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Executive Summary

Roadway excavation cuts in Tennessee frequently encounter rock, shale, or soil materials that
could be considered acid producing material (APM). The geotechnical material properties of APM
are adequate for roadway fill, but the APM produces acidic leachate that creates a condition of
environmental pollution. TDOT has encountered APM on several projects in the past decades,
prompting the preparation of a guidance manual in 2007 for dealing with these types of projects
(Golder Associates 2007). TDOT routinely uses these design and construction protocols for
proper handling of APM with APM processing strategies consist of blending with lime, relocating
to landfills, or placement in engineered encapsulation cells on-site or off-site. These strategies,
however, result in considerable increases in project costs and reductions in construction
productivity, thus driving the need to assess current APM construction procedures to enhance
our management of APM encountered in TDOT roadway projects with improved cost-
effectiveness and construction productivity. With the overall objective of the proposed project to
assess current APM construction management procedures and provide improvements in
methodologies that could promote process improvements, specific tasks to be completed by the
project team include the following:

Task 1. Evaluate current site characterization methods for project screening and
assessment

The “Guidelines for Acid Producing Rock Investigation, Testing, Monitoring and Mitigation”
(Golder Associates 2007), as well as Special Provision 107L provide detailed procedures for site
characterization on sites of roadway construction. These documents require review of TDOT
specifications and special provisions currently in place as well as how these provisions are
implemented by contractors in the field. Currently, the TDOT Geotechnical Section conducts
preliminary field reconnaissance as part of the early planning and NEPA phase of project
development, which include desk review, field walk-over, and drilling to determine a number of
geotechnical properties important to design. One particular task at this stage is to identify
potential presence of APM. The second time this is reviewed is usually by the contractor. Special
provision 107 requires samples to be collected from blast hole cuttings and submitted for
Acid/Base accounting (ABA) testing before blasting can occur, usually within 24 hours, which may
represent a concern with impacts on construction productivity. Based upon that testing, the
material to be removed is then either taken to an APM disposal area or deemed suitable for use
as common fill. The project team evaluated the site characterization methods to identify
opportunities for improvements in construction productivity as well as alternative site
characterization techniques for potential implementation.

Task 2. Critically review current APM processing methodology and assess alternative APM
testing methods for the quantification of field-relevant acid producing capacity of APM

The ABA test results serve as the basis for the determination of howto handle APM in the decision
tree on whether APM can be handled as normal fill, must be blended with Ag lime, fully
encapsulated, or hauled to a landfill for disposal. However, the current ABA test methodology
provides a worst case scenario as APM used in testing is crushed or ground to very fine powder




(e.g. 200 mesh) with the intention to extract all possible sulfur (acid producing constituents) from
a sample. When in roadway construction practice, blasting produces much larger grain size
materials with smaller specific surface area, which presumably would result in a very different
potential to produce acid runoff as compared to the crushed sample used in current ABA testing.
Therefore, the project team will assess alternative APM testing methods that are more accurately
representative of the acid producing capacity of APM on site.

To test samples representative of the grain size relevant to roadway construction practice, APM
samples from TDOT field sites will be collected and tested side by side for comparison with 1) the
Acid-Generation Potential (AP) test currently used by TDOT; and 2) the modified Net Acid
Production (mNAP) test (USGS, 2005). AP is estimated based on the sulfur content of the material
measured by furnace combustion and infrared detection, requiring the sample to be crushed or
ground into fine powder. It is hypothesized that only reduced sulfur in the surface layer of the
APM grain, instead of the entire grain, is active for acid production. Since it is infeasible to take
the surface layer of APM grains for the AP test to estimate acid production potential, a chemical
oxidation method (MNAP) will be used to quantify the acid production potential at the surface
layer of APM grains, which will not be subjected to crushing or grinding. Experimental testing of
pyrite was used to assess mMNAP and contrasted with AP test results with contrasting grain sizes
to evaluate consistency and applicability of the alternative mNAP test for field-relevant acid
production potential of APM.

Task3. Evaluate the feasibility of current APM encapsulation andrelocation requirements.

Current APM encapsulation and relocation requirements are associated with significant costs,
due a large part to the conservative determination of the acid generation capacity with current
testing methods. A cost/benefit analysis will be performed to compare the economic feasibility
of APM management strategies resulting from two different testing methods, i.e. the AP test vs
MNAP test (Task 2).

Additionally, TDOT guidelines recommend the use of “engineering judgment”, which can be
subjective and lead to unnecessarily conservative designs. One solution is the ability to
characterize APM with a level of certainty that facilitate decision-making. The project team will
evaluate how field-relevant test results would impact the decision of APM encapsulation and
relocation requirements.

Task 4. Review non-destructive geophysical methods for site characterization

Two geophysical assessment methods are applicable to detection of sulfide-containing ore:
Induced Polarization (IP) or Self-Potential (SPot) surveys (Byerly 1990). The IP method has the
ability to detect low-grade disseminated sulfides through measurement of voltage decay from a
direct current induced in the ground. Disseminated sulfides have a measure of electronic
conduction different from that of other minerals. The SPot method measures the gradient
between two strategically placed electrodes using a voltmeter. The major difference between IP
and SPot is the energizer used. IP uses an induced electrical current, while SPot uses a natural
electric current field. The electrodes used in the SPot method are either moved along a survey
line at a fixed distance, or one is kept stationary while the other moves from point to point.
Application of these two non-destructive geophysical methods have been reported for the
detection of various geological formations at varying resolutions. A comprehensive literature




review was conducted to evaluate the spatial resolution, accuracy, reliability, and limitations of
these methods with a focus on the detection of sulfide-containing geology at fine resolution due
to anisotropic distribution of APM during deposition.

Task 5. Evaluate APM monitoring methods that have evolved.

Extensive research has been conducted on water quality and remediation of acid drainage from
sulfidic geologic rock formations. Drainage from APM can be acidic and contain toxic dissolved
metals at concentrations that potentially harm aquatic life. Based on numerous acid mine
drainage and acid rain studies, many have described the potentially harmful effects of stream
acidification on biota. Although much is known about the harmful impacts from acid mine
drainage, little is known about acid drainage monitored at APM-containing construction sites or
remediation/disposal sites.

Therefore, this task will be focused on the review and evaluation of results from monitoring of
acid drainage from construction or remediation/disposal sites including road cuts, stockpiles, or
encapsulation sites: 1) review the methodology for the monitoring of acid drainage from
construction or remediation/disposal sites; 2) characterize the runoff water quality from existing
roadway sites through pyritic geological formations and APM to assess acidity conditions, export
of dissolved metals, and other chemical parameters; 3) investigate environmental factors than
may be influencing the water chemistry of acid drainage, including geological formation,
vegetative cover, and road cut type, age, slope, and aspect; and 4) assess whether acid drainage
water quality may potentially cause impairment, a stressed environment for aquatic biota.

Task 6. Contrast mining requirements and roadbuilding requirements for APM
management and monitoring.

Mining and roadbuilding have similarities in the management and monitoring of APM. Indeed, a
large part of current knowledge on APM is derived from the mining industry. However, significant
differences exist between mining and roadbuilding operations. For example, roadbuilding is
linear, typically covering many more different geological formations than mining operation.
Additionally, roadbuilding may be more flexible in spatial design to circumvent geological zones
prone to acid drainage generation. Therefore, both prevention and mitigation strategies could
differ significantly. The project team conducted a comprehensive review of the contrasts between
mining and roadbuilding projects in the strategies and practices for the prevention and mitigation
of acid drainage, which could benefit TDOT with the development of more roadbuilding-relevant
APM management strategies.

Task 7. Establish GIS location mapping of potential landfill sites capable of accepting APM
from TDOT projects

The project team will collect information on available landfill sites across the State of Tennessee.
Additionally, through guidance from Tennessee Department of Environmental Conservation
(TDEC), a framework was developed for how projects across the state could utilize class 1 landfills
for offsite disposal of APM. In general, most class 1 landfills can easily accept APM, particularly as
they can use this as daily cover. The project team will go through the framework for how to get a
landfill to accept APM as well as where each potential landfill is.
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Task 8. Perform a cost-benefit analysis of current practices against alternative practices.

APM prevention and treatment technologies have two strategies (TDOT 2007): 1) Complete
mitigation by implementing a “walk-away” prevention design remedy that is nearly permanent,
requiring little or no maintenance with just cursory postconstruction monitoring. The upfront
costs to achieve this outcome are typically very high. 2) Perpetual treatment of acidic drainage
and monitoring will be required if acidic drainage actually forms. The long-term costs and
environmental impact of this strategy may be equally unacceptable. It is conceivable that in
practice projects will be in between with trade-offs. Therefore, cost/benefit analyses are
necessary to optimize APM management strategies. In addition, the adoption of alternative
practices may significantly affect the cost-effectiveness of existing technologies, mandating the
performance of cost/benefit analysis to facilitate decision-making processes, which are project-
and site-specific. The project team will conducted a cost/benefit analysis of current APM
management practices against scenarios with alternative practices.

Key Findings

e Current Acid Base Assessment protocols are very conservative

¢ A more realistic assessment of Acid Production can be found by applying assessment on
relevant particle size

e Updating the ABA GIS layer will allow for streamlined project screening phase

e Incorporation of non-destructive methods may improve field site assessment protocols

Key Recommendations

e Assess acid production using field relevant particle sizes

e Incorporate ABA results into a GIS layer for streamlined site assessment
e Explore use of non-destructive methods for better field assessment

e Work more with TDEC for creation of Landfill APM acceptance

Vii
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Chapter 1 Introduction
Background

Road building projects are important projects that can create significant economic
benefits for a local and state economy, where road projects have up to a 10 times return on
investment (ROI) for major road construction (Allen and Arkolakis, 2020). While these projects
can bring about significant economic returns, there can be complexities that can lead to
significant economic costs associated with the construction of projects, making them
unappealing. One of the main driving forces for additional economic costs associated with a
project is the presence of acid producing soils, rocks, or other materials (APM), which can also
create significant ecological and environmental costs associated with them when not properly
processed. These materials that are exposed during construction can now undergo a process
called weathering, where exposure to the atmosphere, to rain and other water can cause these
materials to react and transport in the environment nearby. The major concern is typically
associated with storm conditions, where exposure to rain can cause these reactions as well as
carry this material into the surrounding terrestrial and aquatic environments. These materials
are primarily related to sulfide minerals, more specifically pyrite, though a wide range of different
sulfidic minerals are APM (Ceto and Mahmud, 2000). In the state of Tennessee, the major
formations of concern are the Anakeesta formation, Chattanooga shales, and Pennsylvania
shales. While non-APM can cause some increase in alkaline conditions of water, APM can cause
significant acidification of surrounding water bodies. Pyritic minerals undergo a series of
reactions when exposed to the atmosphere during rain events (Eq. 1.1), resulting in sulfuric acid
being produced. This acid produced can then be transported with storm waters as acid rock
drainage (ARD), which can cause significant damage to surrounding aquatic and terrestrial
environments (Huckabee et al, 1975, Mathews and Morgan, 1982). Through these reactions
sulfuric acid is produced along with iron hydroxide (Nordstrom and Alpers, 1999), the
characteristic “rust” seen in many roadway cuts that is left behind as a residual solid.

2F eS¢+ THy0 + =0, — 2Fe (OH) 3 + 4H,S0, Equation 1.1

The oxidation of pyritic minerals leads to a theoretical acid production of about 1,670 tons
of CaCOs acid equivalence for every 1,000 ton of pyrite. This amount of acid being produced can
cause significant impacts on surrounding environments where large amounts of terrestrial
vegetation die off are observed, as well as having the potential to acidify receiving water bodies
leading to significant ecological damage here as well. Additionally, in conjunction with the
acidification of receiving water bodies, much of the APM can cause significant presence of heavy
metals into the water body (Nordstrom and Alpers, 1999). Many metals can form a sulfidic
mineral similar to pyrite, which both contributes to the acidity of the ARD and increases in heavy
metals. As such, it is important that these metals be kept at a level below what is deemed by the
Tennessee Department of Environmental Conservation (TDEC) as being toxic for aquatic life
(Table 1.1: TDEC Fish and Aquatic Life Water Quality Criteria). What further worsens this problem
is that if water is allowed to accumulate around APM, where its conditions can become highly
acidic (pH<3), then ferric iron can become dissolved (Wiersma and Rimstidt, 1984). This ferric iron




can then anoxically oxidize the pyrite presence (Eqg. 1.2), and potentially even at a higher reaction
rate (Nordstrom and Alpers, 1999; Wiersma and Rimstidt, 1984). To further go along with this,
several bacterial species have been shown to exacerbate ARD production by APM through sulfur
oxidation, where specifically Thiobacillus species have been linked to biological oxidation of pyrite
(Fowler et al., 1999; Mustin et al, 1993; Vaclavkova et al, 2013), though other bacteria have
recently been identified to also oxidize pyrite (Percak-Dennett et al., 2017). Overall, when ARD
begins to form it can become a major issue that is difficult to prevent.

Table 1.1: TDEC Fish and Aquatic Life Water Quality Criteria

Parameter Criterion Continuous Concentration (ppb)
Total Arsenic (1) 150
Dissolved Cadmium 0.72
Total Chromium (1) 74
Total Chromium (IV) 11
Dissolved Copper 9.0
Dissolved Lead 25
Total Mercury 0.77
Dissolved Nickel 52
Total Selenium 4.6
Dissolved Silver 3.1
Dissolved Zinc 120
FeS,+ 14Fe3* + 8H,0 - 15Fe®* + 2H,S0, + 12H* Equation 1.2

The major challenge is that the location and quantity of the pyritic materials are often
times unknown prior to starting a project. Due tothis there is a need to understand the lithology
of a project site as a way to reduce the environmental and ecological risks associated with a
project. Here the Tennessee Department of Transportation (TDOT) relies on a framework
established by several documents including the 2007 Guideline for Acid Producing Rock
Investigation, Testing, Monitoring, and Mitigation (Golder Associates 2007) and the Special Provision
Regarding Acid Producing Materials, also referred to as SP107L (TDOT, 2015). Here this framework
establishes a process for1) identifying APM at a project site, 2) estimating the quantity of acid
being produced during construction, and 3) for determining how materials disturbed during
construction are to be processed. This framework lays out how prior projects can inform of a
current project will lie within an area of potential APM. It also sets up a way for sampling the
project site prior to construction, where samples will be tested with paste pH, amount of pyritic
sulfur, and acid base accounting (ABA), which separately measures the acid generation potential
(AP) and neutralization potential (NP) of the sample. From these results, the way these materials
are to be processed and managed is determined. Low level APM can be blended with neutralizing
materials which can include limestone (CaCOs3), hydrated lime (Ca(OH)2), or quick lime (CaO).




These different neutralizing materials neutralize the produced sulfuric acid from the oxidation of
pyrite (Eq. 1.1) and produce gypsum, where limestone can neutralize 1,000 tons of acid
equivalence per kton of material (Eq. 1.3), hydrated lime can neutralize 1,360 tons of acid
equivalence per kton of material (Eq. 1.4), and quick lime can neutralize 1,790 tons of acid
equivalence per kton of material (Eq. 1.5). For more hazardous APM, it will have to be sent to an
offsite facility such as landfills.

H,50, + CaC0; - CaS0, + CO, + H,0 Equation 1.3
H,S0, + Ca(OH), - CaS0, +2H,0 Equation 1.4
H,50, + Ca0 - CaSO, + H,0 Equation 1.5

This process is highly important to mitigate any environmental damage that can be caused
by the unearthing of these types of materials. This process, however, can also be a significant
source of economic strain on road building projects. One major area of the APM risk assessment
process that can drive this strain is related tothe measurement of APM in the early stages of this
process. Often times these analytical procedures being used offer highly conservative estimates
for the amount of acid that is produced. This is a reasonable approach, as it ensures that risks of
environmental damage are minimized. For example, the ABA process used to measure the
amount of acid being produced relies on utilizing a material grain size of at least 200 standard
mesh size (particle size less than 0.0029 inches), which measures the full amount of pyrite within
a material. While this can provide a safe estimate, one major consideration should be made,
where pyrite's weathering reaction (Eqg. 1.1) produces a solid iron hydroxide, indicating as particle
sizes get larger the produced iron hydroxide could create an exterior coating of materials that
prevents the interior pyrite from oxidizing. It has been previously identified that when larger
pyrite particles are oxidized, the layer of oxidized iron will prevent further pyrite oxidization (Ceto
and Mahmud, 2000; Mustin et al., 1993).

As such, this could lead to an overly conservative estimation of the acid being produced
by pyritic materials, particularly when field relevant particle sizes will be much larger than what
is being measured with ABA (Rakishev, 2020). Due to this, this project sought to further explore
the process by which APM is measured for road projects. The current procedures were evaluated
and compared with other industries, as well as alternative measuring methods were examined
for away to measure field relevant acid production for samples. These results were then used to
perform a cost-benefit analysis to determine the feasibility of current procedures and alternative
procedures.

Project Objectives
The objectives of this project were:

e Evaluate current site characterization methods for project assessment and screening
(Section 2)

e (ritically review current APM assessment methodology and assess alternative
procedures (Section 2 and Section 5)

e Evaluate the feasibility of current APM encapsulation and relocation requirements
(Section 2)




e Review non-destructive geophysical testing methods (Section 4)

e Evaluate the current state of APM monitoring methods (Section 2)

e Contrast current procedures for APM management and monitoring with the mining
industry (Section 3)

e Establish GIS location mapping of potential landfill sites capable of accepting APM
from TDOT projects (Section 2.5)

e Perform a cost-benefit analysis of current practices versus alternative practices
(Section 6)

Scope of Work
Through the project objectives the scope of work included:

e Evaluation of Current APM Assessment (Section 2)

e Comparison to Mining Industry (Section 3)

e Feasibility of Non-Destructive Geophysical Methods (Section 4)
e Evaluation of Alternative APM Procedures (Section 5)

e Cost-Benefit Analysis of Alternative APM Procedures (Section 6)




Chapter 2 Current Project Screening and
Assessment of APM

TDOT utilizes an established framework for project screening and assessment which
includes a screening phase, a visual assessment phase, and a sampling plan development phase
(Golder Associates 2007). This framework is used to establish how materials are to be processed
and disposed of during pre-construction and construction phases, as well as what monitoring
and mitigation efforts are to be made post-construction.

Screening Phase:

At the start of each project a pre-screening of the project site is to be performed before
any field visit. This is done to establish a framework for how the site is to be dealt with using
known characteristics of the site, where this knowledge is to stem from a series of GISlayers, as
well as any relevant experiential knowledge from project engineers and geologists. This is then
to be used to categorize the project site into one of three groups depending on what is known
about the project site.

Project APM Risk Classification

The first of these groups is low risk for APM, where through the GIS layers it is found that
the project site is contained in an area that is not associated with pyritic materials or APM.
Depending on the extent of knowledge about this site, the next phase of APM monitoring will be
dictated. If GIS evaluation can reveal that the lithology at that specific site is of minerals that are
not-APM or are even APM neutralizing, i.e., limestone, then it can be established that this site is
not of risk for ARD. In this situation further testing could be avoided where it would be
recommended that only limited construction phase monitoring be performed to ensure the
materials being disturbed are truly non-APM. If the exact area is not well known, but rather the
surrounding areas are known to be non-APM or APM neutralizing then the site is still to be low
risk, though visual and geographic assessment should be done to further provide information on
the specific project site.

Another group is the high-risk for APM group. Here GIS evaluation would reveal that the
project site is within a region that is well known to contain pyritic minerals and/or APM. If the
project site falls under this group, then it will then proceed with visual and geographic
assessment as a way of evaluating the extent of APM at the project site to more clearly create a
sampling plan during pre-construction and construction phases of the project.

The last group, the medium-risk group, is where GIS evaluation reveals potential for APM
to present. This can also be a group where the project site does not have significant information
about APM presence, leading toa more conservative treatment of the APM presence. This group
is treated the same as the high-risk group, where the only distinguishing characteristic is the
amount of knowledge about the project site area prior to the visual and geographic assessment.
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Figure 2.1: Flow diagram for project site categorization based on screening phase

GIS Layers for Pre-Screening

The categorization of a project site into these three groups is important as it can provide
clarity about the actions that are needed within the project in order to evaluate APM presence
and prevent ARD. This phase relies on the usage of any available knowledge of the project site
area which can include any experiential knowledge from engineers and geologists. Additionally,
an important tool is GIS layers, where the report entitled Guidelines for Acid Producing Rock
Investigations, Testing, Monitoring, and Mitigation (2007) sets up a series of GIS layers to be utilized
here. The first layer is the Tennessee Bedrock Geology-Based Potential APR Layer, based on the
Tennessee Division of Geology 1966 geologic map for the state of Tennessee (Hardeman et al.,
1966). This layer includes major bedrock formations, where they have previously been assigned
an acid producing rock (APR) risk based on these formation lithologies. This layer can serve as
the basis for APM risk classification, where the proceeding GIS layers can provide more clarity
and information about the specific project site.

An important GIS layer that needs to be continuously updated is the Acid Base Accounting
(ABA) layer, which is established as a way of putting ABA analytical results into a GIS layer for later
reference. This layer will be able to identify APM presence more precisely at sites, particularly if
the project site is in proximity to previous projects. This layer has the largest potential for
informing further project decisions from an APM perspective, as it will be able to link current
projects to past analysis. Additionally, if this layer is well maintained, then it will become a more
powerful tool over time.

The last set of GIS layers that are used to provide supplementary information about the
project site. These include GIS layers for pyrite repositories, blended road fill, and partial




encapsulation road fill, where each of these takes previous projects that have encountered some
APM and utilized one of these methods to mitigate it. The use of this is that it can identify areas
that have relied on mitigation of APM as a way of identifying if a project in proximity will
encounter APM, as well as indicating a potential APM mitigation strategy that can be used for a
project. These layers, similar to the ABA layer, will be continuously updated as projects as
performed, leading to a more powerful GIS layer over time.

Visual and Geographic Assessment

Following pre-screening of a project site, it is currently practiced that visual and
geographic assessment be performed. Here the goal is to evaluate the project site qualitatively
for indications of potential APM. For all groups, i.e., the low-risk, medium-risk, and high-risk
groups, the same assessment is performed with different outcomes depending upon the results.
The major observations that are used to indicate the potential presence of APM are:

e Distinct colors of waters including iron/red, yellow, white, or black staining of
streambeds or staining with large amounts of algae

e Staining of rocks or surfaces including hillsides, streambeds, roadcuts, roadways, or
sidewalks

e Kill zones or areas devoid of vegetation.
e Cementation crusts or areas of mineral precipitation from evaporated waters
e Low pH values of water

e Proximity to potential ARD sites including coal mines, road cuts, quarries, or other
industrial facilities.

This visual assessment is used to identify the potential APM presence in each of the three
groups defined earlier (Figure 2.1: Flow diagram for project site categorization based on
screening phase), though it is typically used more when there is not sufficient information about
specific project sites. For low-risk sites if any of the listed indicators are present then a standard
sampling plan is prepared. In addition, pre-construction sampling and testing in the vicinity of
the indicators is performed to assess APM presence. If none of the indicators are present then
there is no further monitoring required, though some limited construction phase sampling and
testing should be performed.

For medium-risk and high-risk sites that do not have an indicator present then a standard
sampling plan is to be prepared, and pre-construction sampling and testing is to be performed.
If indicators are present, then a more thorough sampling plan that includes additional sampling
and testing of sites with indicators is to be prepared.

The result of this assessment is either the validation for no need for further sampling, as
seen with low-risk sites, or the development of a sampling plan, either standard or intense
sampling for medium and high-risk sites. The sampling plan details for different phases of the
project will be dealt with in the proceeding sections.




Sampling Plans

After the project screening phase and the visual/geographic assessment a sampling plan
is to be produced for low-risk samples that have shown signs of APM or for medium-risk and
high-risk sites. The sampling plan is associated with both pre-construction phase and
construction phase of the project. This sampling plan is based on SOP established in TDOT
guidance documents (i.e, SP-107L and the Golder report), though it can often be left as
engineering judgement.

Pre-Construction Phase Sampling Plans

In the pre-construction phase the goal is to survey the uncovered minerals for potential
to produce ARD as well as to survey the water quality of any water body within the project site.
While there are general guidelines for sampling a site, site specific sampling plans should be
flexible to meet a project site need. Additionally, several sampling plans may be required for
different phases of aproject or for different geological formations. The key is that communication
is maintained between each group during a project such that challenges can be addressed to
prevent unexpected ARD. The proceeding sections address some guidelines for sampling
different materials based on current TDOT policy.

Rock and Soil

Areas that have been deemed to be potential APM should have samples collected before
construction has started to estimate the extent of APM in a project site. Here boreholes are to be
drilled in areas that are suspected of being excavated or exposed to assess the bedrock.
Generally, boreholes will be at the centerline edges of the excavated area. A minimum of 3
boreholes are to be sampled for a surface area of 5000 square feet (TDOT, 2015). Distance
between boreholes is to be determined for each project to get the most representative samples
for a given area, though this is not well defined. Within the boreholes for standard lithologic
stratum samples should be collected every 5 feet, though if more frequent changes are observed
then samples need to be collected to reflect this. Boreholes should be drilled to a depth of at
least 10 feet below the disturbed materials. Crushed rock from the borehole is to be collected as
the sample for analysis, where most analytical methods will use a mesh size of at least 200
(standard sieve number).

For medium-risk and high-risk areas that had poor visual and geographic assessment
results, more stringent sampling plans are required. Often times the major revisions here include
more bore holes, particularly near areas of interest. For these situations, the sampling plan is
going to be determined on a site-by-site basis.

With these samples collected from bore holes a suite of analysis is performed including
paste pH, fizz rate, Acid Base Accounting (ABA), pyritic sulfur, and several alternative methods as
described later. These methods can further provide clarity on the type of material being
processed within the construction phase of the project. Here, as in the screening phase, samples
are categorized as non-APM, potential APM, and APM. This classification is based on the paste
pH, the ABA which has its results given as the Net Neutralization Potential (NNP), and pyritic
sulfur. In general, starting with paste pH, any sample with a paste pH less than 5.0 will be
considered potential APM. If a sample does not have a paste pH less than 5.0, then the results




from the ABA are used to classify samples. If a sample has an NNP greater than 12 tons of
CaCOs/ktons of material (indicates a strong neutralization of acids), then the sample can be
considered non-APM. If a sample has an NNP between 0 and 12 tons of CaCOs/ktons of material,
then the sample can be considered potential APM. If a sample has an NNP below -5 tons of
CaCOs/ktons of material (indicating acid production) then it is classified as APM. With the APM
group there will be diversity in how material is processed depending even more on the results of
the ABA. As such a modification of this classification system can be made where moderate APM
has a NNP between 0 and -5 tons of CaCOs/ktons of material, and severe APM has a NNP of less
than -5 tons of CaCOs/ktons of material. It should also be noted that if pyritic sulfur is measured
and is found to be less than 0.1% of the material then the sample can also be assumed to be non-
APM.

This classification system is necessary as it will dictate how material will be processed
during construction of the project. Additionally, this survey will be important for how materials
will be monitored during the construction phase.

Paste pH

<5

>5
¥

Pyritic Sulfur

<0.1%

>0.1%

ABA

— >12 ton CaCO4/kTon <0 ton CaCO,/kTon AP

0-12ton CaCO4/KTon | | 5.0 ton CaCO,/kTon <-5ton CaCO4/kTon

Potential
APM

Non-APM Moderate

Figure 2.2: Classification of materials based on paste pH, pyritic sulfur, and ABA testing of
materials.

Water

Receiving water bodies are particularly vulnerable to ARD as this is often where ARD will
end up at. Water will need to be sampled at a site if: 1) it is at the project site, 2) the water lies
within a medium-risk or high-risk APM zone, or 3) the water body lies immediately downstream
of the project site. If the water body meets these criteria, then pre-construction sampling will be
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performed. Here a single sampling point is sufficient for capturing the potential presence of ARD
in the water. It is also recommended that if the water body is to be sampled, that some point
upgradient of the project site also be sampled to serve as background for the impact that ARD is
having. Water samples being collected need to be of sufficient size such that proper analysis be
performed, and the water body can be well represented. The series of analysis to be performed
on water samples is given in a later section. Currently grab samples are just collected atany point,
though a more accurate way to sample would be during or shortly after astorm event. The reason
is that this is when ARD is being produced and has an impact on the water body. If indications of
ARD are shown prior to construction then this is a good indication of existing issues, making this
site a candidate of severe APM.

The primary parameters being considered are the field parameters of pH and
conductivity, with suggestions to use iron, manganese, or sulfates to indicate potential ARD
presence. If the pH is less than 5 then an ARD source could be present at the project site.
Alternatively, if total iron is greater than 5ppm, conductivity is elevated, sulfate is elevated, or the
total manganese is greater than 4ppm then an ARD source could be at project site. Ifit is deemed
from this analysis that an ARD source is present, then further rock sampling and analysis is to be
performed to uncover the source of ARD and the extent of APM. If this does not reveal an ARD
source is present, then standard construction phase sampling can be performed.

Construction Phase Assessment

With project screening, visual/geographic assessment, and pre-construction phase
sampling being performed tounderstand the extent of APM at a project site, construction phase
sampling is performed during construction on a project site. The purpose of this phase is simply
to validate earlier findings and monitor the potentially unexpected APM at a site. If the minerals
at the site have been found to be non-APM then sampling during the construction phase is not
required, otherwise construction phase monitoring is required. Here sampling can further be
broken into what is done for rock materials and what is done for water.

Rock and Soils

During the construction phase of the project further sampling is required to continue to
validate the results of the pre-construction phase sampling and avoid unexpected APM
encounters at the project site. For rock materials there are different levels of analysis
recommended to be performed including field inspections, blast borehole sampling, and
sampling of materials disturbed by methods other than blasting.

Field inspection is recommended for all projects, but especially for medium risk to high-
risk projects. The goal here is to perform relatively quick investigation into materials using simple
methods that can indicate a potential APM. These methods include the presence of sulfides and
siderite, fizz rating, and paste pH. Additionally, if sulfurous odor is detected then potential APM
could be present. This inspection is relatively easy and quick to perform to either confirm APM
presence or identify unexpected APM. If the paste pH is less than 5, the fizz rating yields a lack of
fizz, sulfide minerals are identified, or a sulfurous odor is detected then the material is expected
to be APM. Once this happens, the materials should be tested further and better managed.

For project sites that have potential APM or APM detected earlier than blast borehole
sampling is to be performed to further account for these materials. Here three boreholes per
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blast should be sampled following similar guidelines during the pre-construction phase sampling.
These samples should be submitted for ABA and paste pH analysis.

For materials that are disturbed by methods other than blasting, such as ripping or
excavation, representative samples should be collected. Here one sample per 1000 cubic yards
of material should be collected and submitted for ABA and paste pH analysis. If analysis returns
results that are unexpected then the location should be reviewed and reanalyzed.

For soils that are suspected to be APM test pits are to be excavated for sampling. Here
pits will be dug for the minimum between the depth of the expected excavation grade or 5 feet
(TDOT, 2015). If the excavation depth is to be larger than 5 feet, then additional test pits will be
dug for each successive 5 feet that is to be excavated. Each test pit will represent up to 5,000
square feet of surface area at a project by 5 feet of excavation depth. For each pit, one 5-pound
sample of mixed soil from the test pit is to be analyzed similarly as the samples from borehole
drilling of rock material.

Water

During construction if seeps form or if other water is observed not previously observed
then samples should be collected from this. For extended projects, then water should be
collected from sedimentation control to ensure that ARD is not leaving the controls at the project
site. Runoff should also be examined for projects with large APR-prone cut slopes that have been
open for longer than a year. Water samples should be collected as grab samples and filtered
through 0.45um membrane filters to remove suspended materials. Here a minimum of pH and
conductivity are to be measured.

Analytical Methods

Rock Samples

e Paste pH:This is a measurement of readily available acidity or alkalinity stored within a
mineral sample. This test is easily performed in the field where a 1:1 ratio of sample to
deionized (or distilled) water and stirred for a given time before pH is measured (ASTM,
2001; EPA, 2004). Generally, 20g of sample is added to 20mL of water and mixed for 5
minutes. Following this, the solution is allowed to stand for about 1 hour to allow for the
settling of larger particles. Filtration or centrifugation can be used in place of settling.
The solution can have its pH measured using a calibrated pH electrode.

e Fizz Rate: This is done in the field where a strong acid is applied to sample (1M HCI). If
neutralization capacity exists then it will fizz, where the strength of neutralization is
correlated to the amount of fizzing occurring (Sobek et al., 1978). If fizzing does not
occur, then it can be assumed that there is a lack of neutralizing materials in the sample.

e Acid Base Accounting: This is a combination of methods that both measures the acid
generation potential (AP) from a sample as well as the neutralization potential (NP) of a
solution (Skousen et al., 1998; Skousen et al., 1987; Sobek et al., 1978). The results of
these two tests are normalized to tons of CaCOs equivalent per 1kTon of material. The
results of ABA are determined by the difference between NP and AP, which is referred
to as net neutralization potential (NNP). Alternatively, the ratio of NP to AP can be done
to get the Neutralization Potential Ratio (or NPR).
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o The AP test seeks to quantify the amount of sulfur present in a mineral, where
sulfur is oxidized under high temperature to produce sulfur oxide gas. Here a
collected sample is ground to at least a 200-mesh size (75pm or 0.0029inches) in
order to fully estimate the amount of sulfur contained within a sample (ASTM;
2007a). A specified mass of this sample is then placed inside a combustion
furnace with an infrared detector, such as a Lecco furnace (ASTM, 2007b; 2010).
Here sulfur, such as pyritic sulfur, undergoes oxidation in the presence of oxygen
to produce sulfur dioxide (Eq. 2.1).

2FeS,+ 50, + 4H* - 4S0, 4+ 2Fe** + 2H,0 Equation 2.1

The sulfur dioxide gas produced is then measured with an infrared detector,
where the total amount of sulfur can be deduced. If it is assumed that the total
sulfur derives from pyritic materials or other sulfide minerals then the amount of
oxidizable sulfur can be determined, where this is the sulfur species that produce
acid during weathering (Eqg. 2.2). This result is the AP for a sample collected at the
project site.

A (i g asCac0s ) = (51 25 7 rpviicsuigar #Suu) Equation 2.2

m

1000 g of sample

Where % sulfur is measured through the furnace combustion and infrared
detection of sulfur oxide. 31.25 is derived from the amount of calcium carbonate
required to neutralize the acid produced by pyritic sulfur, and m is the mass of
sample.

Neutralization Potential: This is measured by reacting the 200-mesh material with
hydrochloric acid and then titrating to a neutral pH (Price and Ellington, 1998;
Yager et al., 2005). This is used to dissolve alkaline minerals, where these minerals
buffer the pH of the solution. The Neutralization potential is then determined with
the following equation:

_ VoCHcCly~VNaoHCNaOH

NP = * (50) = Mg as CaC03 /1000Mg of Rock  Equation 2.3

Msample

Where VHciis the volume of hydrochloric acid used in mL, CHciis the concentration
of hydrochloric acid in M, Vnaon is the volume of sodium hydroxide in mL, CnaoH is
the concentration of sodium hydroxide in M, mis the mass of the sample in g, and
50 is the conversion of moles of acid neutralized to mg of calcium carbonate. The
total NNP is just the difference between the NP and the AP.

e Net Acid Production (NAP): This is an alternative method suggested to analyze the
extent of APM for a material Asample is placed in a 30% hydrogen peroxide solution
and heated to 90°C for 1 hour, which quickly oxidizes pyritic sulfur and iron into sulfates
and iron hydroxide (Eq. 2.4). If all hydrogen peroxide is consumed, then additional
hydrogen peroxide is added and the reaction is carried out for an additional 30 minutes.
Afterwards the sample is cooled, where copper nitrate is then added to quench the
remaining hydrogen peroxide, and the sample is boiled for 10 minutes. The sample is
cooled and then titrated back to a neutral pH of 7 using sodium hydroxide. This test
measures the amount of acid produced from oxidation of pyrite, while also measuring
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the neutralization of the acid being produced. The net acid produced is then calculated
based on the amount of sodium hydroxide required to raise the pH (Eq. 2.5).

2FeS, + 15H,0, > 2Fe(OH) ; + 4H,5S0, + 8 H,0 Equation 2.4

NAP Ton of CaC03 _ (50,000%VN 0H*CN aOH) Equation 2.5

kTon m

Where Vnaon is the volume of sodium hydroxide in mL, Cnaon is the concentration of sodium
hydroxide in M, mis the mass of the sample in g, and 50,000 is the conversion to tons of calcium
carbonate per kton of material. This term, NAP, determines the amount of acid being produced
from this analytical procedure. To keep more in line with current TDOT procedures of using ABA
conventions it is of interest to convert the results from NAP to NNP. Here they can be considered
as being opposites of one another, where NAP is the net acid being produced and NNP is the net
acid being neutralized, resulting in equation 2.6.

NNP = —NAP Equation 2.6

Water Materials
e pH: Ameasurement of the amount of acid in water. Can be done in the field with a pH
electrode. This should be above a 6.

e Conductance: A measurement of the number of dissolved ions in water. A value of
<1,000uS/cm is desired.

e Dissolved Oxygen: This tells the amount of oxygen in water. This is only required to be
measured if the pH is less than 6.

e Iron, Manganese, and other metals: These can be indications of minerals associated
with APM and ARD.

o Alkalinity: A measurement of the buffering capacity of water. This is a suggested analysis
of water, though it could be an important parameter that can inform the capacity of ARD
that a water body can handle.

e Sulfate: A measurement that can indicate the amount of sulfide that potentially has
been oxidized, another indication of APM.

Management Practices for APM

After sampling during pre-construction phase plans can be made for how to manage
potential APM from a project. Currently there is a framework for TDOT that dictates how
materials are to be processed depending on the classification of the materials (Fig. 2.2). This
framework, created by the Golder Associates Report (2007), can often create a significant
economic stress on a project as it is highly conservative. With the ABA results decisions are then
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made with regards to how disturbed materials are to be processed. First these results are to be
used for classifying a material as APM neutralizing materials, non-APM, potential APM, and APM
(Fig. 2.2). Then the materials are processed during construction of the project, which then follows
up with how materials are managed for their final destination.

Non-APM

Non-APM materials are those that have a NNP above 12 tons of CaCOs/kTon of material,
where it does not produce significant acid. This cut off is a great example of the conservative
nature of the existing framework from the Golder report (2007), as an NNP of 0-12 tons of
CaCOs/kTon of material is definitionally also non-APM. This group can have a subgroup within it
where the NNP is greater than 50 tons of CaCOs/kTon of material, which can be referred to as
APM neutralizing materials. This particular subgroup is important as it has a sufficiently high NNP
such that it can be easily repurposed for blending if need be. This material is generally lime or
calcareous shale, where lime can be in the form of calcitic limestone (CaCO;, NNP =
1000 ton of CaC05/kton), quick lime (CaO,NNP = 1,790 ton of CaCO;/kton), hydrated lime
(Ca(OH),,NNP = 1,360 tons of CaCO; /kton), as well as many other forms.

In general, there are no requirements for how this material is to be processed as it does
not have a significant risk for ARD. However, if this material is found in an area of high risk for
APM then monitoring of this material should be performed in order to ensure that it is not APM.
Only the APM neutralizing materials are suited for blending, though non-APM may be used as
common road and drainage.

Potential APM

Potential APM is material that could have the potential to produce APM with a NNP
between 0 tons of CaCOs/kTon of material and 12 tons of CaCOs/kTon of material, which as
discussed earlier is only considered potential APM due to the conservative framework being
utilized. This material is conservatively classified as such so that any potential for APM within it
be accounted for through some actions. Here the most recommended course of action is to blend
this material with an APM neutralizing material. The blend rate is dependent on the NNP of both
the potential APM and the APM neutralizing material (Eq. 2.7).

Vf(NNPF—~NNP4pp)

V; = Equation 2.7

NNPg—NNPapMm

Where Vg is the volume of blended material needed to achieve a final NNP (or NNPf), which is
typically going to be 12 tons of CaCOs equivalent/kton of material. Vris the final volume of the
area being filled with the blended materials, which typically is a 1,000ft? area with a 2ft depth (i.e.,
74yd3). NNPapw is the NNP of the APM being blended and NNPg is the NNP of the blending
materials. A major assumption here is that the density of the APM and the blending materials are
the same.

The main goal with blending is to raise the bulk of the disposed material to an NNP greater
than 12 tons of CaCOs equivalent/kTon of material. Any material can in theory be used for
blending so long as the blend material has a NNP greater than 12 tons of CaCO3 equivalent/kTon
of material, though a significant amount will be required (Fig. 2.3). For most blending fills up to
1,000 square feet of 2 feet thick lift will be done, where a total volume of 74 cubic yards is to be
blended. Additionally, the lower the NNP is of the APM that is being processed, the more blend
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material is required to reach the goal of 12 tons of CaCOs equivalent/kTon of material as the net
NNP (Fig. 2.3). While in theory any APM can be blended with reasonable blend material, there is
obviously a feasibility issue for this, where it stands to reason that the most reasonable situation
is such that one third of the fill be from blended materials. This can set a limit such that really low
NNP will have to be disposed of and treated in different ways.

100
90
— 80
.©
9]
g 70
Ee) Non-APM Blend (NNP=25)
S 60 (i
o APM Neutralizing Blend (NNP=50)
g 50 Blend Material NNP=100
; Limestone Blend (NNP=1000)
i 40
§ Hydrated Lime Blend (NNP=1,360)
E 30 Quick Lime Blend (NNP=1,790)
o
X ! xN_ |\ | === 1/3 Threshold
10 \\
—
0
-100 -80 -60 -40 -20 0 20

APM (ton as CaCO3/kton)

Figure 2.3: The relative amount of blend material required to neutralize APM to an NNP of 12
tons of CaCOs equivalent/kTon of material. The relative amount of blend can be derived from

equation 2.4 where Relative amount = ://—B where Vs is 74 yd3 for a typical rise. A dashed red line
f

indicates the 1/3 of volume of the riser section.

With blending, the major factor is the NNP of the disturbed materials, as well as the NNP
of the blending materials. For the blending material an NNP of at least 50 tons of CaCOs3
equivalent/kton of material is recommended, though SP107L suggests the use of at least 95%
calcium carbonate, though as low as 80% could be considered (TDOT, 2015). With even the low
end of 80% calcium carbonate would yield an NNP of 800 tons of CaCOs equivalent/kton of
material, which is an order of magnitude larger than the minimum recommendation of 50 tons
of CaCOs equivalent/kton of material.

With that sorted, it is important to properly blend during construction in order to ensure
neutralization of any produced ARD. Here, with particle size being a major factor in how much it
is reacting, it is important that the blending material be pulverized to a finer particle size than the
APM. A recommendation of the median particle size of the blended materials being one-third the
median size of the excavated APM. Also, these two materials will need to be homogenized and
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then placed into the fill location, as opposed to alternating layers of material. The entirety of this
mixture is then buried within the roadway embankment or even at a disposal site at a minimum
of 5 feet below the ground's surface.

APM

APM is where it is well confirmed that the material disturbed during construction is acid
producing, where the NNP is less than 0 tons of CaCO3s/kTon of material (Fig. 2.2). As such this is
the material with the highest element of risk and requires the most amount of effort to handle
and dispose of. Despite this there are current thresholds for how material is to be dealt with,
again, based on the measured NNP from the ABA.

NNP > —5Tons of CaCO5 /kTon

When the NNP is between 0 tons of CaCO3/kTon of material and -5 tons of CaCO3/kTon of
material, the acid producing risk is milder compared to more pure sources of APM. As such a
simple option, based on TDOT experience, is to blend this material as described for potential
APM (Eq. 2.4). Here the goal is to raise the bulk material's NNP to above 12 tons of CaCOs/kTon
of material by adding in a significant amount of APM neutralizing materials. This can be seen in
figure 1.3 where even the lower definition of APM neutralizing material (i.e., NNP of 50 tons of
CaCOs/kTon) can easily neutralize this mild APM, let alone some form of lime that may be
purchased for a project site.

Additionally, partial encapsulation can be done to limit the weathering of this material on
site. This can only be done if the water table is greater than 10 feet below the encapsulation. The
goal here is to prevent contact with water. P-APR and APR materials will be placed in 2-5ft lifts
above a 2ft clay footer layer and below a 2-6ft clay header layer (Fig. 2.4). The clay layers must
extend past the encapsulated area by 2ft at the perimeters, as well as sloped at 1-3% to prevent
water from pooling. A drain is to be installed at thedown gradient of the lower clay liner. A surface
diversion ditch should be used as well.
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Top Soil and Vegetation

Clay (2’ to 6, 1%-3% grade)

Blended APM Layer (n 2’-5’ Lifts)

Clay 2’

Figure 2.4: General partial encapsulation plans for potential APM and APM

Offsite Disposal of APM

Similar to potential APM, another alternative option is to haul the material to an offsite
disposal site, where a contractor or TDOT can have a dedicated offsite disposal facility with a full
encapsulation being utilized for waste disposal. One option for this that is currently not explored
is to utilize current DOT Right of Way interchanges, which are managed by TDOT and could be an
economic “offsite” disposal method. While this is a good long term disposal strategy, long term
responsibility then falls onto the owner of this off-site facility. A more attractive option for off-site
disposal is disposal of APM in a designated landfill. For this, the classification of the material is
important as it dictates where the material can be disposed of. One of these classifications would
be hazardous waste, which must fall within one of the five lists of hazardous waste as defined by
the United States Environmental Protection Agency (EPA) under the Resource Conservation and
Recovery Act (RCRA) (EPA, 2024). Here the five lists are the D, F, K, P, and U lists found in title 40
of the Code of Federal Regulations (CFR). The APM from road building projects is primarily pyrite,
or iron sulfide, which are not associated with the lists F, K, P, or U in table 2.1. The last list, D, is a
material that can exhibit certain characteristics of hazardous materials (Table 2.1). Here it is seen
that APM, which is primarily pyrite, is not ignitable or toxic to human health. APM can react when
exposed to air and water, where iron is oxidized into a solid (iron hydroxide or iron oxide) and
sulfide is oxidized into sulfuric acid under typical conditions (Nordstrom and Alpers, 1999). As
such APM is reactive, thoughiit is typically a slow reaction and not violent or explosive (Nordstrom
and Alpers, 1999). Additionally, through this reaction sulfuric acid can be produced, where it could
potentially be corrosive. While this material may become reactive and corrosive, under most
situations the reactivity of APM is low and the pH rarely drops to as low as 2, where the concern
is just having an acid rock drainage (ARD) pH below 6 as this can cause ecological damage in
receiving water bodies.
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Table 2.1: Description of the 4 hazardous waste lists defined by EPA within RCRA.

List

List Description

D - Has hazardous waste
characteristics

F - Non-specific source

K - Specific Sources

P - Hazardous waste of pure
and commercial grade

U - Hazardous waste of pure
and commercial grade

Waste that has characteristics of being ignitable, corrosive, reactive, or toxic.
Ignitable is a waste that has a flash point below 60C or 140F. Corrosive is a
waste that has a pH less than 2 or greater than 12.5. Reactive is a waste that is
unstable, air-reactive, water-reactive, or generates toxic gases, as well as being
able to detonate or explode. Toxic is a material that is hazardous to health
when ingested or absorbed.

Waste from common manufacturing and industrial processes. Includes spent
solvent waste, electro plating and metal finishing waste, dioxin-bearing wastes,
chlorinated aliphatic hydrocarbon wastes, wood preserving wastes, petroleum
refinery wastes, and multi-source leachate

Waste from specific sectors of manufacturing and industry. Includes wood
preservation wastes, organic chemical manufacturing wastes, pesticide
manufacturing wastes, petroleum refinery wastes, veterinary pharmaceutical
manufacturing wastes, Inorganic pigment manufacturing wastes, Inorganic
chemical manufacturing wastes, explosives manufacturing wastes, iron and
steel production wastes, primary aluminum wastes, secondary lead production
wastes, ink formulation wastes, and coking wastes.

Acutely hazardous waste is discarded from commercial chemical products.
These are specific chemicals found at 40 CFR section 261.33

Hazardous waste is discarded from commercial chemical products. These are
specific chemicals found at 40 CFR section 261.33

With the definition of the five hazardous waste lists, APM from road projects is likely to
not be hazardous waste. While this material is not acutely hazardous under typical situations, it
does have the potential of exhibiting hazardous characteristics, and as such can be classified as
special solid waste. Special waste is solid waste that can be challenging to manage where it can
include sludges, bulky wastes, industrial wastes, and hazardous wastes that are not subject to
hazardous waste regulations. Here class 1 municipal landfills are potentially suitable for disposal
of special waste including APM as these facilities can have proper liners to prevent migration of
ARD into the environment, whereas class 3 landfills (construction debris, landscaping, land
clearing, and farming waste) may not use suitable liners. As such, special waste can be disposed
of at class 1 landfills, though approval is required for this on a project basis. For this, the
generator will need to apply for a special waste application (CN-1051), where the TDEC division
of solid waste management (DSWM) will evaluate the material (DSWM, 2023). This application
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requires thorough information for an expedited application process in addition to this a $300
application fee is required; the expected turn around can be approximately 30 days for review
when sufficient information is given. Here there will be three potential outcomes of this including:
1) the waste is a special waste but cannot be managed by the targeted landfill; 2) the material is
not special waste and is safe for handling by the facility; 3) the waste is a special waste and can
be processed by the facility. Under the first outcome, the decision letter will give suggestions on
how to appeal or modify this outcome. Potentially, a different landfill will need to be chosen as
the disposal location of this material if the material is not prohibited or restricted by a law or
regulation. For the second outcome, this decision is only valid for the designated facility, and both
the application and decision letter should be held as record by the generator. If the
characteristics of the materials change, then a new application should be submitted. For the third
outcome, the decision lasts for approximately three years and the official record of application
and decision should be maintained by the generator and the facility. If the generator wishes to
continue disposing of the material after the three-year period, which will be defined in the
approval letter, then a recertification should be applied for, where the same application is used
with a $150 application fee.

For the special waste application there are five main things required by the generator.
First is the information about the generator, which in this case will be TDOT and the specific
county office (i.e., TDOT County) or contractor for the project. To streamline this process, it may
be easier to have the TDOT office as the generator. In addition to this, the location of the
generator is required. For road building projects this will be the location of the project site and
latitude/longitude should be provided when appropriate. Lastly, contact information is required.

Next, information about the material is required. Here there are 11 entries that are
required including (1) hazardous characteristics, (2) name and description of material, (3) special
handling instructions, (4) EPA hazardous codes, (5) pH, (6) radioactivity, (7) flashpoint, (8)
infectious, (9) %solids, (10) color, and (11) physical state. (1) For APM it potentially has reactive
and corrosive characteristics for the first entry. (2) The material can be described as natural acid
producing rock, natural acid producing material, natural acid producing soil, or natural pyritic
materials. (3) Special handling instructions for this material can include prevention of water
pooling around materials, limiting exposure to oxygen, and other instructions to limit the
oxidation of the APM, outside of this this material is generally safe to handle. (4) The most
applicable EPA code will be D, APM will not include materials related to F, K, P, or U codes. (5) The
pH here can be the pH measured for the material when it is measured during the pre-
construction sampling phase. This material is (6) not radioactive, has a (7) theoretical flashpoint
of 430C (806F), and is (8) not infectious. For this material it will generally have a (9) high percent
solids (maybe as high as 100%), where the (10) color will likely be grey, red/brown, or yellow/gold.
This material is also going to be typically solid (11).

The next area that needs to be given in the application is the generation of the waste
including (1) how it is produced, (2) how it is processed, and (3) flow diagram for process. (1) For
APM from road building projects the waste being produced can be from blasting, excavation, etc.,
essentially how the material is unearthed. (2) How materials are processed with road building
projects is dictated by SP107L, where materials are to be held on site in an isolated location,
where it is covered by a 10mil geomembrane until itis transported to the chosen location. (3) The
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process diagram of this will just include the chosen excavation process and the storage onsite
process for each project.

The fourth thing needed is related to the chosen landfill facilities for terminal APM
disposal. Here (1) the permitted facilty name, (2) the facility's permit number, (3)
operator/contact, and (4) permitted address are required. With this material a class 1 landfill is
to be the likely source, where the chosen landfill will be the most convenient for each project to
reduce transportation costs for the project. A list of class 1 landfills is given in table 2.2, which
includes relevant information required for this application. Itis recommended thatthe applicant
reach out to the chosen landfill before submitting the special waste application to ensure the
landfill is willing to accept the material. In addition to this information about the landfill facility,
this section also requires information relating to the (5) rate of APM being disposed of, which will
typically be based on the estimation of the extent of APM at a project site from pre-construction
surveying.

The last portion of the application required by TDOT is how the special waste (i.e., APM)
is transported. The only thing here is whether it is directly transported to the landfill suggested
or not. For TDOT projects it is likely that they are not directly transported, and the stated reason
is that material will be separated and collected to make transportation more efficient. If the
material is going through a solid waste transfer station, that transfer station information will need
to go there. When talking with the chosen landfill, they will disclose if the material will be going
through a transfer station or not.

There is a history of class 1 landfills throughout the state accepting various special wastes,
including APM from TDOT road projects. There are 30 active class 1 landfills in the state of
Tennessee, where 17 currently operate with active special waste permits including three landfills
that are currently accepting special waste from TDOT projects with one of those collecting APM
(Fig. 2.5, Table 2.3). With this there is a history of class 1 landfills accepting APM as special waste,
where sometimes landfills can even utilize the APM as temporary daily cell cover making this a
material that is advantageous for the landfill. For these instances, the landfill will have to submit
a minor permit modification for their facility if they want to utilize the APM as daily cover. This
minor permit modification has no fee associated but does have a 90-day review period so the
timing of this would need to be incorporated into the process. Due to this this is a reasonable
disposal method for APM from roadbuilding projects, it is just required that each project has a
special waste application filled out.
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Table 2.2: Class 1 landfill information for special waste applications

Facility Permit No. Operator and Contact Address
EcoSafe Class Landfill SNL820000282 EcoSafe Systems, LLC 385 Harr Lane, Blountville
Iris Glen Environmental Center SNL900000262 Iris Glen Environmental Center 1705 East Man Street, Johnson City
Carter Valey Class | Landfill SNL370000185 BFI Waste Systems of Tennessee, LLC 2825 Carter Valley Road, Church Hill
Lakeway ST\;'St\th'i'E c& Recycling SNL320000280 Lakeway Sanitation & Recycling MSW, LLC 5155 Enka Highway, Morristown
Morristown Balefill Landfill SNL320000152 Hamblen Co./M(;:)r;srté)wn Solid Waste 3849 Sublett Road, Morristown
Jefferson County Landfill SNL450000241 Jefferson County Government 650 Grove Road, Dandrigdge
Sevier Solid Waste Inc. SNL780000258 Sevier Solid Waste, Inc. 1855 Ridge Road, Pigeon Forge
Chestgz(t:ylzz(ijfge cf;feflu and SNLO10000160 Waste Management, Inc. of Tennessee 140 Fleenor Mill Road, Heiskell
Icoa /Mary\:illlzégﬁlunt Co. Class SNL050000105 City of Alcoa 240 Long Powers Rd, Friendsville
Volunteer Regional Landfill SNL760000271 Scott Solid Waste Disposal Company 300 Roberta Lane, Oneida
Loudon County Landfill SNL530000203 Loudon Couggyr:r?]'iissgj“e Disposal 21712 Highway 72 North, Loudon
McMinn Count Landfill SNL540000003 McMinn County Government 391 County Road 750, Athens
Meadow Branch Landfill SNL540000174 Environmental Trust Company 233 County Road 166, Athens
Rhea County Class | Landfill SNL720000269 Rhea County Government 207 Sanitary Drive, Dayton
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Bradley County Class | Landfill
City of Chattanooga Landfill
White Co. Landfill
Upper Cumberland Landfill
Smith County Landfill
BFI Middle Point Landfill

Cedar Ridge Landfill, Inc.

Bi-County Solid Waste
Balefill/Landfill

West Camden Sanitary Landfill

Madison County Development

Bolivar-Hardeman County
Landfill

Republic Services - NWTN EXT 1
and 2

ECM of Ridgely, LLC
Dyersburg City Landfill
North Shelby Landfill

South Shelby Landfill

SNL060000006

SNL330000273

SNL930000136

SNL140000250

SNL800000227

SNL750000219

SNL590000238

SNL630000108EXT

SNL030000247

SNL570000239

SNL350000223

SNL660000143

SNL660000276

SNL230000218

SNL790000224

SNL790000135

Bradley County Government
City of Chattanooga
White County Government
Cornell Smith
Smith County Government
BFI Waste Systems of Tennessee, LLC

Cedar Ridge Landfill, INC.

Bl-County Solid Waste Management
System

Waste Management, Inc. of Tennessee

Madison County Development LLC

Hardeman County Government

Northwest Tennessee Disposal
Corporation

ECM of Ridgely, LLC
City of Dyersburg
BFI Waste Systems of North America, LLC

BFI Waste Systems of North America, LLC

6010 Gum Springs Mountain Ro

P.O. Box 838, 2410 Highway 70W

282 Nature Way, McDona

9327 Birchwood Pike, Harri

Terry Odle Road, Red Boiling
370 Kennedy Road, Carth
750 East Jefferson Pike, Murfre

2340 Mooresville Highway, Le

3212 Dover Road, Woodla

550 Aaron Long Road, Jack

75 Landfill Way, Bolivar

518 Beech Chapel Road, Uni

2633 Inman Hollow Road, O
2550 Sorrell's Chapel Road, Dy
7111 OIld Millington RD, Milli

5495 Malone Road, Memp
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Figure 2.5: Map of class 1 landfills in the state of Tennessee.Each mark is a class 1 landfill, red markers indicate landfills accepting special waste
currently, purple are landfills with active permits for TDOT special waste, and yellow markers are landfills with active special waste permits for
TDOT APM
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Table 2.3: Active Special Waste Permits for Class 1 Landfills

Landfill

Special Waste

EcoSafe Class 1 Landfill

Iris Glen Environmental Center

Carter Valey Class | Landfill

Lakeway Sanitation & Recycling MSW, LLC
Morristown Balefill Landfill

Jefferson County Landfill

Sevier Solid Waste Inc.

Chestnut Ridge Landfill and Recycling Center

Alcoa /Maryville /Blount Co. Class | Landfill

Volunteer Regional Landfill
Loudon County Landfill
McMinn Count Landfill
Meadow Branch Landfill

Rhea County Class | Landfill
Bradley County Class | Landfill
City of Chattanooga Landfill
White Co. Landfill

None

Oily Gravel and Soil (9009052023a), Activated Carbon (3711022016), Contaminated Soil an
(9012052018), Sulfatreat (3709122016)

Asbestos (3701312022a)
Asbestos (3211082022a)
None

None

Composting (CMP780000002)

Bentonito Slurry (01-1561R), Soil and Debris (01-1527R, 01-1550), Oil Waste (01-1539), Paper and
Filter Media (10-1538), RCRA Empty Plastic Containers (01-1540), Isulation (01-1571), Asbestos (010401
Tires (TSFO10001153)

Asbestos (0511152019), Silica Gel from gas treatment (0503282019)

Asebstos (7601182023a)APM
None
None

Asbestos (5401112021a), Leachate Sludge (5407142020a)Spend Abrasives, dried paint chip
hydroxides, concrete, debris from cleaning

Asbestos (7207142021a, 7201112021a)
Tires (TSF060001170)
None

Fuel Contaminated Soils (9308132020a)
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umberland Landfill

ounty Landfill

dle Point Landfill

idge Landfill, Inc.

ty Solid Waste Balefill/Landfill

mden Sanitary Landfill

n County Development
Hardeman County Landfill

¢ Services - NWTN EXT 1 and 2
Ridgely, LLC

urg City Landfill

helby Landfill

helby Landfill

None

None

Leachate Sludge (7507312020a)

Soil contaminated fuel and other construction debris
Avian Flu Waste (6312302015), Asbestos (SWP 17-004)

None
Asbestos (5703022023a)
None
Asbestos (6603022023a)
None
None
None

Oil absorbent (01516), parking lot sweepings (7902082016a)
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NNP < =5Tons of CaCO3 /kTon

With more extreme materials, i.e., with a NNP less than -5 tons of CaCOs/kTon of material,
more stringent requirements for handling and disposal are used. Here it has not been suggested
that blending or partial encapsulation be performed. Instead, full encapsulation is utilized. For
this a more complex encapsulation is employed where there are layers of 60 mil geomembrane,
some neutralizing materials (usually lime), the APM that is being blended, followed by more
neutralizing materials, geotextile and drainage layers, and finally a geomembrane layer wrapping
the entire encapsulation (Fig. 2.6). Here the APM can be blended with a neutralizing material
based on equation 2.4. Additionally, a 2-foot layer of clay can be used to replace the 60mil
geomembrane layer. The entire encapsulation must be at a 1% to 3% grade in any direction. This
type of encapsulation is particularly useful as a roadway encapsulation where the encapsulation
is 5 feet below the roadway surface.

Figure 2.6: General full encapsulation layout

With these materials full encapsulation is generally thought of as an undesirable option
given additional construction time, cost, and responsibility of either the contractor or TDOT. As
such off-site disposal becomes a more attractive option for handling APM. The two major options
for offsite disposal include a contractor owned facility and facility that has full encapsulation. This
second option generally refers to disposal of this material at a class 1 landfill, as described in the
previous subsection. This is the most commonly used disposal method of this group of APM.

Construction Phase Handling of Materials

During construction itself materials are required to be processed before they can be
placed in their terminal destination. Additionally, there are materials that can be encountered
that may be unexpected APM. As such, planning for how materials are temporarily managed
during construction is important.

During construction the non-APM can be processed freely without much consideration.
For any questionable material, including potential APM and APM, it is to be separated from non-
APM to a feasible extent (TDOT, 2015). If material is under question of its APM status, then
samples are to be collected and tested. Until test results are received, the material is to be
covered by a 10-mil polyethylene sheeting.

Any excavated material that is a part of the APM or potential APM group is to be covered
by a 10-mil polyethylene sheet at the end of each daily excavation operation. Any exposed cut
face thatis expected to be covered later by topsoil is also to be covered by a 10-mil geomembrane
until stabilization of the surface is performed.

At the site of encapsulation areas or blending sites, a temporary 6-inch compacted clay
cap is to be installed when the area is going to be left open for more than weeks without work.
During particularly rainy months, such as December through March, a cap is to be installed if left
open for more than 2 weeks without work. This cap is to be sacrificed or removed prior to the
placement of any more APM. During construction a temporary detention pond for runoff should
be used, where the encapsulated or blending sites are graded to drain into this pond.

ARD Water Treatment
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The goal for management of APM from road building projects is to prevent ARD formation
through on-site encapsulation, blending, or off-site disposal ata landfill. If ARD becomes detected
at a TDOT project site, then some form of water treatment could be needed to treat the ARD if
the source of ARD cannot be remediated, the water leaving the site is in violation of TDEC water
quality for fish and aquatic life (Table 1.1), or if the pH of the water leaving the site is less than 5.

For water treatment there are two major groups of treatments that can be considered
passive and “semi-passive” treatments. Active treatment of ARD for road projects is deemed
inappropriate due to the amount of infrastructure required. Here semi-passive options for
treatment are deemed more appropriate for short term treatment needs, where a more
permanent passive system is to be set up for long term treatment. With these treatment systems
a National Pollutant Discharge Elimination System (NPDES) permit may be required. Generally,
this is undesirable as it will place significant responsibility on TDOT or the contractor for
maintaining this.

Semi-Passive Treatment

When ARD is discovered on a site, whether it is during construction or post-construction,
some immediate action needs to be implemented until a permanent solution can be established.
This is where semi-passive treatment can be implemented for a short-term solution for mitigating
ARD. Here there are two major options for treatment. The first is a retention pond, which is not
specifically for treatment but instead used for capturing the produced ARD instead of letting it
into the environment. This is a particularly effective option if the ARD is caused by precipitation
events. The retention pond should be sized such that it can contain a 10-yr, 24-hr storm event.
These ponds should also be lined with a geomembrane to prevent infiltration of the ARD into
ground water. With these systems there is expected that sediments and sludges will accumulate
over time, which will require occasional maintenance at the site.

The second major passive treatment system is a water wheel-based dosing system such
as an Aquafix treatment system or Wheel-treater system (Fig. 2.7). These systems utilize a water
wheel to drive a chemical dosing hopper for the addition of the neutralizing chemical such as
quick lime (CaO) or caustic soda (NaOH). The rate of chemical addition can be adjusted for
optimal treatment and the main chemical utilized is quick lime. This system does not require any
input electricity as the water wheel drives the chemical dosing. The major maintenance with this
system is filling the chemical storage every few weeks to every few months.
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The semi-passive treatment systems are designed to temporarily prevent ARD from
entering surrounding water bodies through either capture or neutralization of the ARD. After a
more permanent solution is developed semi-passive treatment can be stopped.

Figure 2.7: Aquafix system schematics

Passive Treatment

For more permanent treatment options for ARD passive treatment systems can be used
to neutralize ARD being produced at a site. Here there are three different types of passive
treatment systems that are deemed appropriate for road building projects. The first, and most
common, passive treatment system is an open limestone channel (OCL). For road building
projects this is deemed a suitable treatment system if the ARD has a pH less than 5, has a total
iron concentration less than 20ppm, total aluminum concentration less than 20ppm, and does
not have metals in excess of TDEC water quality standards (Table 1.1). This system utilizes
limestone to react with the ARD to neutralize the acidity (Fig. 2.8). If there is a high concentration
of metals, such as iron, then iron will begin to deposit onto the limestone surface due to these
systems being open to the atmosphere, creating an aerobic environment leading to the
precipitation of metals. The deposition of metals onto the limestone surface, called armoring,
can reduce the effectiveness of the limestone by preventing it from coming into contact with the
ARD. This can be prevented by creating a gradient of at least 10% to prevent armoring of the
limestone. This system can help remove several metals through oxidation while also removing
15 to 20 grams of acidity per day per ton of limestone being used from ARD. Paired along with
the OCL is a retention pond, which is sized for 24hr retention ofa 10-yr, 24-hr storm.
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Figure 2.8: Passive treatment systems commonly used by TDOT for ARD treatment

For water with a pH greater than 5 and a total iron greater than 20ppm a surface aerobic
wetland (SWL) can be used to treat iron, and other metals if present. This water is likely low in
acidity, making removal of acidity a low priority for this system. Instead, excessive metals such as
iron are the target of the treatment. Under aerobic conditions the metals will be oxidized into
insoluble forms which can be settled out in the wetland. This system will rely on the activity of
microorganisms, which will oxidize the metals. To help support the microorganisms present
plants can be used to help supply organic matter for the microorganisms. The wetland is to be
designed with a 24-hour detention time.

For water with high levels of iron or aluminum, as well as high levels of other metals, a
combination of an OLC and SWL can be used for removal of acidity and metals. Additionally,
anaerobic wetland conditions may be achieved to further consume acidity through the reduction
of sulfate. This system is for a more extreme situation of ARD being formed at a site.

Post Construction Monitoring

After the project has been completed, then post-construction monitoring will be
performed if p-APM or APM is observed in the project site. This monitoring should last for a
minimum of 2 years after construction to ensure that the mitigation and management of APM
was successful. If some passive treatment is implemented, then prolonged monitoring should be
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done for the life of the treatment system. For post-construction monitoring only water samples
are useful as ARD is in the water from the system; rock samples would not be useful for further
decision-making processes.

For monitoring locations there are three major locations to be considered. The first is the
runoff water coming from the project site. Arepresentative sample of runoff should be collected
by a grab sample and analyzed for ARD. The next location should be at a receiving water body
directly upstream of the project site. This location is to serve as background water quality of the
water body to serve as a comparison. The last location is directly downstream of the project site
on the water body, where any impact from runoff would be observed. These samples should be
collected close to after a precipitation event. If a passive treatment system is being utilized, then
this system should also be monitored. The locations of sampling should be accounted for in the
pre-construction plans to ensure they are representative of the waters in the site.

For sampling it is recommended that it be performed on a quarterly basis for the first-
year post construction. After this then it can be scaled back to semi-annually until one year after
vegetation has been established on cut faces, embankments, etc. If there is no indication of ARD
during this period, then sampling can be discontinued. If ARD is indicated, then sampling should
be increased to a bi-monthly frequency. If a passive treatment system is being used, then the
NPDES permit will specify the frequency and duration of sampling.
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Chapter 3 Mining Industry ARD Practices
Background

Mining activities are another major area where ARD is formed, also referred to as Acid
Mine Drainage (AMD). With both coal mining and metal ore mining there is a significant presence
of pyrite and sulfidic minerals such as galena (PbS), sphalerite (ZnS), and cinnabar (HgS) (EPA,
1994; 2008). With metal ore mining specifically, it is likely that the targeted mining product is
bound to sulfide. With this high presence of pyritic and sulfidic minerals the mining industry is a
major source of ARD. In fact, ARD is a much more pervasive problem with regards to the mining
industry compared to road building, where the ARD from mining is one of the largest source of
non-point source pollution in the US, where at one point over 50,000 mines were producing ARD,
resulting in the impact of up to 22,000 kilometers of streams, or about 14,000 miles of streams
(OSM, 2000). Because of this issue significant efforts by federal and state agencies have been
made to mitigate and remediate ARD problems associated with mining. This effort offers a great
opportunity to learn about ARD in mining as a way of improving how it is managed within road
building.

With mining the problem of runoff can be categorized into one of three situations. The
first is the high presence of pyritic material and low presence of alkalinity producing materials
(Ceto and Mahmud, 2000). This is most similar to the concerns encountered in road building,
where ARD arises from various sulfidic minerals being exposed to oxygen and water, where the
most common is pyrite, similar to what the major ARD problem is with road building (Eq. 1.1). In
addition to this, other sulfidic minerals can also cause significant ARD as well as leading to the
mobilization of heavy metals, such as lead, cadmium, mercury, and others into the surrounding
environment (Eq. 3.1). Inthe various forms of mining ARD is formed when these sulfidic minerals
are exposed to oxygen and water. This situation of mine drainage is most associated with high
acidity (ARD) and high levels of iron and other metals.

MS + 20, + 2H* - H,S0, + M?**;M = Metals (Pb**,Zn**,etc) Equation 3.1

The second major scenario is where high levels of pyritic materials are seen alongside
high levels of alkalinity producing materials (Ceto and Mahmud, 2000). Here the drainage is
characterized by mostly neutral pH, though can swing between acidic and alkaline conditions,
while also having a high concentration of metals within the drainage.

The third scenario is where there is low levels of pyritic materials and high levels of
alkalinity producing materials, resulting in an alkaline drainage with low metal concentrations
(Ceto and Mahmud, 2000). This last situation is generally not a major problem but can lead to
environmental concerns in extreme situations. These three scenarios are important to
understand for mining as they will dictate different strategies of mitigation and treatment of ARD.

With mining there are numerous ways by which material can be exposed to oxygen and
water. This can occur within the mine where two common types of mines are open pit mines,
which can allow open pits of materials to be exposed to weathering, and underground mines,
which can have stormwater infiltration within it (Ceto and Mahmud, 2000). While within the mine
acid production is a concern, generally ARD is contained here, a larger issue is with the material
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that gets removed as it is often stored outside of the mine, usually directly downstream of where
stormwater runs onto the mining area. As such there are different types of materials that are
stored where each carries its own risk and has its own management strategy. From early into
mining activities the first material typically removed is the overburden, which is the surface layer
of material that can include things like clays and topsoil. Typically, this layer carries the lowest
risk for APM and can serve as a great cap for when the mine is closed, where this material is best
stored separately so that it can be used at a later date. When raw material is removed from the
mine there is the raw ore that is processed through beneficiation or leaching in a later process,
but there are two primary waste products that must be managed. The first of these waste
products are waste rocks, which are wasted materials that have low amounts of the mining
targets. These materials can be high in pyritic and sulfidic minerals, where they are generally
stored in a concentrated area away from the mine. This is one of the major areas of ARD from
mining activities as there is a great chance that water and oxygen can come into contact with
these materials forming ARD. The other major waste here is the mine water, which can include
ground water, surface water, or storm water that enters the mine as well as the water that can
come into contact with waste rock. This itself is generally seen as the main ARD, and as such will
be the main focus for treatment, mitigation, and control. There are several options for managing
ARD in mining, which will be explored in more detail in a succeeding section. These can include
preventative measures such as directing storm run-on away from waste rock. Additionally, the
treatment of ARD is common with mining where active treatment technologies such as lime
neutralization are used, as well as passive treatments such as treatment drains and settling
ponds. While technically being an option, offsite treatment is highly infeasible as mines are
typically dealing with an enormous amount of materials being removed were offsite disposal,
such as at a landfill, would be a high economic cost. Additionally, the waste materials, such as
waste rock, is often used as backfill for mines when areas of the mine are finished so it is generally
preferred to keep material onsite (Ceto and Mahmud, 2000). This is one major area that is
different from road building, where a popular management strategy is offsite disposal such as at
a landfill.

In addition to unearthing raw materials, other activities at the mine can include
concentration of the targeted material through beneficiation orleaching, which results in a solid
or liquid concentration of the specific ore. Here a waste product is produced in theform of tailings
from beneficiation or spent leachate from leaching. While this waste product is generally of
smaller than the waste rock or mine water, it will typically have a higher concentration of pyritic
and sulfidic materials. There are again several ways of managing this waste in order to prevent
ARD. Like waste rock, this waste product is typically used for back fill of mines, so most of the
treatment options are more related to the treatment of the ARD, where mitigation is focused on
the prevention of run on stormwater.

For the mitigation and treatment of ARD for mining it is dependent on the category of
mine being applied to. There are three major groups of mines where the treatment and
mitigation are dictated: 1) planned mines, 2) active mines, and 3) abandoned mines. Here there
are different considerations for mitigation and prevention of ARD. For example, with planned
mines there is the benefit of active geological surveys for the targeted mineral, which can be used
to also identify APM. This can then be used to plan for where ARD may be produced, and
mitigation can be easily anticipated. For both planned and active mines, active ARD monitoring
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can be used to prevent ARD formation. Another area of major distinction with planned and active
mines, when compared with road building, is that these are considered major sources of point
source pollution. As such they are required to abide by NPDES permitting, which further puts a
responsibility on the mines to mitigate ARD, leading to a more pervasive usage of active and
passive treatment systems. With abandoned mines, often times long time term active monitoring
is required in order to ensure ARD is not produced. With each of these situations there are several
monitoring and mitigation technologies that can be employed. With the screening of potential
APM there are several analytical techniques that can be used, where each one is similar to what
is used for road building as described in section 2.4.

Planned Mines

The most proactive type of mine is with planned mines (OSMRE, 2000). Here a significant
advantage is seen where the mine is actively undergoing the geological surveying and
assessment phase, similar towhat was discussed for road building in section 2.3, where the main
goal with mining is to identify areas of interest for metal or coal extraction. Because of this active
survey the potential of APM and ARD formation can also be assessed with these geological
surveys, where ABA methods (Section 2.4.1) can be used to identify areas where waste rock or
tailings are of particular risk for ARD formation.

Having the foresight for potential ARD formation can help improve how materials are to
be processed when they are unearthed. As discussed earlier, materials are not usually removed
from the site as the waste materials can be utilized as backfill later when mining activities are
finished. Due to this, materials are to be temporarily stored somewhere onsite until it is
appropriate for them to be backfilled into the mine. As such there are a few phases that need to
be considered including temporary storage of materials and then backfill storage.

Active Mines

Active mines, similar to planned mines, have the concern of ARD being produced while
waste materials are being stored outside of the mine and ARD being produced when the mining
activity has ceased, and the waste materials have been used as mining backfill. Depending on the
duration of the mining activities, there may not be significant knowledge on the extent of APM
from geological surveying done prior to mining. Under this situation the wasted materials are
often times blended together, where the amount of potential ARD forming materials is
significantly higher than what can be planned for with planned mines. This does not change how
ARD is mitigated during mining, just has the potential for a significantly higher volume of material
to be managed for ARD.

After mining activities have ceased, another major concern is ARD being produced from
the closed mine. With active and planned mines there will be some significant mitigation and
treatment that is required, but they both have the benefit of knowing where potential APM is
being stored. Additionally, better management practices can be employed to further limit the
formation of ARD. Monitoring wells can also be installed throughout the closed mine as a way of
being able to easily monitor ARD activity within the mine itself. With these two groups of mines
active and planned, there is a significant amount of management that is being done to minimize
ARD formation.
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Abandoned Mines

The last group of mines are abandoned mines, which are often times mines that have
been closed for a while where ARD management and mitigation was not a significant concern.
With the abandoned mines that had not considered ARD, there are significant challenges with
monitoring, mitigation, and treatment of ARD. As such the initial phase is to create a work plan
for scoping out the abandoned mine, where considerations to the site background, an initial
evaluation (similar tovisual and geographic assessment, section 2.2), a work plan rationale which
includes the data needs for the site, and finally the actual cleanup and management of the
abandoned mine (Ceto and Mahmud, 2000). The most important area here is the collection of
data, which can be informed by what waste is expected to be present as it relates to what mining
activity took place at the site. Easy initial sampling can involve simply collecting runoff water
samples from the site as well as water samples from the area around the site. The goal would be
to identify characteristics of the water prior to ARD, the impact the ARD has on the water bodies
nearby and identify the extent of ARD from the site itself. Thorough sampling at the site is vital
as well, identifying the hydrology at the site, as it pertains to surface water and groundwater
transport of the ARD, as it can show how ARD is transported from the site to the nearby
environment. Additionally, this can help inform where specific hot spots may be for APM. Likely
these hot spots include high pyrite concentration waste rock and spent leachate. If there is a high
concentration area of the APM then it could be possible that offsite disposal is a feasible option,
though it is usually more feasible to perform an active or passive treatment of the ARD. While
active and planned mines exhibit challenges for ARD mitigation, abandoned mines are generally
perceived as the largest area of concern as they can have very little mitigation strategies being
employed and information on the site can be scarce.

ARD Mitigation and Management During Mining

During the active mining phase waste materials are to be stored in a temporary storage
area until mining activities cease. Here planned mines have a significant benefit in that areas of
potential APM are identified prior to any mining activity, where materials of particular concern
can be separated from materials that contain minimal APM. Because of this, active measures for
mitigation of ARD formation can be minimized by working with a smaller volume of waste
materials of concern.

With the materials being stored, the major activity during this phase of the mining is to
prevent the formation of ARD (OSM, 2000). Here the major mitigation strategy is to prevent
prolonged contact with water, where three types of water contact can occur including
groundwater contact, stormwater run-on into the storage area, and precipitation directly onto
the stored waste materials. For preventing the contact of APM with groundwater the general
strategy is to store the material at least 5 feet above the water table. This will keep a buffer
between the APM being stored and the ground water that could come into contact with it.

The most active management is with the contact with stormwater run on, where active
management is done to divert the water away from the stored APM (OSMRE, 2000). Here
channels or berms can be installed such that the stormwater that can meet the APM being stored
is diverted away. Additionally, limestone and other alkalinity producing materials can be added
to these channels to add in some neutralization ability to the stormwater as well.
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The most difficult type of contact to manage is with direct precipitation onto the stored
material. Here there are a few options for how to manage the formation of ARD including
improved drainage, neutralizing material additions, and treatment of the produced ARD. The
reactions that produce ARD are considered to be slow, whereas if the water coming into contact
with the APM is able to be removed quickly then ARD formation can be minimized. This is the
main objective of improving water drainage which can include grading of the stored APM in order
to prevent infiltration and pooling of water. Additionally, a drainage system can be used with
either neutralizing or non-APM being used to quickly pull water away from the APM. Along with
this, neutralizing materials such as lime can be blended with the waste APM as it is being stored
such that as ARD is being produced it can be neutralized. The blending can be determined
similarly to how it can be determined for road building (Eq. 2.4).

Lastly, the ARD that is being produced can be collected and treated by active or passive
treatments discussed in later sections (OSM, 2000). This is an area of constant monitoring for pH
and other water quality parameters to determine the extent of ARD. Again, most mines are under
some NPDES permit that will require that this water be treated.

ARD Source Control

After mining has ceased at a site then the mine is typically closed, where ideally the site
is returned as close as possible back to pre-mining conditions. Here a major aspect of that is the
backfilling of wasted materials such as waste rock and spent leachate. This can be where ARD
formation becomes a significant issue as water can infiltrate thesite, come into contact with APM,
and ARD is produced. There are several options for mitigating this, including source control. The
strategies for source control include prevention of ARD formation or preemptive neutralization
of the ARD.

One common option for source control includes the isolation of APM through the
construction of a cap layer (OSMRE, 2000). In a well-planned mine this will include several layers
starting with a drainage layer at the bottom of the APM (Fig. 3.1). This layer consists of granular
media such as sand or gravel around a series of drainpipes that redirects water within the closed
mine to a singular effluent point, which can be used for treatment and monitoring. On top of this
layer is the wasted materials. Following this, neutralizing materials such as lime can be added on
top of the APM as a way of preemptively neutralizing the ARD. Next, a clay layer is placed on top
of the neutralizing layer followed by a 40-mm low density polyethylene liner (LDPE)
geomembrane, which together serves the purpose of limiting water infiltration into the site.
Lastly, a layer of topsoil and vegetation are placed on topto restore this area back to pre-mining
conditions. Here redundant layers are being used to limit ARD production, while also including a
way of incorporating further treatment if required. This option is becoming more popular,
because it mimics the design of systems like landfills, though it is only used on newer mines due
to the foresight required to implement this source control.
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Figure 3.1: General layout for a mining cap to prevent ARD

An option that is of particular use for abandoned mine sites is grouting and mine sealing
(OSM, 2000). At an abandoned site where significant infiltration may occur, leading to ARD being
produced, there are some channels within the mine that allow for the transport of water into the
system. The goal of grouting and mine sealing is to simply fill in those channels to limit the
infiltration of water into the abandoned site. At a site, well holes are drilled within the abandoned
mine. Then mixtures of concrete are pumped into the mine at high pressures of around 160
pounds per square inch (psi). At this high pressure the concrete is forced throughout the
abandoned mine, where paths for water transport are filled in. This has the potential to reduce
infiltration of water into the mine, reducing ARD formation, and limiting outflow from the mine.

Another source control option that is used for planned, active, and even abandoned
mines is stormwater and runoff diversion systems (OSM, 2000). Here erosion and infiltration at
the former mine is sought to be minimized so that ARD is not formed. This option utilizes
channels to intercept stormwater and direct it away from the mining area. These channels can
be designed similar to stream restoration sites, where rip rap and vegetation can be used to
control erosion at the site even under extreme storm conditions. Generally, these systems are
designed for a 24-hour, 10-year storm event.

Active Treatments

While source control is a good strategy for limiting ARD formation, in many cases mines
have still had ARD issues, which have resulted in a need to further treat the mine waters being
produced. The most common type of treatment of the mine waters has been active treatment,
where the general goal is to add in chemicals to neutralize the acidity, and oxidize and precipitate
metals out of the water (OSMRE, 2000). These processes utilize a wide range of chemicals for
each of these purposes, where processes being used are often adapted from drinking water and
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wastewater treatment. The chemicals and processes being used are usually site specific in order
to treat one of the types of runoff being produced as discussed earlier.

For neutralizing acids being produced there are several chemical options depending on
specifics about the project site as summarized in table 3.1. Soda ash (Na,C0,)is a great option
for when low volumes of mine drainage are produced with generally low amounts of dissolved
metals such as iron. When the volume of drainage is small but metal concentrations begin to be
high, specifically with manganese, caustic soda (NaOH) is a popular option. For drainage with high
volumes being produced and high concentrations of metals, such as iron, a common addition is
hydrated lime (Ca(0H),) or quick lime (Ca0). Lime is not a good option when manganese begins
to become high. Ammonia is a great option for the removal of manganese, though it can be
hazardous and can lead to biological activity.

Table 3.1: Summary of Chemical Additions for Active Treatment of Mine Drainage

Chemical Acidity Volume of Drainage Metal Content
Soda Ash (Na,C0,) High Low Low
Caustic Soda (NaOH) High Low High Mn
Hydrate Lime (ca(OH),) or High High High Fe
Quick Lime (Ca0) Low Mn
Ammonia (NH,) High High High Mn

In addition to chemical additions to neutralize ARD, there are also processes that facilitate
the treatment of ARD. Generally, there are a few steps with treatment of ARD including the
dilution of the stock neutralizing chemical to a targeted concentration for treatment within a
slurry mix tank, a mixing tank for blending the neutralizing chemical with the produced ARD, an
aeration basin that adds oxygen into the water so that dissolved metals oxidize into insoluble
forms, and then a settling pond where the oxidized metals settle out of the water. The result is
generally a net alkaline water with low metal content, which is suitable for introduction into the
environment. With this process set up (Fig. 3.2A), there is generally a need to have electricity
driving these process units, which can become difficult in more remote mining areas. To get
around this a common system being used is the Aquafix system which utilizes a water wheel to
drive a chemical dosing hopper for the addition of the neutralizing chemical (Fig. 3.2B). The rate
of chemical addition can be adjusted for optimal treatment and the main chemical utilized is
quick lime. This system does not require any input electricity as the water wheel drives the
chemical dosing.
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Figure 3.2: Active treatment processes for treatment of mining ARD with typical chemical
neutralization and metal oxidation and settling (A) and the Aquafix water wheel system (B).

While active treatment processes require significant operational and maintenance costs,
these are traditionally the most popular treatment options for the treatment of mining waters
with high levels of metals and acidity with them.

Passive Treatments

While the popular treatment option for ARD from mining is active treatment, it is
becoming more feasible and popular to employ passive treatment systems. Passive treatment
has the same goals as active treatment including neutralization of the acidity in ARD and the
removal of dissolved metals through oxidation and settling, though it seeks to achieve these goals
without unit processes and chemical additions tothe mine water. While this can be an attractive
option for ARD treatment, passive systems can have significant limitations where they require
large areas to be effective, as well as having the potential to malfunction without any oversight.
Additionally, these systems are most effective for treating ARD with a total acidity of less than
500 mg/L as CaCOs equivalence. The most effective application of passive treatment is seen at
mining sites with a low volume of mine drainage being produced, bodies of water receiving the
water has high capacity for dilution, or there is an acceptable level of variation in the effluent
water quality (OSM, 2000).

One of the major options for passive treatment is the implementation of open limestone
channels (OLC), where channels are lined with limestone and the ARD from the mining area is
directed into these channels (Fig. 3.3). The limestone will react with the ARD to neutralize the
acidity. This is a simple system that is effective when there is high acidity but low concentration
of metals. If there is a high concentration of metals, such as iron, then iron will begin to deposit
onto the limestone surface due to these systems being open to the atmosphere, creating an
aerobic environment leading to the precipitation of metals. The deposition of metals onto the
limestone surface, called armoring, can reduce the effectiveness of the limestone by preventing
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it from coming into contact with the ARD. One approach to overcome this limitation is by creating
an Alkalinity Producing Diversion Well (APDW), which creates a high velocity of water flow within
the channel. This high velocity can create constant agitation on the limestone surface, which can
help prevent armoring, keeping the limestone fresh for neutralization.

OoLC ALD
% Top Soil and Vegetation
Geomembrane
\ Ground ARD
Ground
Lime
SAPs
Wetland Treatment H! m m !”
S— ~ Crushedlime
Compost

Figure 3.3: Types of passive treatment for ARD

Another way of overcoming the limitations of armoring with OCLs is to use anoxic lime
drainage (ALD) (Fig. 3.3). This system functions similar to OCLs, though anoxic conditions are
created in order to prevent metal oxidation and precipitation. These systems usually consist of a
channel thatis lined with a geomembrane and filled with crushed limestone. The channel is then
covered with another plastic geomembrane liner, followed by soil and vegetation to prevent
oxygen infiltration. Functionally this system operates the same as OCLs, where the limestone is
used to neutralize the ARD, though oxygen is limited in this system to prevent armoring of the
limestone.

In addition to the neutralization through limestone reactions, microbiological reactions
can also be utilized to reduce the acidity and the metal concentrations. The use of
microorganisms can be done through wetland treatment of the ARD (Fig. 3.3). In wetland
treatment, microorganisms can oxidize or reduce metals to remove them, while also being able
to produce or consume alkalinity. There are two types of wetlands, aerobic and anaerobic, where
each has their own treatment capabilities. For aerobic wetlands, microorganisms oxidize metals
leading to their precipitation. Aerobic treatment is generally done on alkaline mine drainage,
where this does not provide an ability to neutralize ARD. Also, organic matter generally has to be
introduced into the mine water, where establishing plants into the aerobic wetland can help
facilitate this. Anaerobic wetlands, however, can neutralize ARD by having microorganisms that
produce alkalinity. Within the anaerobic wetland, the microorganisms are reducing sulfates to
generate alkalinity. Wetlands offer an easy, passive treatment of mining drainage, though they
often require large areas due to the high residence time required to operate them successfully.

39




A passive treatment that combines limestone neutralization and wetland treatment is
successive alkalinity producing systems (SAPSs) (Fig. 3.3). Here a 3-to-6-foot pond overlays an 18-
to-24-inch layer of limestone. The pond has an aerobic conditions towards the top, but due to
high microbiological activity the conditions towards the bottom of the pond are anaerobic, which
helps prevent armoring of the limestone layer that is covered by the pond.

In general, passive treatment systems involve some neutralization of acidity through
limestone or microorganism produced alkalinity. These systems offer a low maintenance
treatment of ARD, though one major concern is that treatment may become ineffective without
being noticed.

Contrast with Road Building

Road building and mining, while being different industries, have a lot of similarities
between them. For the focus of this project, the similarity of interest is the ARD and APM. Both
industries have the potential to produce ARD through the oxidation of pyritic and sulfidic
minerals that are unearthed. Due to this similarity, and the extent that APM mitigation and
treatment has been studied in mining, comparing and contrasting APM practices between mining
and road building could offer important lessons that can be used to improve APM management
with road building.

One of the initial differences between these two industries is how APM is encountered.
Both encounter APM by unearthing materials that contain pyrite or other sulfidic minerals,
though road building only encounters it during the construction of a road while mining is a much
more intensive process of digging out tons of material, stripping out a specific component of it,
and then placing the processed materials back into the mine (Ceto and Mahmud, 2000). The
major difference is the volume of materials being processed. Road building generally only
handles large quantities of unearthed materials when having to blast through some formation
(Inc,, 2007), while mining is purposefully removing as much material as possible. This initial
difference leads to how APM is managed, and how ARD is mitigated or treated.

For both mining and road building the two main options are to prevent ARD formation or
to treat the produced ARD. With prevention of ARD formation there are again two main options
to consider, which include on site mitigation or off-site mitigation. With mining, the amount of
material being processed is usually too high to make off-site disposal or mitigation a feasible
option, leading to the choice of on-site management. Additionally, mines are held to NPDES
permitting where mines are held responsible for water quality leaving the mine. With road
building, however, construction is not held to the same level of responsibility. Here, the
responsibility of managing ARD is left to the responsibility of the contractor. In combination with
the smaller volume of materials being processed, the contractor is incentivized to perform offsite
disposal of the materials to limit long term responsibility for ARD mitigation. This is a major point
of difference between the two industries, mining focuses on on-site mitigation and treatment,
while road building will more easily utilize off-site disposal.

Continuing, with mining focusing on on-site management there is a more common
implementation of active or passive treatments of ARD. Again, this is not a very common option
seen with road building, mostly due to the long-term responsibility of the ARD, where an NPDES
permit is applied for road building projects with passive treatment. It is, admittedly, difficult to
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implement active treatment processes for road building ARD as it could significantly increase the
cost of construction and post-construction management of a site. However, passive treatments,
in combination with better source control at a project could offer an option that is more
economical than offsite disposal.

For an improved strategy to handle on-site management of ARD for road building, source
control and passive treatments seen with mining can become feasible and potentially economical
for road building. To start, where APM is blended and used for road fill APM could be
concentrated in specific portions of the project site. With the APM isolated, channels could be
used to divert stormwater away from these areas and towards areas void of APM. Additionally, a
cap system seen with mines, which is similar to the encapsulation with road building, could be
used to further prevent APM from coming into contact with oxygen and water. Lastly, a drainage
system could be used to direct any water that does break through the encapsulation into passive
treatment systems. Of particular interest would be OLCs or ALDs, which could effectively
neutralize the acidity being produced.

One of the biggest takeaways from how mining deals with ARD the focus of on-site
treatment is. While this may not be economically feasible in every road building project, it could
provide a more economical option for when off-site disposal becomes more costly.
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Chapter 4 Feasibility of Non-Destructive

Geophysical Techniques
Background

For road construction projects, assessment of APM is an important step within the project
as it establishes how materials are to be processed during construction. As discussed in the
previous sections, the extent of APM at a site can require handling of material through simple
blending to partial encapsulation on site and to even disposal at offsite facilities such as
permitted class 1 landfills. Due to the major implications of APM at a project site, the assessment
is an important step for projects prior to construction. Presently, assessment of APM at a project
site involves an initial screening phase where prior experience and geological surveys can be
used to establish some probability or risk of running into APM at a site. This is usually followed
by an on-site visual assessment for any visual signs of ARD at the site already. If the project site
has extensive prior knowledge about APM presence, then further investigation can become more
targeted, and handling of material can be more easily planned for. For many sites, however, exact
lithology is not well known and it is vital that these assessments be performed in a timely manner.
Generally, extensive bore hole sampling is required, where materials throughout the bore holes
are to be analyzed for various parameters, as discussed in section 2.4. This process culminates
in an assessment of the presence and extent of APM at a project site. Through this process a
significant amount of clarity on the extent of APM at a site, which goes into the decisions related
to material management and handling during the construction of a project and even the post-
monitoring of a site, though it is often a timely and costly process that slows projects down.

While this process is vital for a project, it can be time intensive, particularly for large scale
road projects in areas with limited geological knowledge. Ways for reducing the efforts involved
in initial assessment, including identifying specific areas of interest for APM, is an appealing
option for assessment. One such way is the application of exploratory geophysical methods, in
particular non-destructive geophysical surveying methods. The usage of numerous non-
destructive geophysical surveying methods have gained significant attention in a large array of
fields ranging from mineral identification to identification of ground water tables and
identification of archaeological sites of interest (Mazurkiewicz et al., 2017; Revil et al., 2022). These
methods offer the potential to easily measure various geological parameters at a site, where they
can easily be employed in the field. This can help reduce the intensive process of collecting
samples and bringing them back to the lab for assessment.

Numerous non-destructive geophysical methods have been explored where some
methods can be applied to the surfaces such as ground penetrating radar (GPR), induced
polarization (IP), and electrical resistivity tomography (ERT), while other methods must be
employed in boreholes, such as self-potential (SP). These methods have a wide range of
mechanisms for how they operate. Some of these methods take advantage of magnetic
properties of different minerals, such as magnetotellurics (MT). Other methods take advantage
of the differences in conductivity of different minerals such as IP, ERT, and SP. Additional methods
use the projection of acoustic waves to identify ground water or changes in the lithology at a site,

42



such as seismic tomography (ST) or reflection seismology, while methods like GPR utilize radio
waves or other electromagnetic radiation instead of acoustic waves.

There are numerous non-destructive geophysical surveying methods that could help
provide a more detailed analysis on the extent and location of APM at a project site. With this,
there could be a significant benefit of a more streamlined project site screening and planning
through the implementation of some of these methods. The goal of this section is to examine
these multiple options for non-destructive geophysical surveying methods for identifying pyrite
and other sulfidic materials. Additionally, their efficacy will be explored, as well as their feasibility
analyzed for road building projects, where they may be able to improve the efficiency of different
portions of projects. Through this effort, it appears that the most promising non-physical
methods include Induced Polarization (IP) and electrical resistivity tomography (ERT) for
identifying potential APM and non-APM.

Non-Destructive Geophysical Surveying Methods

There are numerous non-destructive geophysical surveying methods, which operate
under different mechanisms. This mechanism is important for the efficacy of a particular
method. As such the goal of the survey needs to be established such that theappropriate method
is used. For this project the goal would be to be able to identify and establish the locations of
pyrite and other sulfidic minerals at a project site. With this goal in mind, properties of pyritic and
sulfidic minerals are to be considered as it will help determine which methods would be most
effective. For pyrite there are two major groups that can be used for identification: iron and
sulfide. Theiron in pyrite can allow the usage of magnetic based methods for identification. While
it is known that pyrite is not a magnetic mineral, it has been shown that it is often found with
other iron minerals that are magnetic, typically related to iron bands underground. As such, this
does lead to the ability of detection of pyrite through magnetic methods, though it is important
to note that it is not guaranteed to identify pyrite. The other problem is that it would not be able
to detect non-pyritic sulfide-based minerals, such as galena (PbS), sphalerite (ZnS), and cinnabar
(HgS), which can be APM but do not have iron. Here the sulfide group of these minerals could be
targeted. While sulfide is not magnetic, it is typically significantly more conductive than many
other minerals, particularly when compared to carbonate and silicate minerals (Fig. 4.1). This
offers a more promising method of detection by taking advantage of sulfidic minerals’ higher
conductivity compared to most other minerals, where some electrical or electromagnetic method
of detection could be easily implemented. The major electrical methods that have been
previously used for non-destructive geophysical surveying are induced polarization (IP), electrical
resistivity tomography (ERT), and self-potential (SP).
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Figure 4.1: Conductivity of pyrite and other minerals (Dusabemariya et al., 2020; Schieck et al.,
2011)

Induced Polarization

IPis an electrical method that is used to identify changes in lithology of a detection area
through differences in conductivity (o) of minerals, or resistivity of minerals (p), which is the
inverse of conductivity (Eqg. 4.1). This method is able to be utilized as a surface surveying method
(Mwenifumbo et al., 2003), which makes implementation easy. In general, this method utilizes a
four-electrode set up, where two electrodes are used to apply a current into the ground and the
other two electrodes measure the response voltage from the ground (Fig. 4.2). As the current
passes through different minerals the resulting voltage will change, where this can be monitored
and mapped out to provide spatial variations in the lithology. The goal of this is to be able to
measure changes in conductivity of the soil materials as a way of identifying where conductivity
spikes, which could indicate pyritic and sulfidic materials. This is done by applying a current, |,
and monitoring the resulting voltage, V. Through Ohm'’s law the resistance can be inferred (Eq.
4.2), where resistance is a function of the resistivity of the minerals and the distance between
electrodes (Eq. 4.3). Combining these two, the resistivity of the material can be inferred through
knowing the current being applied, the geometry of the electrode configuration, and measuring
the resulting voltage (Eq. 4.4).

o =% Equation 4.1
V =1IR Equation 4.2
R=* Equation 4.3
p= k% Equation 4.4

Where V is the measured voltage, lis the applied current, k is the geometric relationship between
each electrode, and p is the resistivity of the minerals.
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Figure 4.2: Electrode configurations for IP surveying. Two common methods are shown, where x
is the distance between each electrode.

There are several different ways that IP can be set up, where there are positives and
negatives for each (Revil et al., 2022). Additionally, there are two major ways that IP data can be
analyzed. One such way is to turn on the applied current to allow the voltage to stabilize. After
the system has become stable, the current is turned off and the voltage is monitored to see how
the system'’s voltage decays over time (Fig. 4.3). This approach is, referred to as time-domain
induced polarization (TDIP), will have different decay characteristics due to differences in
minerals (Dusabemariya et al., 2020). The main observation is related to the capacitance effects
being observed between each layer of minerals, where materials with low resistivity such as
pyrite will have quick voltage decays (i.e., low capacitance), while materials with high resistivity
will exhibit more capacitance and slower voltage decays (Samouelian et al., 2005). With this
measurement, the resistivity of materials is not the parameter of interest, instead the capacitance
behavior of materials is important, or the chargeability. As such, the TDIP is measured as the
integral of the decay in voltage (Eq. 4.5).

M, =V1—p 2V, @dt (Equation 4.5)
Where Ma is the chargeability, typically in units of mV/V, where Vpis the equilibrium voltage when
the current is being applied and Vsis the decayed voltage after a certain time, ta.
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Figure 4.3: Response of voltage to changes in applied current with time domain IP

The other way is to apply alternating currents and monitor the resulting voltage
(Dusabemariya et al.,, 2020). Here the resulting resistance can be monitored as well as the phase
shift between the applied current and the resulting voltage. This method will vary the frequency
of the alternating current to provide spectral data on the complex impedance of the system,
which is referred to as frequency-domain induced polarization, spectral induced polarization
(SIP), or complex resistivity. While both methods can offer reproducible results with high
resolution, it seems that for in field usage, TDIP is a significantly easier method to employ.

This method can provide a one-dimensional (1-d) map of a site where the electrodes can
indicate the behavior of the material at some depth below the surface depending on the
electrode configuration (Mwenifumbo et al, 2003). You can then have several successive
measurements where the electrode distances are varied to produce several different 1-d
measurements. A general rule of thumb is that as the distance between the electrodes is
increased the observed depth is also increased, however, the measured voltages will decrease
(Eq. 4.4). These can then be combined into a two-dimensional map (2-d). Again, depending on
the configuration of the electrodes there can be high resolution of this map (Dusabemariya et al.,
2020).

There can then be two ways to further transpose this into a three-dimensional map (3-d).
One is to produce several parallel 2-d maps and combine them, while the other is to use a non-
linear configuration of the electrodes (Dusabemariya et al., 2020; Samouelian et al., 2005).
Producing 2-d and 3-d maps of a site can become intensive processes of several repeat
measurements, where each measurement takes just several seconds and set up for each
measurement would take several minutes. One consideration here is that the characteristic
discharge of voltage is being observed for TDIP, while the phase shift and impedance of the
system for SIP is being observed. As such, it can become difficult to directly relate the observed
behavior to locations of changes in conductivity or resistivity. In order to translate the observed
behavior to an interpretable result with regards to potential pyritic hot spots numerical models
are fit to the observed data through a process called inversion (Dusabemariya et al., 2020). The
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numerical model is iteratively updated to produce a low error between the observed data and
the model (Biswas, 2017). By doing this, resistivity changes can be deduced for the monitored
area. The most common numerical model for this is Cole-Cole model, which has been able to
effectively identify areas of high pyrite concentration (Revil et al., 2022).

For this method there are several factors that can impact the results of the survey. This
can include things like temperature, which is known to change theresistivity of materials, or even
soil moisture content, where water is typically much more conductive than most soils and
minerals (Placencia-Gémez and Slater, 2016). One potential issue if this is not accounted for is
that water is seen to have similar conductivity as pyrite, though this depends on the electrolytic
composition of the water (Placencia-Gomez and Slater, 2016). In addition to this a major factor
for the results of this survey is the electrode configuration. Common configurations are the
Wenner and Wenner-Schlumberger configurations, which have the current electrodes being the
outer two electrodes while the voltage electrodes are the inner electrodes (Fig. 4.2). These are
configurations that can offer high signal strength, helping eliminate noise, and having sensitivity
to horizontal mineral changes, but low sensitivity to vertical mineral changes (Dusabemariya et
al., 2020; Revil et al,, 2022). Other configurations can have the current electrodes off to one side
and the voltage electrodes off to the other side, where this can help increase the vertical
sensitivity at the cost of horizontal sensitivity (Dusabemariya et al., 2020; Revil et al., 2022;
Samouelian et al., 2005).

While there are a lot of things to consider with this method, it does offer a strong potential
for identifying areas of high conductive minerals such as sulfidic and pyritic minerals (Fig. 4.4). It
has been seen to be useable for depths of just a few meters up to a few hundred meters
(Mwenifumbo et al., 2003), indicating a relevant useable depth for road building projects. This is
also a complex process, though has begun to be used commercially by several consulting firms.
As such, it could be a good option for performing surface measurements at a site to further
identify potential APM areas.
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Figure 4.4: Example for how TDIP data can identify potential pyrite locations after inversion has been
done. The white box indicates a known area where a pyrite sample was stored within a quartz sand
matrix. Figure is sourced from (Mao and Revil, 2016).
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Electrical Resistivity Tomography

Another potential electrical method is electrical resistivity tomography (ERT), which is
another measurement method that takes advantage of the difference in resistivity, of different
minerals. This method is very similar toIP in that it utilizes a 4-electrode configuration where two
electrodes are for producing a current into the group and the other two electrodes are used to
measure the resulting voltage (Fig. 4.2). The major difference between IP methods and ERT is that
ERT is simply measuring the resulting resistivity (Eq. 4.4), while IP is trying to measure the
behavior of the discharge when the current is shut off (Eq. 4.5). Generally, ERT is an easier
measurement to make, where similar characteristics of IP can apply to ERT such as having
temperature, water content, and geometry of electrodes impacting the resolution of the results
(Placencia-Gomez and Slater, 2016; Revil et al., 2022).

While ERT is a simpler measurement, with it being measured in a similar way as IP most
equipment used for ERT can also be used for IP. Due to this it is very common to see both
measurements being made at the same time. Because of this, they can be used in conjunction
with each other to provide strong validation on the presence of certain materials based on their
electrical properties. When compared, it does seem that ERT is much less sensitive to pyrite and
can produce false negatives (Fig. 4.5), whereas IP can be sensitive to pyrite, potentially producing
false positives. ERT seems to perform better at identifying materials with high resistivity, such as
carbonate minerals, while IP is better with highly conductive materials such as pyrite (Fig. 4.5). As
such, these two being combined could help produce a more reliable indication of potential APM
presence (Mwenifumbo et al., 2003; Revil et al.,, 2022).
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Figure 4.5: Comparison between ERT (a,d) and TDIP (b,c,e,f) performance for identifying the presence of
conductive pyrite (a-c) and non-conductive clay (d-f). The white boxes indicate where the pyrite or clay
samples were placed within a sand matrix. Figure is sourced from (Mao and Revil, 2016).

Self-Potential

Self-Potential (SP) is another electrical characteristic based non-destructive geophysical
surveying method. Unlike IP or ERT, however, this method does not rely on applying a current to
a surface and monitoring the resulting voltage. Instead, SP aims to take advantage of natural
potential differences present at a surveying site (Jouniaux et al, 2009). Natural potential
differences are due to a variety of phenomena including how different materials exhibit different
conductivities, how the flow of fluids around materials can cause static charge accumulation for
certain materials, and how different minerals can induce static charge accumulation on other
minerals (Biswas, 2017; Jardani et al., 2006; Jouniaux et al., 2009). As such there is a known
potential difference in minerals that can be observed, though it is a small potential difference.

The way that SP is measured is by utilizing at least two electrodes, both used to measure
the natural, ambient potential at different points. Generally, one electrode remains stationary
while one or more electrodes are moved to different locations to monitor the potential change
at different points. This method is highly susceptible to noise, where dirty electrodes, or polarized
electrodes can significantly interfere with the measurements (Jouniaux et al., 2009). Additionally,
high ground water flow, radio frequencies, and even nearby power lines are strong enough to
cause some significant interference with the electrodes monitoring the potential.
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SP also exhibits some potential for being a surface surveying method, where the distance
between electrodes can be used to investigate deeper below the surface, similar to IP and ERT.
With this a similar problem begins to be seen, where SP data has to undergo inversion with
certain models in order to produce a more easily interpreted result (Biswas, 2017; Zhu et al.,
2023).

Despite the limitations and interference, SP has been explored as being a potential non-
destructive geophysical surveying method in the fields of ore identification, groundwater
hydrology, geothermal exploration, and sulfide exploration (Jouniaux et al.,, 2009). The biggest
success for SP seems to be with groundwater activity, where it shows to be highly effective at
identifying groundwater tables and hydrology (Jardani et al., 2006). It also has been shown to be
very effective at identifying pyrite and sulfidic minerals that are in contact with water, where
oxidation is able to provide significant potential readings (Biswas, 2017; Zhu et al.,, 2023). When
pyrite is not near ground water, identification seems less effective with SP. Because of the
limitations of efficacy with pyrite, where it is primarily feasible when pyrite oxidation is occurring
(Eqg. 1.1), it seems like thisis aless reliable non-destructive geophysical surveying technique than
IP or ERT.

Magnetic Methods

Another type of non-destructive geophysical surveying method is magnetic types of
methods. This can include the measurement of localized magnetic fields through the use of
magnetometers, which can map the intensity and even directions of local magnetic fields. This
has the potential to identify materials that are of higher magnetic properties than other
materials, such as magnetite and even certain pyritic material (Ferrow and Sjoberg, 2005). While
this method does have the potential to be able to identify certain types of pyrite, it cannot identify
all types of pyrite or any non-ferrous sulfidic materials. As such it has found use as an indirect
method of finding impurities within coal mines, or by identifying certain types of ore that can
have magnetic materials typically associated with them. Due to having a weak ability to identify
pyrite or sulfidic minerals, it is limited to indirect surveying of APM, which makes it an unreliable
method.

While the use of magnetometers can be used for direct measurements of localized
magnetic fields, there are other magnetic methods. One more promising method is
magnetotellurics (MT), which can either monitor magnetic fields or even induce magnetic fields.
The main goal is not to just directly monitor magnetic fields, but instead this method wants to
actually use the magnetic fields to monitor induced electrical field changes, i.e., use magnetic
fields to induce a potential in the surveyed minerals. This results in data that is similar to what is
seen with IP measurements. As such, this particular method generally requires several
magnetometers and two electrodes to monitor potential (Varentsov et al, 2013). Due to this
method not applying its own current, it is left to only monitoring more of a spectral IP, where the
voltage changes can be observed at different frequencies. In general, one way to probe different
depths is by changing the monitored frequency, where the lower the frequency the deeper the
depth is that is being monitored. This has become a prominent geophysical method for oil and
gas industries, though it is becoming more popular for the identification of different ore and
pyritic materials. With IP, ERT, SP, and other electrical based techniques the surveying depth is
usually on the magnitude of meters to tens of meters, maybe up as high as hundreds of meters.
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MT, on the other hand, usually is used for between 500m and 10,000m (Varentsov et al., 2013),
which makes it more appealing for deep surveying. For shallower depths, a very high monitoring
frequency must be used. Due to this depth this method is likely not feasible for road building
projects.

Other Methods

Other commonly used non-destructive geophysical surveying methods include the use of
seismic activity. Such methods include seismic refraction and seismic tomography. These
methods rely on some energy source that induces seismic waves into the ground which can
include controlled explosions and even monitoring for earthquakes. The goal is to then observe
how seismic waves move through the survey area, where different minerals will exhibit different
characteristics for how these waves move. These methods have been shown to have a great
ability to identify where mineral boundaries are and even where underground structures such
as ground water can be. When exploring for sulfidic minerals, however, it has been shown that it
cannot provide reliable indications of sulfidic minerals being present (Mwenifumbo et al., 2003).
This is unlike electrical or electromagnetic methods such as IP, ERT, SP, or MT, where the high
conductivity that is characteristic of sulfidic minerals can be utilized. No distinct characteristic is
being taken advantage of through seismic methods which is why it is difficult to distinguish
sulfidic minerals contributing to ARD from other non-APM.

Another commonly used non-destructive geophysical surveying method is ground
penetrating radar (GPR). This method pulses radar waves to image subsurface structures. Similar
to seismic based methods, this method is particularly good for identifying changes in subsurface
structures such as changes in lithology, where the groundwater table is, or even for identifying
buried pipes and power lines. As such it can be utilized to identify where different geological
structures could be located, however, it has been shown that it is ineffective at distinguishing
sulfidic minerals from other minerals (Siti et al., 2019). Because of this it is also an ineffective
method for identifying potential APM locations.

Overview

APM identification is of potential importance for TDOT in order to more accurately assess
how materials are to be processed for road building projects. Currently this is done through some
pre-screening process that may indicate the possibility of APM presence, which is then followed
up with intensive bore hole samplings to validate the presence of APM. This process is time
consuming and can be costly for analysis. As such, one way to help streamline this process would
be to incorporate non-destructive geophysical surveying methods. While there are some
methods that are suggested for field evaluation, e.g., paste pH and Fizz rating primarily, these
methods still require some level of sample excavation. A more stream-lined approach could
leverage surface-based surveying methods that could more easily identify specific areas of
potential APM presence for a tailored pre-construction sampling scheme (Fig. 4.6). This would
effectively cut down on the large-scale sampling that is currently employed by TDOT projects,
where this could cut down on early project stage costs.
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Figure 4.6: Updated project APM assessment process with non-destructive surveying methods being
incorporated through pre-construction sampling. The main non-destructive methods being proposed are
ERT and TDIP.

Through exploring currently utilized non-destructive geophysical surveying methods one
category of methods stood out, electrical based methods. APM is primarily comprised of pyritic
materials and other sulfidic minerals. As such, a key characteristic of these minerals is that they
are generally more conductive than most other minerals typically present in Tennessee (Fig. 4.1).
Other methods, such as seismic based or GPR, do show an effective ability to identify changes in
geological formation, though they are not effective at indicating what types of minerals could be
present. As such four common methods stood out as being potentially effective for APM
identification: TDIP, ERT, SP, and MT. Specifically it had been seen that TDIP and ERT were
particularly effective at identifying where conductive and non-conductive materials are located.
What makes this more appealing is that these measurements can be made with the same
equipment, where together they can identify where APM (pyritic minerals) could be located, and
even where APM neutralizing materials (carbonate) could be located. This could be used to better
identify areas that should be sampled for validation, which could reduce the number of pre-
construction samples being collected. Additionally, it could indicate what area will need to be
neutralized through blending as well as where neutralizing material from the site could be
located.

If this is to be incorporated into current APM processes, then a potential way of doing this
would be to incorporate it after visual and geographic assessment. To start, pre-screening would
be used to determine if there is any knowledge on the presence of APM at a proposed project
site. If it is known that there is no APM at a site then just some construction phase monitoring
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should be performed, otherwise a quick on-site visual assessment can be performed, looking
specifically for signs of ARD. Following this non-destructive surveying should be conducted where
TDIP and ERT have the best potential for identifying areas of interest. These two methods can be
used as they can identify areas with potential APM presence and areas where there could be
APM-neutralizing materials present. After this survey, areas of interest can be sampled with bore
hole samples, which can be done in a more targeted fashion compared to the more widespread
schemes currently employed by TDOT. This framework would require some extra time spent
prior to any actual sampling, but it could save on both time and cost of doing extensive bore hole
sampling schemes.
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Chapter 5 Alternative APM assessment
Methodology

Background

Currently ABA is the widely used procedure by TDOT for determination of APM and the
extent of APM. This method is the use of two analytical tests where acid generation potential is
measured (AP) through the oxidation of pyritic sulfur (Eq. 2.1), as well as the neutralization
potential (NP), which is measured through the neutralization of a strong acid by the mineral being
tested. Both tests are combined in order to get an estimation on the net acid production of
materials to be disturbed by a project (Eqg. 2.3).

While this procedure is highly effective at measuring sulfur within a material, it has to be
assumed that the sulfur is derived from pyritic sulfur to get an accurate basis for acid producing
materials in a sample. A major concern, however, is that sulfur can be derived from organic
sources or include sulfate minerals, which both can be reduced through this combustion/infrared
detection method to produce sulfur dioxide gas (Lapakko and Lawrence, 1993; Yager et al., 2005).
These two sources of sulfur are both non-acid producing, however, under current interpretation
of these results these two sources of sulfur would be seen as being acid producing. A way of
limiting the interference from this is using a trained geologist to identify some of these alternative
sources of sulfur during sample collection ( Golder Associates 2007).

In addition to the potential interference related to non-pyritic sulfur, another potential
concern with this approach is the need to grind sample materials to at least a 200-mesh size. The
concern here is that while it will help detect all sulfur present, this grain size is unrealistic during
construction, where grain size will be significantly larger. With this it is thought that using a
smaller grain size will overestimate the realistic amount of sulfur that is available for acid-
producing oxidation (Mustin et al., 1993; Skousen et al.,, 1987).

Two major concerns related to the current methodology are due to interference from
natural sources of sulfur and other minerals, as well as the concern with overestimating the
availability of these minerals due to the grain size required for these tests. There are numerous
alternative methods that have been explored to achieve an accurate assessment for the acid
production from minerals. The main one tested by the project team is the modified net acid
production test (MNAP) as it is a modification on the NAP test (Section 2.4.1) that is currently
accepted by TDOT as an alternative test to ABA ( Golder Associates 2007; Yager et al., 2005).

Methodology

The modified net acid production test utilizes larger grain sizes to estimate the net acid
production. In the testing by the project team a large range of grain size was utilized to further
examine how this impacts the results of the NAP test (described in section 2.4.1). The basis of
NAP is that a sample is placed in a 30% hydrogen peroxide solution and heated to 90°C for 1
hour, which quickly oxidizes pyritic sulfur and iron into sulfates and iron hydroxide (Eq. 2.4). If all
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hydrogen peroxide is consumed, then additional hydrogen peroxide is added, and the reaction
is carried out for an additional 30 minutes. Afterwards the sample is cooled, where copper nitrate
is then added to quench the remaining hydrogen peroxide, and the sample is boiled for 10
minutes. The sample is cooled and then titrated back to a neutral pH of 7 using sodium
hydroxide. This test measures the amount of acid produced from oxidation of pyrite, while also
measuring the neutralization of the acid being produced. The net acid produced is then
calculated based on the amount of sodium hydroxide required to raise the pH (Eq. 2.5).

To keep more in line with current TDOT procedures of using ABA conventions it is of interest to
convert the results from NAP to NNP. Here they can be considered as being opposites of one
another, where NAP is the net acid being produced and NNP is the net acid being neutralized,
resulting in equation 2.6.

Results

The net acid production test is currently offered as a secondary suite for materials testing
by TDOT ( Golder Associates 2007). The main modification to be tested was the use of a variety
of different grain sizes instead of relying on a 200-mesh size for particles to be tested. The testing
of mMNAP was related to the proposal testing of this from the research project statement. This
modified method has been previously employed by the USGS as a way of more realistically
characterizing the acid production of a material being disturbed (Yager et al., 2005). It was
anticipated that as grain size increased, the relative amount of available oxidizable materials
would decrease. This is primarily due to when pyrite is oxidized a solid iron hydroxide remains,
which will eventually form a coating over the pyrite material, preventing pyrite contained within
the particle from further oxidizing (Fig. 5.1). The goal of this testing was to examine how grain
size used in testing would impact the measured results of acid being produced.

Metal Oxide Layer
FeS, Oxidation

Figure 5.1: Conceptual demonstration for how larger pyritic particles develop a protective oxide layer that
prevents complete oxidation, reducing the amount of ARD being produced.

Actual materials from road construction projects were not collected for testing this
procedure, as such, a pyrite material was sourced for testing from a local geology store, where
its “purity” was measured through the NAP testing. The pyrite used had an approximate grain
size of up to 3inches in diameter. This material was then ground up to various grain sizes for
analysis of different sizes. After grinding, the material was processed through a series of sieves
to differentiate between different grain sizes. Material that had a grain size larger than the
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coarsest sieve was measured across multiple sides with the average diameter being calculated
based on these measurements. The resulting particle sizes used in this testing are shown in table
5.1.

Table 5.1: Average particle sizes used for mNAP testing

Sieve Tray No. Average Particle Size
>140 0.002"
40-140 0.010"
16-20 0.040"
4-10 0.133"
<4 0.212"
<4 0.595"
<4 1.483"

For each of the described particle sizes above (Table 5.1) an appropriate mass was used
in the modified NAP test (MNAP). For particle sizes less than 0.25 inches a mass of about 1gram
was utilized. Particle sizes larger than 0.25 inches utilized relevant masses, for example for a
particle size of 2 inches a mass of 88 grams was used. For each test the sample was placed into
30% hydrogen peroxide solution, where an appropriate volume was chosen to ensure the
hydrogen peroxide concentration would remain above 15% such that hydrogen peroxide would
not be the limiting reactant, based on equation 5.1. For particle sizes less than 0.25 inches 50mL
was deemed to be sufficient, for particle sizes less than 1 inches 150mL was deemed to be
sufficient, and for particles as big as 2 inches 1,000mL was deemed to be sufficient. The reaction
was carried out as described above.

After oxidizing the pyrite, the initial pH had been measured. Here it was seen that the
initial pH after oxidation was around 1.7 to 1.9 regardless of the particle size of the material (Fig.
5.2). Likely this is related to the production of sulfuric acid, which does form a slight buffering
effect at a pH of around 2 where bisulfate (HSO4) has a pKa of about 2 (Eqg. 5.1-5.2). With the
starting solution being 30% hydrogen peroxide, where the pH is typically seen to be about 5-7,
the formation of sulfuric acid would drive it towards the buffering point of 2.

56



4
an|
j="
| i i
0 i i -
=140 40-140 16-20 4-10 <4
Mesh Size

Figure 5.2: The pH of various mesh size particles after oxidation with hydrogen peroxide.

H,S0, & H* + HSO, ;pK, = -3 Equation 5.1
HSO; & H* + SO} ;pK, = 2 Equation 5.2

Despite the consistent pH resulting from this test, the amount of acid being produced was
not consistently observed for each particle size group. The smallest particle size, i.e.,, mesh-140,
produced the highest amount of acid with an NNP of -1,564+36 tons of CaCOz/kton of sample
(Fig. 5.3). Theoretically, pyrite should be able to produce 1,670 tons of CaCOs/kton (Eq. 1.1), where
at this grain size it is close to theoretical at around 93.8+2.2% of the theoretical acid produced
(Fig. 5.4).

57




[

NNP (Tons of CaCO3/kTon)

-1500

_500 I!!!

=740 20-140 16-20 410 <4
Mesh Size

Figure 5.3: Net Acid Produced (NAP) for various particle sizes based on mesh sizes.
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Figure 5.4: Ratio of measured NNP to theoretical NNP as determined by equation 1.1.

By increasing the particle size, acid production decreases significantly, where just
increasing the particle size from 0.002inches (mesh-140) up to 0.010 inches (mesh-40 to mesh-
140) had resulted in 33% decrease in NNP down to an NNP of 1,061+44 tons of CaCOs/kton (Fig.
5.3). Further increasing particle size can be seen to further decrease the amount of NNP, where
at the largest particle size tested, 1.483inches, had resulted in a NNP of just -12.62 tons of
CaCOs/kton, which resulted in a 99.2% decrease in NNP from the mesh-140 particles (Fig. 5.3).
This change had reduced the relative amount of NNP from 93.8+2.2% at a 140-mesh size down
to 11.5720.51% with a mesh size of at least 4 (Fig. 5.4). The apparent reduction in NNP is likely
related to the availability of pyrite for oxidation. At small particle sizes most of the pyrite is
exposed to hydrogen peroxide for oxidation, while increasing the particle size results in a relative
decrease in the amount available for oxidation (Fig. 5.1).

These results indicate that as particle size increases the relative amount of acid produced
decreases, indicating that NNP is inversely proportional to particle size. This can be seen where
there is an exponential decrease in NNP as the particle size increases (Fig. 5.5). In fact, it seems
to follow a hyperbolic pattern, where these two are inversely proportional. As such, a hyperbolic
linearized transformation of the data was examined (Eq. 5.3)
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Figure 5.5: Examination of the NAP versus the average particle size in inches.

NNPociaﬁzm*x Equation 5.3

Where NNP is the measured net acid produced, x is the average particle size (inches), and mis a
linear regression slope, where the y-intercept was set to 0. This transformation allowed for a
linear analysis of 1/NNP vs Size (Fig. 5.6). Here it is seen that a linear regression model does fit
this data well, where an R2 value of 0.9575 was observed. With this it can be assumed that the
relationship described in equation 5.6 is a reasonable relationship between the NNP and the
particle size being used for the measurement.
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Figure 5.6: Linear regression analysis between 1/NNP and the particle size.

The experiments done here were performed on pure pyrite, which has a maximum
theoretical NNP of -1,670 tons of CaCOs per kton of pyrite. For actual materials disturbed during
construction they will often be a heterogenous mixture of different minerals, with some potential
pyrite produced, where the maximum NNP will be similar to current ABA procedures. In order to
better demonstrate how these results can be applicable with minerals other than pure pyrite a
relative NNP was used. Here the measured NNAP was ratioed with the theoretical NNP, which
for pure pyrite was again -1,670 tons of CaCO3 per kton, though for other materials it could be
the AP or NNP measured during ABA. To go along with this, equation 5.3 could further be
adjusted for this, where the relative NNP could be inversely proportional to particle size (Eq. 5.4).

NNP 1 Theoretical NNP .
- ~= = =mxx+1 Equation 5.4
Theoretical NNP  x NNP

Where NNP is the measured NNP for a given particle size, whereas theoretical NNP is the
maximum amount of NNP that a material could produce if it all is oxidized with hydrogen
peroxide. With this being a linear regression analysis, the slope is represented by m. The y-
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intercept for this was set to 1 in order to create a minimum value for Theoretical NNP/NNP of 1,
i.e.,, where NNP is equal to the theoretical NNP.

This relationship was examined with a scatter plot of relative NNP vs particle size, where
it was seen again that this was strong linear relationship with an R2 of 0.9516 (Fig. 5.7). Similar to
figure 5.6, this shows a strong linear relationship between 1/NNP and the particle size, but here
it also allows for these results to be transferable to other materials outside of pure pyrite.

'Theoretical NAP/NAP=79.20*Particle Size+1

100 R2=0.9516

Theoretical NNP/NNP (kTon/Tons of CaCO3)

=

0.0 03 1.0 13
Average Particle Size (inches)

Figure 5.7: Scatter plot and linear regression analysis of Theoretical NAP/NAP versus the particle
Size.

These results indicate that m from equation 5.7 is 79.20, resulting in equation 5.5.

b =— Equation 5.5

Theoretical NNP  79.20%x+1

Using the relationship from equation 5.5, it can be seen how the particle size impacts the
measured NNP for a material (Fig. 5.8). Here it can be seen that as particle size starts to increase
significantly to even 0.01 inches that the NNP has dropped to about 50% of the theoretical (Fig.
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5.8). Itis further seen thatfor above 0.1 inches the NNP begins to be below 10% of the theoretical
NNP.

0.75
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Figure 5.8: Predicted relationship between NNP and Average particle size as predicted by
equation 5.5. NNP/Theoretical NNP is shown for the y-axis and particle size is shown for the x-
axis.

Implications

The results from this analysis reveal the impact that particle size has on the observed AP,
where increasing particle size leads to a significant drop in the amount of AP observed. This can
have significant implications for testing of materials and implementation of the testing results.
Currently, with the ABA approach the material must be ground to a 200-mesh size, or 0.0029
inches, which is approaching the theoretical, or maximum amount of acid being produced (Fig.
5.8). In the field, however, particle sizes are going to typically be significantly larger than that.
During construction there will be a mixture of particle sizes including small and large particles,
though the mass of the larger particles is going to be significantly higher than that of the smaller
ones. As such, a more representative measurement of NNP is important for a more realistic
decision.
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Here only one alternative method was tested, and it was tested with a pure pyrite sample.
The main conclusion is not necessarily that this method is superior to the current ABA testing
method, but that the current use of a fine particle size leads to a large overestimation of AP and
NNP, which can have further impact on the material handling requirements during construction
phase of a project. The major suggestion here is that examining larger particle sizes can provide
a more reasonable estimation of AP, which can have significant economic benefits as far as
material handling is concerned.
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Chapter 6 Application of Alternative APM
Assessment with the Management of APM

The major goal of this project was to examine how APM was assessed and explore
alternative methods of assessment. In the previous section it was seen that the modified NAP
method provided vastly different measurements on the NNP of a sample than what the currently
used ABA procedure does. The primary factor for this was the different particle sizes that were
explored, where the ABA method utilizes a 200-mesh particle size, or a particle size of less than
0.0029 inches. The mMNAP method was used to examine a range of particle sizes from a 200-mesh
size to a mesh size of less than 4, where a particle size of up to 2 inches was examined. What was
revealed here was that as particle size increases the net acid produced had decreased, leading
to a NNP that was less extreme.

The procedure used in section 5 was tested with a pure pyrite sample, which had a total
theoretical yield of about 1,670 tons of CaCOs/kton (Eqg. 1.1). The mNAP had shown that this was
approximately what was measured at a small particle size, but that it had dropped by orders of
magnitude as the particle size increased (Fig. 5.2). This is expected as the reaction taking place
oxidizes pyrite into sulfuric acid and iron hydroxide (Eg. 1.1), leaving behind a layer of iron
hydroxide on the surface of the particle, limiting the oxidation of internal pyrite (Fig. 5.1). This
reduction in observed NNP is important too as it indicates that as particle size is increasing
towards a field relevant size, the actual NNP will be smaller than expected from the ABA
procedure. As such the impact that this observation has on the management and handling of the
APM is to be examined further in this section.

From these results a relationship between the NNP of a sample and the particle size was
derived (Eg. 5.5), though this relationship was based purely on pyrite. It is likely that the specific
coefficients found for that relationship are only for pure pyrite, where other mixtures of minerals
will lead to different coefficients. Despite this, it is likely that the trend observed for pure pyrite
will be observed for other mixtures of minerals (Mustin et al., 1993; Skousen et al., 1987). As such,
the relationship between observed NNP and the particle size from equation 5.5 will be employed
within this section to evaluate how this may impact the APM assessment, management, and
handling for a project.

Impact of Particle Size Distributions

It is apparent that the mNAP method proposed indicates how particle size impacts the
observed NNP. Here as particle size is increased towards a field relevant size, it will be expected
that the observed NNP will change. The major challenge will be to identify what a field relevant
particle size is and then determine how that may impact the observed NNP for sample. With the
construction process there are two major ways for materials to become exposed for weathering
and ARD: blasting and ripping. Between these two, it seems that blasting is likely to have the
highest risk of producing ARD. With blasting the particle sizes have a significant range from fine
powders, close to what is currently measured with the ABA procedure, up to even feet in size
depending on the material being blasted (Rakishev, 2020). Due to this range, it is hard to
determine what a field relevant particle size is, though studies show that a particle size of
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between 0.5 inches and 10 inches can account for well over 60% of the particles being produced
from blasting of open pit mining (Fig. 6.1).
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Figure 6.1: Particle size distribution based on mass from open pit mining blasting of different
block types (Rakishev, 2020).

From this it appears that under blasting excavation conditions, the distribution of particle
sizes follows a modified gamma distribution (MGD; Eq. 6.1). In fact, it has previously been seen
that under different types of excavation procedures that the gamma distribution is a model that
has a great fit for particle size distributions in a wide range of excavations including blasting and
even the use of a ram hoe (Colorado-Arango et al., 2021; Yang et al., 2012).

m(x) = Nx%e P Equation 6.1

Where m(x) is the proportion of mass of a certain particle size, x, as ktons of particle size x/kton
total. N, @, B, and y are fit parameters. Fitting this model to the experimental data from earlier
studies (Rakishev, 2020), yields three models for different types of materials (Table 6.1), referred
to as block type which indicates average size. This model fits well where the fit coefficient is
greater than 0.99 for each type of material.

Table 6.1: MGD model fit parameters for three block types from previous studies (Rakishev, 2020)

Block Type a B Y N R?
Small 1 0.5 0.8 0.8 0.998
Medium 1 0.5 0.72 0.5 0.996
Large 1 0.85 0.5 04 0.998

66



Using this model for different types of blasted materials (Eq. 6.1) and merging
with the relationship between observed NNP and particle size (Eq. 5.5) yields a
relationship between NNP and typical particle size distribution (Eqg. 6.2).

NNPeheoNxeB*Y
79.2x+1

NNP = Equation 6.2

This relationship is able to connect how particle size distribution can relate to
the NNP being observed from blasted materials. In section 5 it was clearly seen that
finer particles produce an NNP that is closer to that of the theoretical value for that
material. The particle size distribution, however, indicates that while there are some
fine particles being produced, generally the majority of particles are on the scale of
1-10inches. With this relationship it can be seen that the particle sizes that contribute
the highest to NNP from APM are around the average particle sizes (Fig. 6.2). This is
due to this portion of particle sizes contributing the most to the total mass of material
being produced, though this group of material is generally significantly lower in NNP
than finer particle sizes.
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Figure 6.2: Impact that particle size distribution has absolute NNP for small block (A), medium block (B),
and large block (C) blasted material.
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Taking the relationship between particle distribution and NNP (Eq. 6.2), a
cumulative total of NNP that is produced per ton of material from blasted material
can be estimated by integrating equation 6.2, resulting in equation 6.3. Equation 6.3,
the integration of equation 6.2, is highly complex with an exact solution being difficult
to produce. As such, equation 6.3 can be solved numerically in order to produce a
total NNP for a material, where this would take into account the distribution of
different particle sizes that have resulted from excavation.

NNPeheoNxeB*Y

Total NNP = [ v

Equation 6.3

A range of different theoretical NNP were examined for how particle size
distributions produced will result in a total observed NNP. It isimportant to note that
from this point a theoretical NNP will be used as a stand in for what the NNP would
be based on currently employed ABA methods. This range included extreme APM
with a -100 tons of CaCOs/kton of material, -50 tons of CaCOs/kton of material, and -
25 tons of CaCOs/kton of material. Additionally, moderate APM is examined with -10
tons of CaCOs/kton of material, -5 tons of CaCOs/kton of material, and -2 tons of
CaCOs/kton of material. Additionally, the different types of blasted materials (table
6.1) were also used (Fig. 6.2). This had revealed the total amount of NNP produced
from 1kton of the different blasted materials. The material that produced the most
ARD would be the small block, -100 ABA material, which produced -17.8 tons of
CaCOsper kton of blasted material (Fig. 6.3A), or a total 82% reduction over what was
expected from ABA results (Fig. 6.3B). For lower grade APM material (i.e., -2 tons of
CaCOs/kton of material from ABA)with large blocked blasting materials the total NNP
was -0.14 tons of CaCOs per kton of blasted material (Fig. 6.3), which is a 92%
reduction in NNP from what was expected from ABA.
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Figure 6.3: Cumulative NNP for different blasted materials (A). A relative NNP was observed for each
material group (B).

From these results, it was actually seen that there was a constant proportion depending
on the type of particle distributions being looked at. For the small block material, it was seen that
the ratios of the observed NNP to the theoretical NNP (or the NNP from ABA) was about 0.18 (Fig.
6.3B). For medium and large block this had reduced to0.11 and 0.07, respectively (Fig. 6.3B). This
makes sense as small block materials would produce a material that is finer whereas large block
materials will produce larger grain sizes, which would reduce the observed NNP. This also makes
sense as equation 6.3 can be rearranged such that this ratio is produced.

NNP _ NxePx! d
NNPtheoretical 79.2x+1

x=C Equation 6.4

Where Cis a constant that was found through numerical integration to be about 0.18 for
small blocked material, 0.11 for medium blocked material, and 0.07 for large blocked materials.
From this it is evident that particle sizes will have a major impact on the observed NNP and that
we can account for the total NNP that is produced using particle distribution models.

Impact on Material Management

This discrepancy between the maximum theoretical NNP that an APM can have and the
observed NNP based on the particle size can have significant implications on APM management.
Currently there are four main ways in which APM is processed, as discussed earlier in section 2.
For very mild APM with an NNP greater than 0 tons of CaCOz/kton and less than 12 tons of
CaCOs/kton can be blended and disposed of on site without any encapsulation. For APM with an
NNP greater than -5 tons of CaCOs/kton it can be blended and stored within a partial
encapsulation. APM that is more extreme than this can either be blended and stored in a full
encapsulation on site or can be disposed of offsite at a permitted class 1 landfill, though actual
NNP thresholds are not established for these options. The decisions here are based on current
ABA methods, where figure 6.2 indicates how this may not reflect observed NNP values. The goal
is to investigate how this observation will impact the decisions related to APM management. Here
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four thresholds relating to the four different management strategies are used (Table 6.2), though
it is important to note that these thresholds are reasonably picked for analysis, and not that they
are strictly defined by TDOT at this point.

Table 6.2: NNP thresholds for APM Management strategies

Management Strategy NNP Threshold (tons of CaCOs/kton)
Blending Only -2

Blending and Partial Encapsulation -5

Blending and Full Encapsulation -10

Offsite Disposal (Landfill) <-10

Using these thresholds (Table 6.2), the impact that particle size has on management of
different APM was examined, where a range of APM was examined for the three main block
groups being examined, as well as the theoretical values (Fig. 6.4). The theoretical values follow
a linear trend, where when the ABA method measures an NNP of -10 tons of CaCOs per kton of
material, that is the value being used for dictating material management. As such, the
management strategy based on the ABA method follows exactly as stated in table 6.2. For the
three different blocking materials despite theoretical NNP values exceeding the various
thresholds, the observed NNP had not passed these thresholds. With the small blocked material,
the theoretical NNP of the material had to exceed -10 tons of CaCOs per kton just to enter the
management threshold for partial encapsulation, which thetheoretical NNP had to exceed nearly
-30 tons of CaCOs per kton for the large block material (Fig. 6.4). In fact, the theoretical NNP,
which again is the NNP that would be seen from currently used ABA methods, would have to
exceed nearly -60 tons of CaCOs per kton for small block material and -140 tons of CaCOs per
kton for large block material to reach a point where offsite disposal was required. From this it is
apparent that utilizing the mNAP method would result in a more realistic measurement for NNP
for APM during construction. As such, this could yield a more conservative management strategy
that would still be effective while also providing more options for different APM.
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Figure 6.4: Comparison between different types of blocking with the currently used ABA method
(theoretical) for how it impacts APM management options, where the NNP shown are the absolute values
of NNP.

Economic Impact

With this proposed methodology having a clear impact on how APM can be managed, the
impact that this has on the cost of projects is examined. This results in four different
management scenarios for APM including blending only, partial encapsulation, full
encapsulation, and offsite disposal at class 1 landfills (section 2.5). The economic analysis of these
different management strategies was performed, where the major factor impacting it was simply
how the use of the mNAP method would impact strategy options. For the analysis capital costs
were the only major economic factor examined, where unit costs were taken directly from state
reported values with the most recently reported value available being used (2023 Report and

2024 Report, Table 6.3).

Table 6.3: Parameters used to estimate the cost of various treatment options

Parameter Unit Cost* Unit Purpose
Hydrated Lime $225.00 $/ton of lime Blending of APM
Clay $84.54 $/cubic yard Partial Encapsulation
Geotextile $2.15 $/square yard Full Encapsulation

R
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https://www.tn.gov/content/dam/tn/tdot/construction/previous_lettings/Const_aup2023.pdf
https://www.tn.gov/content/dam/tn/tdot/construction/previous_lettings/Const_aup2024.pdf

60mil Geomembrane $15.26 $/square yard Full Encapsulation

Gravel $81.04 $/cubic yard Full Encapsulation
Drainage Rock $147.81 $/cubic yard Full Encapsulation
Transportation to Landfill $53.50 $/Cubic Yard Landfill Disposal

* Based on Publicly Reported Data from the State of Tennessee

Blending Only

The simplest management strategy for APM is blending with an APM neutralizing
material, which TDOT requires @ minimum of NNP of 50 tons of CaCOs per kton, though it is
suggested that at least 80% lime be used, as discussed in Section 2.5. The goal is to blend to an
NNP of 12 tons of CaCOs per kton and for the blend material to not exceed 33% of the total fill
volume (Section 2.5). While blending is a simple management strategy, it is also a vital aspect for
partial and full encapsulation management methods. As such this is a major area of importance
for treatment of APM.

The first thing to consider with blending is the blend material, which has a stated
minimum efficiency of 50 tons of CaCOs per kton, which can be sourced from excavated site
materials. This specific material is a great option simply because it is low economic cost when
found at the site. When the ABA method was used it was seen that this material easily exceeded
the 33% fill volume being blend material based on equation 2-4, which was discussed in the blend
material requirements within section 2.5. When accounting for particle size, it likewise exceeds
this requirement when the theoretical NNP exceeds -40 tons of CaCOs per kton and -95 tons of
CaCOs per kton for the small and large block materials, respectively (Fig. 6.5).
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Figure 6.5: Proportion of blend material required small (A), medium (B), and large (C) block
materials. Blend materials examined include APM neutralizing materials, 80% lime, pure
limestone, hydrated lime, and quick lime.
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Moving to more aggressive materials, such as the 80% lime, which is defined as the
minimum lime allowed in purchased neutralizing materials (Section 2.5), there was not a point in
which their use as blended material exceeded the 33% of fill volume (Fig. 6.5). In fact, it is
suggested that 95% lime, or ag lime, be used as a blend material, which even under extreme APM
did not exceed 20% of the fill volume for small, medium, or large blocked materials. While this is
a recommended option, in 2023 the average cost of ag lime was about $1,500 per ton, whereas
it was seen in 2024 that hydrated lime was more economical at $225 per ton. Hydrated lime was
significantly cheaper and can even provide a stronger neutralization capacity, and as such is
utilized as a the baseline for cost analysis. The economic cost for blend material is
straightforward, where the unit cost of the blend material multiplied by the amount required
gives the total cost of the blending (Eq. 6.5).

P, =12% (Cb * :—Z) Equation 6.5

Pbl is the unit cost required for blend material as $/ton of APM treated, Cb is the unit cost for
blended materials in $/ton of blend material, mb/ma is the ratio of mass of blend material
required to treat a mass of APM (derived from eq. 2.7), and 1.2 is used to give a 20% excess.
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Figure 6.6: Cost associated with ag lime blending only treatment (A) and the proportion of cost based on
the mNAP method compared to the currently used ABA method (B).

The cost for blend material based on the theoretical NNP starts at around $2.4/ton of APM when
the NNP is 0 tons of CaCOs per kton, though it easily reaches over $100/ton of APM (Fig. 6.6A).
For the small block material, it starts at a similar cost of $2.4/ton of APM, but it does not ever
exceed $100/ton of APM, which is similar for the other materials (Fig. 6.6A). In fact, as the
theoretical NNP increases the cost for blending decreases to just over 20% of what it would be to
blend based on the current ABA methods for small blocked materials, and just over 10% for the
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large blocked materials (Fig. 6.6B). From just blending it is easy to see that the use of the mNAP
method yields up to 80%+ in cost reductions from just blending, though it is important to note
that as those cost reductions are achieved it is likely that other methods would need to be
deployed for managing the APM (Fig. 6.4).

Partial Encapsulation

Following blending only, the next management strategy is to use partial encapsulation, which is
to be considered when NNP is greater than -5 tons of CaCO3 per kton. This method was more
fully explored under section 2.5.3.1. The economic costs associated with this treatment were
examined, which was based on the design of a partial encapsulation cell from figure 2.4. This
economic cost is given by equation 6.6.

Pop = 1.2 % (2 % Coray * Vaiay + C;’:b) Equation 6.6

Veiay = 1.334,py Equation 6.7
(. % i

Agpm = (0.66771) * Equation 6.8

Mq

Where Ppe is the unit cost for a partial encapsulation in $/ton of APM. Cclay is the unit cost of

clay given in table 6.3, Cly’nﬂ is the blend material required seen in equation 6.5. V clay is given by

equation 6.7, which usesaZ clay sections that are 2 ft deep each, resulting in a depth of 4/3 yds. It
is also assumed that the surface area is the same as that of the APM fill, which does ignore the
2-foot overhang required, though it is assumed that this would be negligible for large APM
disposal. The area of APM disposed is given in equation 6.8 where it takes the total fill volume,
Vf/ma, which is derived from equation 2.7, and divides it by the total height of the APM fill, where
n is the number of rises that are 2 ft, or 2/3 yards, in height. For this analysis n was assumed to
be 3 rises.

Examining the costs of partial encapsulation it was seen that the theoretical NNP (based
on currently used ABA) had ranged from$36/ton of APM to upwards of hundreds of dollars,
whereas the small through large blocked materials were much less expensive (Fig. 6.7A). This was
seen where small block material had dropped to 55% of the cost of the theoretical material and
large block material had dropped to 49% of the cost of the theoretical material (Fig. 6.7B). This is
a significant reduction, similar to what was seen with the blended material, though not as
significant as with a drop in cost as seen with blended material (Fig. 6.6B). Additionally, it is also
important to point out that this drop also includes at ranges of NNP that would not be managed
with a partial encapsulation.

76



=100 Theoretical !
Z 90 A $09
2 ——Small =
Zz 380 : & 0.8
= —Medium B
= 70 . = 0.7
——Large

S 60 g & 06
= 2
z 0 S0 ——Small
= 40 X =04 ——Medium
) =
o 3 £ 03 ——VLarge
= =
aé 20 202
£ 10 Fo1
= 0 0

-200 -150 -100 -50 0 -200 -150 -100 -50 0

Theoretical NNP (tons of CaCO3/kton) Theoretical NNP (tons of CaCO3/kton)

Figure 6.7: Cost associated with partial encapsulation treatment (A) and the proportion of cost based on
the mNAP method compared to the currently used ABA method (B).

From this there are two major factors of cost here which include the blend material and
clay cover. Examining which of these drives the cost of the partial encapsulation it can be seen
that the dominant cost is the clay cover (Fig. 6-8). It is important to point out, however, that at
this theoretical NNP point, the observed NNP for the small blocked material is about -5 tons of
CaCOs per kton (Fig. 6.4), which is the point that it would no longer be able to be managed by a
partial encapsulation (Table 6.2).
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Figure 6.8: Proportion of the cost from partial encapsulation that is derived from the blend materials.

Full Encapsulation

For material that has an observed NNP that is less than -5 tons of CaCOs per kton (or is
more acidic), can be managed by a full encapsulation, which is given in figure 2-6. The cost for
this includes cost for a geotextile, a geomembrane, blend material, and rock and gravel used for
drainage, given by equation 6.9.

Prp = 1.2 (Cop + Copy + 2Cp;, + Cyy) Equation 6-9

Cor = 3P;r Agpy Equation 6-10
1

Com = Pom [ZAAPM +8?n<AjPM )] Equation 6-11

Cur = Appy h(Por + Pyy) Equation 6-12

Where Pfe is the cost for a full encapsulation in $/ton of APM. Cbl is defined earlier in equation
6-5, where it is multiplied by 2 here to account for excess blend material required for this more
acidic material. Cgt is the cost for geotextile fabric which includes the unit cost of geotextile, Pgt,
in units of $/square yard, the area of the APM fill given by equation 6.8, and is multiplied by 3 due
to requiring geotextile fabric in three locations in the encapsulation. The filled area of APM is
surrounded by a geomembrane, Cgm, which will have the top and bottom areas equal to Aapm,
and the sides will have an area equal to the height of 2/3 of a yard tines the number of rises, n,
multiplied by one of the sides given by thefill area, Aapm. Lastly, the cost for drainage rock and
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gravel is given by Cdr, which has an area similar to the filled in area, Aapm, with a depth, h, of 4
feet, or 4/3 yards, and having a unit price of gravel, Pgr, and drainage rock, Pdr.

Compared to partial encapsulation and blending the costs associated with this
management are significantly higher, starting at around $240/ton of APM and going up from
there (Fig. 6.9A). As a comparison, at this same theoretical point small block, medium block, and
large block would cost $235/ton (Fig. 6.9A), while having an effective NNP of just -1.76 tons of
CaCOs per kton, -1.11 tons of CaCOs per kton, and -0.73 tons of CaCOs per kton, respectively (Fig.
6.4). This leads to a reduction of 10% for all three types of materials at this point (Fig. 6.9B).
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Figure 6.9: Cost associated with full encapsulation treatment (A) and the proportion of cost based on the
mNAP method compared to the currently used ABA method (B).

Examining the drivers for this material it can be seen that the three largest groups are the
drainage rock, the geomembrane, and the blend material. Similar trends were observed for all
types of materials examined, where under the NNP range where full encapsulation would be
used the blend material only contributes to less than 10% of the cost (Fig. 6.10). Drainage rock is
also a relatively low driver for the cost of this treatment, contributing to about 10%-20% as well.
The largest driver at the typical implementation range is the geomembrane, contributing up to
80% of the cost. This is important as it is a major engineering aspect that helps prevent the
mobilization of any ARD that can be produced as well as helping to limit the formation of ARD.
Currently these systems are expected to be used for any material that has an NNP that is less
than -5 tons of CaCOs per kton, though this is not an upper limit to this. For this analysis it was
set at -10 tons of CaCOs per kton, though it can be reasonably used for more extreme APM. As
APM becomes more extreme it follows an expected pattern where the blend material required
increases, leading to blending material being a more dominant driver behind the cost of a full
encapsulation system (Fig. 6.10). While this can reasonably be encountered, generally these
systems will not be used for an extreme enough APM to reach that point. While this can be due
to mitigating the risks of ARD from such extreme APM, it is also economically infeasible as the
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last management option is to send the material to landfill, which has a unit cost of $53.50/ton of
material. As such, unless the treatment cost is less than this value it is not worth doing a full
encapsulation. This point is reached for all materials at a NNP of 0, meaning this is likely to never
be more cost effective than offsite landfill disposal.
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Figure 6.10: Major drivers of cost for full encapsulation treatment including drainage rock (which includes
all non-blending minerals used), geomembrane (which includes geotextiles), and the blending materials.
This is shown for the materials based on current ABA method (A), small block materials (B), medium block
materials (C), and large block materials (D).
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Total Treatment Option

While all options were examined, the key thing that utilizing mMNAP over the current ABA
method would do is to change the decision process for treatment. As such, applying the
thresholds seen in table 6.2 as the theoretical NNP is changed for the material, the impact on
how material can be processed is observed, where the observed, or effective, NNP as defined by
equation 6.4 is used to dictate what management strategy is being used. Examining the
theoretical material, which is having its decisions based on how currently used ABA would impact
it, the current decision framework is seen. Initially the cost for treatment is just $2.40/ton as only
blending is required. There is a quick jump when NNP goes to -2 tons of CaCO3 per kton where
partial encapsulation has to be used, increasing the treatment cost to $36.76/ton (Fig. 6.11). The
next jump is when NNP reaches -5 tons of CaCOs per kton, where full encapsulation has to be
used which carries a cost of $237.21/ton at that point. This price creeps up until it reaches an
NNP of -10 tons of CaCOs per kton, which then switches to the cost for offsite disposal at just
$31.67/ton. This is effectively how current TDOT regulations lay out how this material is to be
processed.
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Figure 6.11: Cost associated with various treatment decisions.

Moving forward to the small, medium, and large blocked material where the management
decisions can be based on the mNAP method changes to cost can be seen. When the first major
jump in management cost is seen with the theoretical material, all of these remain at a cost of
less than $30/ton (Fig. 6.11). In fact, all three blocked materials remain below $10/ton when the
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theoretical material has reached its maximum cost of $324/ton, resulting in a 99% reduction in
cost (Fig. 6.12). This is due to this material still having an effective NNP that is below -2 tons of

CaCOs per kton, which allows for significant savings on management. When the partial
encapsulation is utilized for these materials, however, there is no observed cost reductions
compared to the NAP method (Fig. 6.12). This is primarily due to the low cost of offsite disposal,
which is the second cheapest treatment option behind blending. While this last portion has no
cost benefit past blending, itis apparent that the use of MNAP and taking into account the particle
size can provide significant economic benefits for a project.
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Figure 6.12: Cost reduction from the proposed mNAP method for small, medium, and large block
excavated materials.

Conclusions

This portion of the project sought to take results from section 5 using the mNAP methodology
and incorporate it into the current APM management practices in order to determine how this
may improve the economics of APM management. It was seen that under typical particle size
distributions there would be an order of magnitude reduction in observed NNP compared to the
currently used ABA methods. To go along with this, this would have drastic impacts on how to
manage these materials over the current approach, where a more conservative management
approach can be used. These changes also were seen to lead to drastic reductions in the
economic costs for these projects, at some points by over 90% reduction. While this showed
significant reductions in capital cost for the various management strategies, maintenance costs
and construction costs were not considered. It is recognized that constructing and maintaining a
full encapsulation is significantly more costly than hauling to landfill. Additionally, there is also a
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concern over long term responsibility encapsulation sites, where this itself carries some risk that
was not analyzed in this section. As such, it is seen that these drawbacks may make offsite
disposal more enticing, though this section clearly shows that application of mNAP and
incorporation of more realistic particle sizes leads to a reduction in cost for management
strategies, though other considerations should still be made when making these decisions.
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Chapter 7 Overview

APM is a material that has the risk of significantly impacting surrounding environments
and can cause severe acidification of aquatic environments. This material, APM, is associated with
pyrite and other sulfidic materials, where it can cause the formation of acid runoff, ARD, when
exposed to oxygen and water (Eq. 1.1). This phenomenon is of major importance in several
industries including mining and road building. The main goal of this work was to examine how
ARD is mitigated and how APM is managed by TDOT during road building projects. Here several
things were examined including current TDOT APM management processes, mining
management of APM, non-destructive geophysical surveying techniques that can be employed
in TDOT APM management schemes, and alternative APM assessment methods. All of this was
to be analyzed in order to fully assess where improvements could be made with regards to TDOT
APM management. The motivation for such a project was to provide ways of alleviating the
economic burden that APM management procedures that are being employed by TDOT while
also maintaining sufficient ARD mitigation. This was done within this project by achieving a range
of tasks, to be summarized in succeeding subsections.

Task 1: Evaluate current site characterization methods for project
screening and assessment

This task was evaluated in Section 2 of this document, where the various stages of project
evaluation were examined. This included the screening phase, visual and geographic assessment
phase, sampling phase, construction phase, and post-construction phase. This evaluation was
based on two major documents such as the Golder Associates report (2007) and the special
provisions 107L document that govern APM management within the state of Tennessee.

Some major suggestions that were derived from this portion of the project were simply
to improve the data collection and maintenance of current and future projects dealing with APM.
In particular GIS layers should be maintained and updated as projects are performed, with
maintenance of a specific pyrite and APM based layer as suggested by the Golder report.

The major output for this task was a comprehensive overview of the current APM
management processes utilized by TDOT, which is given in Section 2.

Task 2: Critically review current APM processing methodology and
assess alternative APM testing methodology for quantification of field-
relevant acid producing capacity of APM

Currently implemented APM processing methodology is based on the ABA approach, as
described in section 2.4. Itwas believed that this approach is highly conservative when estimating
the APM present and how it should therefore be managed. A range of alternative methods were
examined, primarily the mNAP method, where the biggest modification was that it was
performed on a wide range of different particle sizes, whereas current ABA methods require a
mesh size of 200 be used. What was seen was that as particle size increased, the relative NNP
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also increased (i.e,, became less acidic). As such, this was suggested as a more realistic way of
determining the extent of APM for field-relevant materials.

The main output for this objective was an evaluation of an alternative method and
comparison with existing APM assessment methods. This was shown in Section 5, which
comprised the majority of the experimental work for this project.

Task 3: Evaluate the feasibility of current APM encapsulation and
relocation requirements

For mild to extreme degrees of APM there are a range of ways that these can be processed
and managed, ranging from encapsulation to offsite relocation. The purpose of this task was to
examine these methods and evaluate how feasible they are. For a more mild APM partial
encapsulation is deemed suitable, where upper and lower clay caps can be used to contain ARD
and prevent ARD formation. For more extreme cases, full encapsulation can be used where
geomembranes are used around the entirety of the APM to fully enclose it, preventing ARD
formation and the mobilization of any ARD formed. The last option is offsite disposal, which
generally refers to disposal at a class 1 landfill. Generally, it seems that this disposal is the most
costly, however, it does offer the benefit of removing the responsibility from the contractor or
TDOT.

In general, these three approaches are feasible, with offsite being the most popular
choice. Full encapsulation is the most aggressive from a construction standpoint, and there are
ways it can be contrasted with other industries such as mining, though that was done in a
separate task. The main output of this task is seen in Section 2.5.3.

Task 4: Review non-destructive geophysical methods for site
characterization

Most current methods used for site characterization include things like the ABA
procedures, which is a method that requires significant sampling and laboratory analysis. While
this approach is viable, it is time consuming. As such, this task sought to explore many different
options for non-destructive methods that can be used to identify potential areas of APM for more
targeted sampling and analysis. Ideally this would be able to save time for the early phases of
screening with a project.

A range of different methods were examined including electrophysical methods such as
IP, ERT, and SP. The two methods with the highest potential included IP and ERT, where both of
these methods can be performed at the same time, where IP can reliably identify areas of
potential APM and ERT can identify areas of potential APM-neutralizing materials, which can be
used for management. While these two methods offer significant upside, they need to be
explored more within the field, where future research could be dedicated to this. The major
output of this section was found in Section 4.

Task 5: Evaluate APM monitoring methods that have evolved

APM monitoring methods include methods that identify APM as well as methods used for
monitoring of ARD formation. These methods include ABA, mNAP, and even general water quality
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monitoring at receiving water bodies. The primary goal of this task was to examine the wide range
of these methods and provide an evaluation on them. This task is largely done throughout the
entirety of the report, where specific sections of interest include Section 2, Section 4, and Section
5.

Task 6: Contrast mining requirements and roadbuilding requirements
for APM management and monitoring

ARD is a significant concern in many industries, such as the road building sector examined
in this project. While it has widespread implications, the industry with the most attention and
experience with ARD is the mining industry, where pyritic and sulfidic materials are common. As
there is significantly more attention here there is alot that can be gained by performing a large-
scale evaluation of how APM is screened, monitored, and managed. This included examining old
mines, existing mines, and planned mines. Additionally, treatment options were examined for
where ARD is produced.

Mining management of ARD and APM was then contrasted with that of road building,
where major aspects that can be learned included its use of different monitoring methods and
how encapsulation is done with mining. This encapsulation is less burdensome onthe contractor,
while also being effective at mitigating ARD. Additionally, most treatment focusses on mining
include active treatment, which is generally deemed to be unreasonable for road building. The
major output of this task is given in Section 4.

Task 7: Establish GIS location mapping of potential landfill sites capable
of accepting APM from TDOT projects

As it currently exists, the most common management strategy for APM is offsite disposal
at a class 1 landfill. While many class 1 landfills have the ability to accept APM, it is generally
unknown to TDOT how many will actively do so. The goal of this task was to examine the ability
of Class 1 landfills in the state of Tennessee to accept APM and then create a GIS layer
corresponding to this. The main output for this is given in Section 2.5.3. It is important to note
that it was found through this work that most class 1 landfills will take this material, and often
can be done at relatively low costs as many landfills can use APM as daily cover. The major barrier
is that landfills require a special permit in order to accept APM, which currently only 3 landfills
have a history of doing so. This special permit requires some information, as described in table
2.1. The GIS aspect of this task was carried out by TDOT.

Task 8: Perform a cost-benefit analysis of current practices versus
alternative practices

The last major task of this work was to carry out an analysis of how proposed alternative
practices would impact projects. This was done by evaluating the mNAP method from section 5
with common excavation particle size distribution models in order to produce an effective NNP
for field relevant sizes. From there, how this impacts different management strategies and the
resulting costs from those strategies was examined and contrasted to how APM is currently
managed through the ABA procedure. This had revealed an estimated 90% reduction in costs
under certain circumstances. The full output of this task is given in Section 6.
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Suggested Future Work

While this work was able to identify areas of improvement to existing TDOT APM
management frameworks, it had also identified areas that can require further research to
continually improve this process. These areas include further examination of the non-destructive
geophysical methods in the field, improved updates towards encapsulation based on mining and
landfill systems, improved guidelines for blending APM and neutralizing materials, as well as
several other areas. As it stands this process can be burdensome to a construction site, where
improved methods and understanding of the geochemical processes that result in ARD can help
alleviate these problems.
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