Table 1}. Uncertainty is considered during the step when attributing inputs with probability density
functions. Explaining how input data were acquired is an essential part of the applied approach.
Similar approaches are used in other fields, too, when dealing with situations which are subject to
uncertainty (e.g., [11,13])

Leachate quality data is widely available from all around the world (sometimes describing
particular landfills vaguely as young, mature or old, small or large, dry or wet, controlled or
uncontrolled, etc.). Information about the spread of possible values for parameters ‘Cy and 'Tgs" has
largely derived from such kind of sources as presented in Table 2.

"Average/mean)” or “most probable” values (i.e. values with greatest probabilities of occurrence
within the selected probability distributions) were mostly estimated after processing large amounts of
secondary data which are only indirectly related to parameters ‘Cy- and ‘Tgs". The main sources were:
Laner [6] for composite-bottom-lined landfills (aka “modern™ landfills), Kjeldsen and Christophersen
[49] for dumpsites and Madon [1,9] for HPL's as described in Table 3.

Construction of spreadsheet models

As an add-in to Microsoft Excel, @RISK software provides all the necessary tools for setting up,
executing, and viewing the results of risk analyses [11]. Excel-style menus and functions are used
to construct a spreadsheet model. Distribution functions can be added to any number of cells and
formulas throughout worksheets. These distribution functions are invoked only during a simulation,
In normal Excel operations, they show a single cell value, just as in Excel without @RISK. Both Monte
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Table 1
Results from the literature performing nitrogen removal tests.

LSR (landfill-simulating-reactors) and pilot scale tests
(values in parentheses: NH,*- N concentration in leachate [mgfL])

Plexi glass reactors with 20 kg waste taken from Modena landfill. Leachate after ten weeks:
anaerobic reactor (water addition, no recirculation): ~(80¢ — 200); |40]
aerobic reactor {water addition, no recirculation): -(800 — 10)
aerobic reactor {leachate recirculation); -{1100 — 10}

Waste samples from Kuhstedt landfill before and after 6 years of low-pressure aeration.
Leachate obtained from waste samples (LS ratio = 0.12}: 132]
Waste before aeration: 345; waste after aeration: 54

Experiment in 7 m* tanks, clean water added, no leachate recirculation. 141]
Anaerobic tank: 1300 — 700 in 3 y. Aerobic tank: 1300 -+ - 0 in 1 year

Experiment in ®1.2 m, 7.5 m high lysimeters; clean watter addition; 16 months period.
Anaerobic: ~-1500 — 700; Semiaercbic: ~1200 — 200 §42]

Experiment in two phases (dry and wet) simulating tropical climate conditions; 8 lysimeters (¢ 0.24 m, H 1.0 m});
4 semiaercbic, 4 anaerobic (half of them with high% putrescible fraction waste}; no recirculation. [43)
Anaerobic: (10th day — 95th day): - 1200 — 1100
Semiaerobic: (10th day — 95th day): ~800 — 0
Cumulative outflow of NH4 — N with the leachate {190 days}:
Anaerobic: ~ 25 g; semiaerobic; -3 g

Lysimeters (® 0.9 m, H 2.7 m), simulating tropical climate; Semiaerobic 1 (density 640 kg/m?), semiaerobic 2
{density 770 kg/m?}, anaerobic 1 (density 730 kg/m?, 50% flooded), anaerobic 2 {density 720 kg/m®, 100% [44]
flooded). No recirculation.
Day 120 — day 650. TKN was measured.
Anaerobic 1: - (1250 — 750), anaerobic 2: - (2450 — 1100} .
Semiaerobic 1: ~ (1250 — 50), semiaerobic 2: ~ (2750 — 100} .

Table 2
Ammonia nitrogen concentration ranges characteristic for some landfilis around the world.

NH4*- N concentration of the primary leachate jmgfL]|}

Waste is usually heavily compacted in modern landfills and the milieu in their interior appears to be very anaerobic.
Higher values for NH4*- N (higher than -1200 mg/L} gathered from waste disposal sites all around the world largely apply
to anaerobic landfills during the time they were still young andfor if ammonium was not eluted out of their bodies in
large enough quantities yet.

Acidofilic phase landfills: 2-1030;

Final maturation phase landfills; 6-430 [45]
Old landfill of Legnago: 900-3500

Calancoi closed landfill: 1500-1800 [46])
Bioreactor anaerobic landfills: 100 -500, average 740 [47]
Landfills in Germany: 30-3000; mean 750 (48]
104 small, old unhined Danish landfills, on average closed for some 17-18 y: .

Generally below-ground piles (~anaerobic): 17.5-83.9 48]

Generally above-ground piles {~semiaerobic): 1.3-5.9
Upper bound values: 5 y old landfill: 800, 10 y old: 700;

20 y old:; 590; 30y old: 580; 40y old: 570 |50])

32 closed, lined Austrian/Swiss landfills; {on average, 16 y post-closure time has already expired): 1]
1.1-6200; mean 1045

Ajdovitina high-permeability landraise {passive semiaerobic above ground landfill): 450 (immediatelly after [9]
closure of the 1. sector) — 75 (8 years post closure}; decline continues to this day

Landfills: Montreal 179; Montevideo 1470; Thessaloniki 3100; Hong Kong 1190-2700; Kyungjoo {(Korea) 1682; {514
Shenzen {2 y old} 2090

Shangai Laogang landfill, fresh leachate {operating landfill section): 4632; 131}

semi-mature leachate (5 years old landfill section): 2197; mature leachate (11 years old landfill section): 1388
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Table 3
Derivation of ‘Cy and 'Tps' average inputs estimates.

‘Co's primary leachate ammeonia-nitrogen concentration immediately after landfillf landfill- compartment closure.
"Tos". Half-life period (refers to post-closure time required for leachate ammonia-nitrogen concentration to reduce to
half of its initial value}

Input parameter The most expected [mean)
value

‘Cy for modern landfills (dry and wet types) p = 1200 mgfL

Explanation:

Data from Laner |6] refer to 32 closed Austrian and Swiss landfills which were bottom lined with composite liner
systemns (= modern landfills according to definition applied in this work). On average, these 32 landfills were already
closed for 16 years in 2008. NH,™- N ranged from 1.1 to 6200 mg/L in 2008 {mean value = 1045 mgfL}. Based on this
information it seems to be reasonable to choose 1200 mg/L as a proper “average” value for the input parameter ‘Cy",
Landfills (or landfill cells) normally do not operate as bioractors before their closure (in order to avoid excessive fugitive
emissions of methane from the uncovered active areas, etc.). The same average value was therefore selected for all
modern {andfills, i.e. dry- and wet- ones.

*The most common values for ammonia nitrogen concentrations in anaerobic landfills during the stable methanogenic
phase (landfills are usually closed when they go through this phase) found in the literature appear to be within the
range 450 mg/L - 800 mgfL rather than >1000 mgfL. However, ammonia nitrogen leachate concentrations tend to
decline fast after landfill closure when the values are higher than 1000 mgiL (ie., “half-lives” tend to be shorter than
average) than later when the values are within the more common range between 450 and 800 mg/L (“half-lives” tend to
be longer than average). Therefore, trying to find the right selection of average vatues for ‘Cy- and ‘Tys' as a set is more
important than trying to find the correct averages for ‘Cy and Ty " separately.

‘Tos' for modern landfills, dry type. p = 40 years.

Explanation:
Landfill- stabilization- progress after landfill closure manifests itself in different ways (decline in annual quantity of
generated landfill gas, decline in respiration rates measured on solid waste samples taken from the landfill, decline in
concentration of aqueous pollutants in primary-leachate samples taken at the bottom of the landfll, decline in
settlements rates, etc.). All these phenomena are interrelated, but half-life periods are not equal and the related
stabilization rates can be only vaguely approximated as being of the pseudo-first order rate. Historically, the concept was
mostly used to model methane generation rates. E.g., US EPA in its document AP-42, ffth edition [52} set forth default
values for first-order decay rate constant to be used in its LandGEM model for conventional landfills: k = 0.04 (Tos ~ 17
years) for wet climates and k = 0.02 (Tys = 35 years) for dry climates. Modern dry-type landfills are sealed at the top
when the particular compartment is filled with waste, therefore, Ty = 35 years would be a good first estimate for
characterizing rate of deciine 1n the intensity of stabilization processes taking place in “dry-entombment” landills.
However, no major biological pathways for ammonia nitrogen removal exist within the anaerobic landfill (]53,35)),
consequently, the related stabilization process is inherently very limited. The pollutant can be removed almost
exclusively by the washout process, but leachate generation rate decreases rapidly after a dry-type landfill is capped.
Therefore, half-life period tends to be much longer than 35 years when ammonia nitrogen is considered as a reference
poliutant.
However, in reality many composite-liner caps do leak a little bit immediately after the landfill was closed |54] and
leakings rise slowly in the long term. The paradox is that leaky covers eventuate faster decline in concentrations of
pollutants within the primary leachate (shorter ‘Tys') resuiting in better long-term groundwater protection performance
of landfills with defective final covers.
Based on the contemplations outlined above the arbitrarily selected average value of 40 years for "Tys' does not seem (o
be conservative at all. Paradoxically, if the value was set to be G0 years instead of 40 years in the comparative study [1]
(i.e., if landfill covers with better sealing characteristics were supposed to be installed on average), dry-type landfills
would have environmentally pesformed even worse when compared to other landfill types executing long-term risk
assessment simulations.

(continued on next page)
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Table 3 (continued)

‘Tus" for modern landfills, wet type. B = 7 years.

Explanation:

Gas decay constant value of k = 0.1 {Tys = 7 years) was proposed to EPA as a default value for predicting long-term gas
generation rates in bioreactor landfills [55]. Research performed by Tolaymat et al, [56) confirmed such proposal to be
reliable. However, similar rates of decline are not necessarily characteristic when predicting steady fall in concentrations of
persistent aqueous pollutants within the primary leachate. For example, ammonium nitrogen concentration cannot be
abated down just by performing recirculation within an ordinary anaerobic envirenment [53,35]. However, ammonia- as
well as total- nitrogen can be readily removed by

= recirculating ex-sity treated (nitrified) leachate before being inserted back into the landfill interior | 35|
» recirculating leachate within an aerated or hybrid [anaerobic/aerobic) bioreactor- landfill system |53]

Rapid rates of pollutant concentration decline can be sometimes observed in non-bicreactor landfills, too. Persistent
pollutants can be namely abated down just by washing them out of landfill. Conventional modern landfills which are
situated in humid climate and are covered only with local earthen tnaterials can be also considered to be wet-type
landfiils.

According to statistical analysis by processing raw leachate parameters- data related o 32 Austrian and Swiss landfills
already closed for a long-time [£] it was revealed that chloride and ammonium concentrations within the primary
leachate on average decreased quite rapidly and at a similar rate (Tys = 7 years). Chloride is perhaps the most typical
persistent aqueous pollutant characteristic for MSW landfills. This parameter can be abated down only by means of
washing it out of the landfill unlike ammonium nitrogen, which behaves as a persistent pollutant only in strictly anaerobic
environment as mentioned above.lt has to be pointed out that the studied group of landfills

* were bottom-lined with composite liner systems |&| (therefore characterized as modern landfills according to the
categorization described in Section “Types of sanitary landfilis")

* did not practice post-closure leachate recirculation |G} {therefore, they were not operated as bioreactors)

* were capped mostly with local earthen materials { which could not have prevented part of the precipitation to enter the
landfill; this was a prevalent way of covering landfills during the 1980s and 90s, anyway)

¢ were of an anaerobic type {otherwise, ammonium and chloride would not have demonstrated so similar long-term
declining rates)

Maodern bioreactor landfills are likely much more densely built than the studied group of old Austrian landfills on average
(therefore, in general, more difficult to be stabilized}.
Based on information presented above it is reasonable to select Ty s = 7 years as an average value for wet-type landfills
as a whole.

‘Cer for high-permeability landraises (HPL's) p = 450 mgjL

Explanation:
Semiaerobic milieu provides conditions for nitrification/ denitrification to occur simultaneously within one landfill cell
rather than requiring two separate cells containing two different in-situ environments, i.e. anoxic and aerobic [53]. High
permeability landfill is aerated passively already during the operational phase, that's the reason why armmonium can not
build up to reach high concentrations within the primary leachate. The value of 450 mg/L was selected based on
Ajdovicina "prototype landfll” data.

‘Tas' for high-permeability landraises. B = 3.5 years

Explanation:
The value of 3.5 years was selected since it is characteristic for a “prototype HPL" where the corresponding author
performs research. Half-life period could have been shortened even more by intensifying landfill flushing operations,
Since no relevant groundwater bodies exist in the vicinity {the most vulnerable part of the environment appear to be
natural surface waters) such measures would not be justifiable.

{continued on next page)
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Table 3 {continued)

‘Cy and Tys” for above-ground dump sites N . = 250 mg/l; p, = 3 years

Explanation:
An uncontained above- ground dump site {as defined in Section “Types of sanitary landfills") is basically an uncentrolled
version of a HPL- type of landfill, on average even less compacted, sanitary covering more poorly applied, etc. (in other
words, such type of “landfill” should be more aerobic than a HPL on average). Therefore, average ‘Cy and ‘Tys’ values
should be somewhat lower when compared to those which are characteristic for HPL's,
The rounded average value of 250 mgfL has been derived by analyzing data collected from 106 old unlined Danish
landfills [49] assorted in four groups in regard to where leachate monitoring wells were screened (labeled as group A, B,
C and D, respectively). Group A was largely represented by below-ground disposal sites with wells screened in the
saturated waste layers - 65 of them} and Group C was mostly represented by above-ground waste piles with wells
screened in the underlying saturated geological layers - 103 of them}. Due to this fact the possibility of significant
leachate dilution was expected to exist for the group C, but not for the group A. Comparing data of chloride
concentrations (a typical non-degradable pollutant) between groups A and C the ratio appeared to be 1.52, probably
representing the dilution effect. However, when comparing ammonium concentrations between these two groups of
dumpsites {ammonium s a persistent pollutant at anaerobic sites but a decaying pollutant at semiaerobic sites), the
ratio was 14.1. Even if we attribute factor 2 to the dilution effect, the factor of 7 still remains to be attributed to
ammonium bicdegradation effect in semi-aerobic landfills [therefore, on average, 7-times smaller ammonia
concentrations appear to be present within the leachate derived from passively aerated above-ground piles than from
below-ground, anaercbic waste piles). Eliminating dilution effect, the average value for ammonium-nitrogen in group C
would be some 7.2 mg/L. From the graph demonstrating sodium concentration as a function of landfill age in old Danish
landfills |49 the average half-time pericd due to wash-out effect can be roughly obtained: Ty s ~ 20 years. Therefore,
ammonium concentration half-time characteristic for above ground dumps should be ~seven times shorter (i, Tos = 3
years on average). Considering that the evajuated Danish landfills were already closed for 17-18 years on average,
‘Cp value of -250 mgfL can be acquired (first order rate equation calculated backwards).
The corresponding author took leachate samples from two small abandoned above-ground dumps situated on an
impermeable terrain in Vipava Valley {Slovenia) years ago and acquired similar Cy values,

Carlo and Latin Hypercube sampling techniques are supported, and distributions of possible outcomes
can be generated for any cel! or range of cells in the spreadsheet model.

@RISK program graphs probability distributions of possible outcomes for each @RISK output cell.
@RISK graphics include:

 Relative frequency distributions- and cumulative probability curves

« Summary graphs for multiple distributions across cell ranges (for example, a across a row of time
series values)

« Statistical reports on output distributions

» Probabilities for target values in a distribution

All the necessary information related to software capabilities and usage is provided in the related
User's Guide [11].

[n order to assess long-term environmental risks characteristic to four types of sanitary tandfills
based on premises described in the companion research article [1], four spreadsheet models were
constructed each one representing one landfill type (Figs. 3, ,, -6).

The four landfill types were modeled as if being individual landfills occupying equal footprint areas
in contact with the subsoil (5 hectares). During the initial phase (when artributing input variables
with probability density functions} attempts were made to consider all the detected heterogeneities,
complexities and uncertainties which are characteristic of different landfill types to be included into
the model. Landfills were compared based on size-equivalence criterion (see Section “Functional
equivalence problem performing comparative risk assessments”), therefore, all landfills representing
antagonistic types were considered to have approximately equal capacities (~500.000 t). All were
placed in the same hydrogeological and hydrological setting (humid climate, thin semi-permeable
vadose zone was considered to separate landfill subgrade from the water table). Consequently, large
part of annual precipitation was supposed to be transformed into surface run-off, but weak leakages
typical for lined landfills were supposed to result into an unmittigated transport of pollutants all the
way down to the aquifer. Qutputs- results are presented in the related research- and data description
articles [1,2}).
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Fig. 3. Above-ground dump site spreadsheet model.

The method is not intended to be fixed once and for all. More sofisticated formulas can be build
for distinctive purposes, etc.

Functional-equivalence problem perforining comparative risk assessments

In general, overall risk assessment setting consists from three consistuent parts, separately defining
the source of a potential hazard, pathways by which the damage may occur and the receptor of a
potential hazard. When reffering to the case described in the research article [1], the

1. source was represented by a 5 ha, 500.000 t large closed sanitary landfill situated in a humid
environment

2. pathway was represented by a semi-permeable vadose zone lying underneath the landfill, and

3. receptor was represented by a thoroughly researched aquifer lying underneith the landfill and
the vadose zone

Great part of the eventual ambiguity related to functional equivalence problem stems from the fact
that different ways are possible according to which the source of the potential hazard can be defined.

When performing any form of comparative analysis it is essential that technological alternatives
are compared either based on functional- or size equivalence criterion. It has to be acknowledged
that risk assessment settings are not supposed to be the same when performing -

« comparisons between the individual landfills of different types vs. performing comparisons between
the presumed individual landfills representing landfill types as groups, taking into account
overwhelming internal diversity which exists among the landfills appertaining to each particular
group

« comparisons between the landfills of equal capacities sited over the same footprint area vs.
performing comparisons of landfills of functionally realistic capacities sited over the same footprint
area
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Fig. 4. High-permeability landraise spreadsheet model,
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Fig. 6. Modern wet-type landfill spreadsheet model.

Therefore, different criteria could have been used to compare long-term groundwater protection
efficiency of different types of sanitary landfills when referring to the research article [1]. Each of the
four possibilities {which are graphically presented in Fig. 7) are contemplated below:

» The task of the study |1} was to compare environmental performance of four equally large sanitary
landfills representing different landfill types in a wholistical way. Size equivalence criterion #2 was
therefore applied for the purpose. Characteristics of the pressumed landfill included whole range
of possible heterogeneities and complexities which exist among the landfills appertaining to a
particular landfill type, resulting in a rather wide spread of possible values for the inputs.

+ The purpose of the analysis presented in the research article [1] could have been ’'slightly’ different,
eg., intended to compare long-term groundwater protection performance of four clearly defined
individual landfills of four different types after their closure. In this case the common source of
hazzard would have been defined as a singular 5 ha large sanitary landfill of 500.000 t capacity
situated in a moderately humid environment which received waste with quite exactly known
composition. Also, large quantity of historic monitoring data is assumed to exist for each of the
four landfills (e.g., regarding gquality and quantity of the primary leachate, composition and amount
of the captured landfill gas, historic weather station data, etc.) as well as technical information
{(landfill design, mode of operation, etc.). In such a case size eguivalence criterion #1 (see Fig. 7)
would be applied. However, even if the four landfills were so well defined, the problem still
appears to be too complex to be solved deterministically. Inputs should still be attributed with
probability distributions of possible values because of the uncertainty factor. By using the proposed
method, both, #2 and #1 tasks can be assessed in the very same way, only that in the second
case the selected distribution of possible values for particular uncertain inputs would be much less
spread and the average values much more precise, dependent on the available amount of useful
information.

We could have been interested in comparing environmental performance of four sanitary

landfills lying over the same footprint area as in the cases #1 and #2, which however

did not receive the same amount of waste during their operational phases but rather

received technically probable amounts of waste (therefore, functional differences which exist among

different iandfill types from the aspect of their probable landfill capacities over a particular landfill
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Fig. 7. Demonstration of possible criterions to perform comparative risk assessments analysing differences between landfill
types.

footprint area would be taken into account). The same model can be used, but there are some
important differences. For example, modern landfills (usually designed as combined pit-and-mound
facilities) generally accomodate two- three- four times more waste over the same footprint area
than the low- density above- ground waste deposits. Defining the task in this way, we would
be ultimately comparing long-term environmental performance of different landfill types on per-
ton basis of the landfilled waste (i.e., functional equivalence criterions #3 or #4 as presented in
Fig. 7 would be applied). However, this does not mean that the related results solving problems
#3 or #4 using the proposed methodology would be now shifted 2- 3 —4 times in favor of modern
landfills comparing them to the results solving problems #1 or #2, although some shift in this
direction is of course to be expected. It has to be taken in mind that risk assessment outcomes for
a 5 ha large modern landfill with the capacity of e.g. 1.500.000 t would be worse than for a 5 ha
large meodern landfill with a capacity of 500.000 t Probability distributions of some of the inputs
would not be the same in both of cases. Specifically, the parameter *rate of reference pollutant
concentration decline” expressed as half-life period ‘Tps" would be shifted upwards (average 'Tgs'
value would be larger) if the landfill capacity over the same footprint area was larger. In other
words, higher, deeper, denser landfills stabilize more slowly on average than lower, shallower, less
dense landfills, triggering greater environmental risks.

Many questions can arise out of this explanation. For example:

Question 1: Why is ‘Tgs' the most important input which has to change when dealing with
differences in landfill capacities over the same footprint area and not e.g. the input ‘Cy or the input
"aiure (time needed for composite liner system to fail)?

Question 2: The overall pollution potential accumulated over the 5 ha footprint is ~3 times
larger if the capacity of the modern landfill was 1.500.000 t instead of 500.000 t. Should not the
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calculated long term emissions into the subsoil or the acquired probabilities of aquifer contamination
be approximately three times larger, too?

Answer 1a: ‘Cy is strongly related to factors such as (1)} biodegradable matter content within the
buried waste and (2) practice of sanitary covering used during the active waste disposal phases. These
factors would remain basically the same if a 5 ha large modern landfill had the capacity of 500.000
t instead of 1.500.000 t. On the other hand, in the later case, the landfilled waste would be denser
on average, initial aerobic phase shorter, liquid to solid ratio smaller and conditions in general more
anaerobic. Therefore, the selected average ‘Cy value for a large capacity modern landfill would be
generally greater than for a small capacity landfill of the same type streching over the same footprint
area. However, average ‘Cy values for NH4-N are not likely to be larger than 1200 mg/L, since this
value is already high for anaerobic landfills undergoing stable methanogenic phase (e.g., Table 2).
Therefore, trying to find the right selection of average values for 'Cy and Tgs' as a set is a better
approach than trying to find the correct averages for ‘Cy and ‘Tg 5" separately.

Answer 1b: Eventual argument that major differences in probabilities for the parameter “time
needed for composite bottom liner system to fail” have to be considered when comparing a 5 ha
modern landfill which received 1.500.000 t of waste to the one which received only 500.000 t can
not be reasonably substantiated. It's true, if landfill capacity was greater the overburden pressure
would be larger and the amount of pollutants conveyed through the leachate drainage and conveyance
systems would be ultimately larger, too. However, the probabilities for leachate drainage layer to be
thicker and tension properties of the implemented geomembrane to be better would also be greater,
cancelling the opposing factors out. Therefore, in general, the same probability distribution for the
input "teue” would be used for both of settings.

Answer 2; Due to 3 times larger overall pollution potential, the potential for generating reference
aqueous pollutant within the landfill appears to be ~3 times larger, too. However, most of this
additional pollutant would be ultimately pumped out with the leachate. For modern landfills it is
inherently expected leachate withdrawal and treatment systems are installed and function properly
most of the time for the duration of at least 30 years after landfiil closure. Therefore, this additional
amount of poilutant would not have much effect on emissions into the subsoil. However, post-closure
time until the time the landfill becomes stabilized would last longer, consequently, longer time would
be on disposal for aquifer to become polluted. If “mean value = 60 years” and “st.dev. = 10 years”
were used to characterize probability distribution of the input Tys' reprezenting 1.500.000 t large
dry-type modern landfill instead of “mean = 40 years” and "st.dev. = 7 years"” reprezenting 500.000
t large landfill, the ultimate cumulative quantity of the reference pollutant released into the aquifer
would increase to ~11,200 kg from ~7100 kg (both values given as 95 percentiles) by using spreadsheet
model as presented in Fig, 5. Therefore, 3 times larger pollution potential accumulated at a particular
site does not imply the related groundwater pollution potential to be 3 times larger, tco.

Theoretically, we could have been interested in comparing environmental performance of four
types of landfills (as presented in the Section "Types of sanitary landfills”) lying over an 5 ha
large footprint area {as in the cases #1, #2, #3 and #4), this time implementing size-equivalence
criterion considering common landfill capacity of 1.500.000 t for all landfill types. However, such
comparison would have been null and void, because neither above-ground dumpsites nor HPL's
can exist occupying a footprint area of just 5 ha. It is up to a environmental engineer/scientist
who performs comparative assessments to use the model appropriately, avoiding making functionally
disequivalent comparisons.

Modeling approach used to calculate contaminant transport through a HPL's compacted clay
liner

Main points here are to explain
« why was advection the only transport mechanism considered to calculate migration of a reference

pollutant through a CCL at the bottom of HPL-type of landfill as presented in Section “"Approaches
used to calculate leakings when referring to the companion research article”.
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¢ the reason for introducing FoS factor (i.e., Factor of Safety) into the HPL-related risk assessment
mathematical model as presented in spreadsheet Fig. 4.

Once the CCL's hydraulic conductivity is lower than 1 x 10 2 mjs, molecular diffusion
becomes more important pollutant transport mechanism than the simultaneously occuring advection
mechanism [16]. Diffusion was not considered in the actual model which can be perceived as a
deficiency. However, in contrast to conventional dry-type landfills, where concentration gradient
through the clay liner situated underneath the (eventually) leaky geomembrane is large and lasts for
centuries, this is not the case for HPL's. Concentration gradient in HPL's is low from the beginning and
diminishes rapidly during the course of time after landfill closure because leachate quality improves
fast through the years. After two decades, concentration gradient becomes too small to be considered
as a relevant pollutant- transport- driving force any more even if high values for diffusion coefficient
(D = 10 ? m2[s) were considered for the calculation. Such condition develops decades before the
pollutants manage to penetrate the CCL and break through on the other side of CCL.

As presented in the spreadsheet model (Fig. 4) fugitive flux of pollutants is acquired by multiplying
time-dependent value ‘C,’ (reference poliutant concentration at the bottom of the landfill) with
fugitive water flow through the clay liner ‘Q,' driven by the hydraulic gradient which exists between
the upper and lower CCL planes. Fugitive pellutant flux is therefore calculated at the upper CCL plane,
However, leachate derived pollutants begin to be emitted into the subsoil only after the original,
natural pore water was already largely pushed out of the CCL. ~80 years on average are needed for
pollutants to penetrate the liner and break through on the other side (at the same time having in
mind that a single simulation performing thousands of iterations consists of scenarios with calculated
migration times as different as '35 years' and "120 years’ post-closure (which is the consequence of
the fact that the inputs *hydraulic conductivity' and 'CCL thickness’ were attributed with probability
density functions, not with discrete values).

Once the breakthrough occurs, the pollutant fluxes on the upper and lower CCL planes would be
equal only if pollutant concentrations were equal on both sides. This would be theoretically the case
only if long-term rate of decline in pollutant concentration within the primary leachate (expressed as
half life period) would be the same as long-term rate of decline in concentration of pollutants which
already infiltrated into the CCL. Processes involved in pollutant concentration decrease are however
different within the two environments: biodegradation and washout of pollutants are the important
processes going on within the landfill interior, while dispersion (mixingfdilution), retardation,
irreversible sorption and biodegradation are the related simultaneously occuring important processes
taking place within the CCL.

It is likely that long-term decrease in pollutant concentration is faster in CCL than in the landfill
interior due to pulse-like initial input of pollutants into the CCL, allowing rapid dilution of the
concentration plume (i.e., large bulk of pollutants penetrate the CCL during the first ten post- closure
years). For modeling purposes, however (in order to be on the conservative side when performing
risk assessments reffering to HPL as a low-cost landfill type), the product Cy-EXP(-In2{tps) - Qr was
multyplied with a “factor of safety” FoS = 100. The same result would be acquired by applying two
times longer half-time for the parameter “reference pollutant decline in primary leachate” in the
formula for calculating ‘C¢’ (i.e., tp5 = 7 years instead of g5 = 3.5 years),

Explanation from another perspective:

Concentration within the primary leachate decreases 100 times in 24 years when considering rate
of decline employing half-time period tys = 3.5 years {as used in the model). By multiplying the
formula with the “factor of safety” value of FoS = 100, the calculated pollutant flux out of CCL (through
the bottom plane) appears to be equal to the pollutant flux into the CCL {through the upper plane) 24
years before.

Model verification and validation

Risk derives from our inability to predict the future. Even though the outcome is uncertain, an
objective risk can be described precisely based on theory or experiment. In contrast, describing the
chance of a bottom liner to fail (defined as the chance that landfill- derived aqueous pollutants will
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Fig. 8. Example of an @Risk sensitivity analysis report.

be detected in the downstream monitoring well) is not clear and this represents a subjective risk.
Given the same information, expert A might conclude there is a 80% chance some kind of failure will
happen during the first 100 years after landfill closure whereas expert B might conclude the chance
is only 50%. Neither of the two is necessarily wrong. Describing a subjective risk is open-ended in the
sense that anyone’s assessment could be always refined with new information, further study, using
different approach or by giving weight to the opinion of others [11].

Also, deciding that something is risky requires personal judgment, even for objective risks. For
example, many experts know or feel that dry-type landfills are generally safe facilities in the short-
term but risky in the long-term if situated in hydrogeologically vulnerable environments. However,
most people weight short-term risks much more critically than long-term risks. That's probably the
main reason why dry-type modern landfills appear to be favored in many parts of the world which
manifests itself in environmental regulations, too.

So called “@Risk Output Reports” were included as a supplemental material to the companion
data-description article |2]. Sensitivity analyses of some of the outputs (maximal annual emmision
rates and maximal cumulative amount of the reference pollutant released into the environment) were
an integral part of these reports. input variables were ranked accerding to the effect they have on
the outputs for each of the four landfill types. Sensitivities were presented in graphical and tabular
forms evaluating the effects on the output averages if input values given by probability distributions
were low, high or anything in between (see Fig. 8). As expected, the most critical inputs are the ones
which are the least accessible and validable: “time needed for bottomn liner to fail” (wet-type modern
landfills), “rate of leakage increases after the system fails” (dry-type modern landfilis) and “percentage
of annual precipitation transformed into a leachate flow down to the aquifer” (above-ground dump
sites).

Validation of a model assumes that measurements performed in the real world would confirm
or deny the outcomes derived by modeling. However, a probabilistic model gives a distribution
of possible outcomes as a result and gives some measure of how likely each outcome is to
occur. Therefore, it is not possible to deterministicaly calibrate or validate a prebabilistic model by
performing measurements in the field; measured values will comply with the model as long as they
fit within the range of probable values derived by modeling. Also, realistic landfills are not placed in
the same environmental setting as were those which were evaluated in the model for purposes of
performing comparative risk assessments [1]. Last but not the least, long term events will happen in
the future, they can not be assessed in a real time.

Nevertheless, already available monitoring data acquired from the real world should agree well
with the modeling results presented in the related research article [1] on an area unit {e.g., hectare)
basis, because input parameters were also attributed with probability distributions of values taken
from the real world - the applied model is robust enough. Assume a conventional dry type landfill
which was closed 10 years ago somewhere in the USA. If the assumed landfill does not leak (i.e.,
zero emissions into the subsoil were detected 10 years after clesure), compliance with the model
would be excellent. According to the model, it is 85% probable NH4;—-N emissions would be zero, 90%
probable to be smaller than 1.1 kg/{ha-year}, 95% probable to be smaller than 1.9 kgf(ha.year), 99%
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probable to be smaller than 3 kg/(ha.year) and 100% probable NH4-N emissions would be smaller
than 6.5 kgf(ha-year). Or, assume modern biorector landfill large 10 ha somewhere in developed world
which was closed 5 years ago. If somehow fugitive emissions were detected and evaluated to be
around 20 kg NH,-N/year, that would comply well with the given model, too (according to modeling
results it is 90% probable emissions would be zero, 95% probable emissions would be smaller than
12 kg NH4-N, 99% probable they would be smaller than 35 kg and 100% probable they would be
smaller than 62 kg).

First sector of the pilot HPL (AjdovicCina, Slovenia} which was receiving waste from the early 1980s
was closed in 2005. Two boreholes located just 3 m apart were drilled into the landfill and screened
at that time. Leachate samples from the bottom of the landfill are occassionally taken and analysed
as well as samples representing extremely small quantities of interstitial water which exists at the
interface between the natural clayey stratum and marly flysch lying 4.5 m underneath the landfill
bottom. The interstitial water is still found to be uncontaminated with the leachate- derived NH4-N,
which complies very well with the acquired modeling results.

Similarly to the outputs, probability distributions attributed to some inputs can not be
deterministically validated, too. For example, technical life-times of landfill barrier systems in field-
scale applications are largely unknown. Different models are used to assess long-term performance of
bottom liner systems. Probability distribution provided by Pivato 2011 |12] appears to be exceptional
since the related raw data were literally taken out of the real world. All of the myriad factors
which could have been involved in landfill containment system failures were encompassed, which
includes the impacts triggered by human factors, too. When looking from this standpoint, probability
distribution used in the actuwal model was already validated in the field. Still, the degree to which
the derived failure probability curve appears to be relevant for predicting events far into the future
remains to be unknown,
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WATERKEEFER ALLIANCE | PFAS REPORT PHASE 11

Table 10| Total PFAS Concentrations Lipstream and Downstream from WWTPs.

State | Waterbody Waterkesper
AL Cahaba River Cabhaba Riverkeepear
Big Wills Creek Couosa Riverkeaper
CA ‘Santa Ana River [Nevl Inland Empire Watarkeeper
Los Angeles River LA Waterkeaper
<7 Naugatuck River Long lsland Ssundkeeper
FL East Canal Tampa Bay Waterkeeper
GA Chattshoochae River Chatwshsochee Riverkesper
MD Monocacy River Petomac Riverkesper
Ml Rougs River Deotroit Riverkeapar
M5 Paar River Pearl Rverkeeper
NC Haw River Haw Riverkeepar
Cape Fear River Cape Fear Riverkeeper
NY/NJ Ramapo River [Nov] Hackensack Riverkeeper
Ok Tualatin River Tualatin Riverkeepers
R Fawtuxet River ¢ Narragansatt Bay Riverkeaper
sC Pocotaligo River Black-Sampit Riverkeaper
™ Hunting Bayou Bayou City Watarkeeper
VA Appomatiox River James Rivarkeeper
WA Spokane Rivar Spokane Riverkeepar
wi Root River Mihwaukee Riverkeeper
wv Opequon Creek Uppar Patemac Riverkeeper
Ohis River a:‘s;r\lr(:g:\: Headwaters
£ Combined: The the Pughest ¢ ha the prmary or Suphcats ssmphe

34

Total PRAS {ppt}
Upstream Dovwnstream
3847 41.53
S 0 2zn
8270 1713
6918 75.80
41.60 46.50
No Sample 5691
1752 3310
2628 5992
#_n 8320
No Sample 207
1807 144 54
5193 5774
210 32.20
057 30.02
1940 3900
10.38 228.3%
5777 43.47
21m 21.61
124 [X=]
2944 56,105
45.10 44650
2195 kR ES

2743

&0

47

1558

3364

49.49

2905

-0.40

118.04

570

050

476

26.5¢

180

309

or Decreass
9.05%

15.49%

30.58%

B&1%

1.78%

BBF3I%

128.01%

146.81%

85.14%

%%

45.70%

2994.85%

1.02%

10691%

9.87%

2.37%

38387%

90.32%

399%

14.08%

WATERKEEPER ALLIANCE | PFAS REPORT PHASE Il

Figure 11| Amount of Total PFAS Increase Downstream from WWTPs
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Mowge Kvet (M1 4929
Monocscy Rhr | WD 3364
Tuslatin Riogr|0F 2905
Samtadng River [CA 7743 [Hov]
RoolRives |W1 265940
Chatishoschwe Rnvar GA 1559
RamapeRivee |1 101D[Nov]
LosAngeles Rve|[CA 501
Cape FaarRbvee N 581
Wuntlng Bryow T 520
NavgatckRbver (T 450
SpaksnaRives WA 470
Cabubafver AL 348
Opeguon Creek WY 150

Appomattou River| VA 161

30 80 0 L]
PFAS CONCENTRATION INCREASE
eptl

As shown in Table 10 {p. 34} and Figure 11 fahove), at WWTPs:

MICHIGAN

The Rouge River's total
PFAS cancentation
increased from 33 .71 ppt
upstream to 83.20 ppt
downstream from

the GLWA WRRF—

an increase of

4949 pptor 146.81%.

OREGON

The Tualatin River's toial
PFAS concenration
ncreased from 0.97 ppt
upsiream to 30,02 ppt
immadiately downs
from the Rock Creek
WRRF ~-an increase of

29.05 pptor 2,994 £5%.

SOUTH CAROLINA

The Pocotatigo River's
otal PFAS concentration
increased from 110.38 ppt
upstream ¢ 228.39 pp:
downstream from the
Sumier Pacotalio River
Plant-an increase of
118.01 ppt or 106.21%.

Combine] The tetudt cepheients the higher:
I Ak Y (ot Fg Py 4
tphcrte sample

NORTH CAROLINA

The Haw River's 1otal PFAS
concentiation increased
fram 78.07 ppt upstream
1o 144 54 ppt down-
siream from the Graham
WAWTP -an increase of
66,47 pps or 85.14%.







