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ABSTRACT

INFLUENCE OF GEOCHEMICAL PROCESSES ON GEOTECHNICAL STABILITY

OF TAILINGS STORAGE FACILITIES

Incorporation of geochemically induced material changes and weathering patterns into
geotechnical design and long-term stability analyses of tailings storage facilities has yet to
be implemented widely or consistently. Tailings are deposited in disequilibrium with the
surrounding environment and must undergo physical, chemical, and biological weathering
to reach their most stable form. As a result, the geotechnical properties of the tailings (i.e.,
particle size, water retention capacity, shear strength, etc.) change over time. Herein, an in-
depth review of published literature is provided, ranging across multiple disciplines
(geochemistry, geotechnical engineering, hydrogeology, environmental engineering,
mining engineering), and focusing on studies that document or allude to material property
changes of weathered sulfidic base metal tailings. Synthesized visual aids are provided as a
framework for beginning interdisciplinary conversation that couples geochemistry and
geotechnical engineering. By drawing attention to potential geochemically induced failure
modes, I hope to draw connections between geochemistry and geotechnical engineering
that are fundamental to developing robust designs and advanced monitoring plans that
ensure long-term tailings storage facility stability. A “proof of concept” laboratory design
is presented which analyzes changes to the physical material properties (compressibility,

permeability, and shear strength) of saturated fine-synthetic tailings mixed with calcite at
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different pH values. Overall, this report seeks to lay the foundation for future study and

advance communication between experts.
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CHAPTER 1. INTRODUCTION

Tailings are the waste solids left over from the separation of valuable minerals from
uneconomic minerals. After mineral extraction and beneficiation, the residuals from
mineral recovery are typically discharged as a slurry composed of sub-micrometer to sand-
sized particles, chemicals, and process water into a tailings storage facility (TSF) (Wang et
al., 2014). The resulting fine-grained material is termed tailings. After deposition, tailings
undergo physical, chemical, and biological weathering towards equilibrium with the
surrounding environment. As a result of weathering processes, the geotechnical properties
(i.e., shear strength, hydraulic conductivity, volume change) of the tailings change over
time. Previous TSF failures and in-situ observations of tailings material property changes
have yielded the question: how well do we, as an industry, understand the entire lifespan
(25, 50, 100+ years) of the material we are working with and, specifically, how do the
geotechnical parameters used in design change over time due to geochemical processes and
biological activity? Our current design approaches generally do not incorporate the long-

term role of geochemistry on TSF geotechnics.

Limited information on this topic has been shared in the peer-reviewed literature. There
are currently no laboratory procedures which quantify the impact of weathering on the
geotechnical parameters of slurry-like materials. Available procedures such as the humidity
cell test (ASTM D5744) or hydraulic conductivity compatibility tests (e.g., ASTM D5084,
D6766) have yet to be considered in terms of both geochemical and geotechnical significance
of tailings. Even if these methods were designed to do so, accelerated weathering laboratory
tests are unlikely to reproduce the complex tailings fabric that is naturally formed over time

due to a series of dissolution-precipitation, oxidation-reduction, and acid-neutralization



reactions within a microbially mediated and kinetically controlled system. Therefore, the
best analogs for operating facilities are likely to be those which have been closed for 25-50+
years and in which weathering patterns and profiles can be observed and analyzed, as was
done for the Questa Rock Pile Weathering and Stability Project (Robertson, 2001; Shaw et
al., 2002; URS Corporation, 2001). Overall, increased sharing of information, research, and
the development of better field and/or laboratory procedures are all pathways to enhance our
collective understanding of geochemical processes and how they influence the geotechnical

stability of TSFs.

Herein, I seek to review the published literature across disciplines regarding the
geochemical weathering of sulfidic base metal tailings, with an emphasis on studies that
mention material property changes. I chose to focus on sulfidic tailings due to the tendency
of these materials to generate acid rock drainage (ARD) and, ARD being the most understood
and widely studied geochemical phenomenon, serves as a robust starting point for diving
deeper into how geochemical processes go beyond impacts to water quality. By highlighting
our understanding of geochemical processes that may occur within tailings and making direct
connections to geotechnical properties and potential failure modes, I hope to explain the
importance of these geochemical processes and geotechnical alterations to geotechnical
engineers and geochemists alike. This thesis builds upon the literature review and summaries
geochemical processes relevant to dam stability developed by Durocher (2017, 2022);
however, there is no direct affiliation with this work. The use of synthesized visual aids is
intended as a framework for interdisciplinary conversation. By bringing attention to how
geochemistry may contribute to potential geotechnical failure modes, I hope to draw

connections between geochemistry and geotechnical engineering that are fundamental to



developing advanced monitoring plans and robust designs that ensure long-term TSF

stability.

My goal from this work is to highlight the need for future research and interdisciplinary
collaboration to advance the current state of practice. Chapter 2 provides a review and
synthesis of geochemical processes and the potential influence of these processes on
geotechnical parameters, which is then carried forward towards possible effect on
geotechnical failure modes and potential monitoring tools. Chapter 3 provides a “proof-of-
concept” laboratory test design to broadly assess the potential for geotechnically impactful
geochemical processes and provides results of preliminary laboratory analyses. Finally,
Chapter 4 provides recommended next steps to advance the integration of tailings

geochemistry and geotechnical engineering.



CHAPTER 2. GEOCHEMISTRY AS FUNDAMENTAL TO TAILINGS

GEOTECHNICS

2.1. Introduction

Tailings are the waste solids left over from the separation of valuable minerals from
economically invaluable minerals. After mineral extraction and beneficiation, the residuals
from mineral recovery are discharged as slurry composed of waste minerals that have been
ground to form sub-micrometer to sand-sized particles, chemicals, and process water
(Wang et al., 2014). In most cases, conventional management of tailings occurs by
hydraulic discharge into an impoundment or ‘tailings storage facility’ (TSF) where solids
separate from water under gravity, and then slowly compress under self-weight over
decades or centuries (Vick, 1990; Blight, 2010; Cambridge, 2017). Within TSFs, tailings
are exposed to natural weathering processes via interactions with oxygen, water, and
biological activity and, like any natural system, must undergo physical, chemical, and
biological weathering to reach equilibrium with the environment. Often this involves the
weathering of primary minerals (e.g., pyrite, feldspar, biotite, etc.) to secondary minerals
(e.g., gypsum, jarosite, goethite, etc.) that may alter shear strength, particle size,

permeability, and volume change characteristics (Durocher et al., 2022).

Although often termed tailings ‘storage’ facilities, these facilities are not temporary,
and cannot be discarded at the end of useful life. The aim of TSFs is to ensure deposited
materials achieve both geotechnical and geochemical stability in the long-term. Closure of
tailings requires ensuring acceptably low risks for hundreds or thousands of years (Blight,
2010). As an industry, we have yet to adopt tailings management standards which take into

consideration the long-term geochemical alteration of tailings and subsequent material



property changes over time. This is due, in part, to the relative newness of modern tailings
storage facilities compared to the time required for some geochemical processes to occur at
a magnitude sufficient to be obviously impactful. In addition, ore processing techniques
have advanced, allowing for greater mineral extraction, and generating finer particles that
are more susceptible to weathering. Warming climates will also increase the rate of
physical, chemical, and biological weathering through more intense wetting/drying cycles,
hotter temperatures promoting microbial activity, etc. Considering that TSFs must be
monitored into perpetuity, adjusting our minds to timeframes of 50, 100, 1000 years into
the future is an important step in incorporating short- and long-term weathering patterns

into tailings design.

Herein I draw upon published literature in various fields (microbiology, geosciences,
environmental engineering, geotechnical engineering) to summarize the current state of
(shared) knowledge on the role of geochemical processes on tailings geotechnics with a
focus on sulfidic base-metal tailings. Sulfide minerals are often found in mining
environments as pyrite (FeS»), pyrrhotite (Fe(1-x)S), galena (PbS), chalcopyrite (CuFeS>»),
and more. Sulfide oxidation is a chemical weathering process that transforms primary
sulfide minerals into sulfate (SO4?"), acidity (H"), and other dissolved metals (e.g., Fe*"); a
process classically known as acid-rock drainage (ARD) (Evangelou and Zhang, 1995;
Nordstrom et al., 2015; Singer and Stumm, 1970). Ferrous iron (Fe?") then undergoes
chemical and/or biological oxidation to ferric iron (Fe*") which, upon supersaturation in the
pore water, begins to react with nutrients (K", Na*, Ca?"), water, sulfates, and hydroxide to
form more stable, secondary metal(loid)-oxyhydroxides and metal-sulfate compounds

(McGregor et al., 1998). In addition, the acidity that is released from sulfide oxidation may



be capable of weathering primary silicate minerals and soluble minerals such as biotite,

feldspars, calcite, dolomite, etc. (Balkenhol et al., 2001; Durocher et al., 2022)

This review highlights the need for future research, evaluation of existing data with a
weathering mindset, and the sharing of unpublished studies to advance the current state of
practice for incorporating geochemical weathering patterns into geotechnical design of

mine waste structures.
2.2. TSF Geochemical Conceptual Model

A conceptual cross section highlighting geochemical processes and the resultant
potential impact on geotechnical parameters is shown in Figure 1. The TSF is formed by an
embankment constructed to contain the slurry-deposited tailings. Tailings are discharged
from the embankment such that hydraulic sorting occurs as particle velocities decrease
away from the containment structure, with coarse particles (sand sized) settling first. The
impounded ‘slimes’ (fines) are slow to release water and gain strength. Unlike water dams,
TSF embankments are maintained in an unsaturated condition to assist in the draining of
pore fluids via consolidation, facilitate incremental construction, and minimize the
potential for static or dynamic liquefaction. Seepage control drains and seepage return

pipes are used to collect seepage that does occur, reducing pore water pressures.

Figure 1 is intended to summarize multiple geochemical processes that occur
throughout the lifetime of a TSF, independent of site-specific mineralogy and/or climate. A
generalized carbonate-bearing, sulfidic ore tailings is presented. I note that not all these
processes will occur simultaneously or at every facility. An upstream dam construction has
been chosen due to the high frequency of legacy facilities built using this depositional

method (Blight, 2010).
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Figure 1 is divided into three zones: oxic zone, transition zone, and anoxic zone. The
oxic zone is along the perimeter of the facility where oxygen ingress is the rate-limiting
step of sulfide oxidation. The oxic zone typically consists of secondary minerals that form
at higher oxidation-reduction (redox) states (i.e., more oxidized) and is typically orange in
color from the high iron oxide and oxyhydroxide content (Blowes and Jambor, 1990;
Durocher, 2017). The transition zone (green gray) underlies the oxic zone and consists of
slightly weathered material due to the limited oxygen ingress with depth and increase in pH
as carbonate minerals buffer acidic pore water generated in the oxic zone (Blowes et al.,
1998; Durocher, 2017). The secondary minerals that form depend on pH, redox,
temperature, microbial ecology, pressure, and pore water chemistry at the time of
formation (Durocher et al., 2017). Underlying the oxic and transition zones is the anoxic
zone (dark grey) that mainly consists of unweathered tailings. Sulfide oxidation in this

zone 1s limited due to oxidant diffusion from the environment.

2.2.1. Physical, Chemical, and Biological Weathering

Like any natural terrestrial rock or soil, tailings experience physical, chemical, and
biological weathering. The more stable a mineral, the slower the mineral weathers
(Mitchell and Soga, 2005). For example, halite (or table salt) will dissolve rapidly in a
glass of water, whereas quartz sand will remain intact for many years. Physical weathering
often precedes chemical weathering and is responsible for decreasing particle size,
increasing surface area, and increasing bulk volume (Mitchell and Soga, 2005). In tailings,
physical weathering occurs primarily through grinding and crushing of ore; however, once

the material is placed, physical weathering can continue via unloading, thermal expansion



and contraction, crystal growth (frost action), colloid plucking, and organic activity

(Mitchell and Soga, 2005).

Chemical weathering processes include hydrolysis, chelation, cation exchange,
oxidation-reduction, carbonation, and hydration (Mitchell and Soga, 2005). Examples
related to the chemical weathering of tailings include oxidation of sulfides, dissolution of

carbonates, gypsum formation, and cation exchange of clay minerals.

Biological weathering of tailings occurs primarily via microbial activity. Microbes are
ubiquitous in mine waste and tailings (Schippers et al. 2010). The contribution of microbes
to acid-generation and subsequent weathering of mine waste is also well established
(Blowes et al., 1998; Nordstrom et al., 2015; Nordstrom and Southam, 1997). Figure 2
provides a conceptual schematic of how microbes influence the rate of sulfide oxidation in
tailings. The cycle of Fe** to Fe** is shown as accelerated by microbial activity (gray ovals)
because iron-oxidizing bacteria (e.g., Acidithiobacillus ferrooxidans) are known to be
capable of accelerating the rate of iron oxidation by up to six orders of magnitude relative
to the abiotic rate (Nordstrom, 2003; Singer and Stumm, 1970). Microbes also form
extracellular polymeric substances (EPS), shown in blue, which enhance microbe-mineral
contact (Flemming, 2011; Yi et al., 2021, 2023). The oxidation of pyrite (FeS>) produces
acidity (H") and sulfate (SO4%"), capable of accelerating the breakdown of other primary
minerals (e.g., feldspar, Fsp), and forming secondary metal-sulfates (e.g., gypsum).
Pyrrhotite is considered the most susceptible iron sulfide to microbial oxidation due to its

higher surface reactivity (Blowes and Jambor, 1990).



2.2.2. Primary and Secondary Minerals

Understanding prevalent primary minerals in tailings provides a starting point for
discussions of mineral transformations. Primary minerals are those originally present in the
ore body and gangue mineral assemblages, and, in acid-generating ore deposits, typically
consist of silicates (e.g., quartz, feldspars, micas, amphiboles), carbonates (e.g., calcite,
dolomite-ankerite, siderite), and sulfides (e.g., pyrite, pyrrhotite, chalcopyrite) (Nordstrom
et al., 2015). Secondary minerals are weathering products that form in mine wastes as a
result of redox processes and acid-neutralizing reactions and include metal-oxides (e.g.,
hematite, Fe>O3), metal-oxyhydroxides (e.g., goethite, FeOOH), metal-sulfates (e.g.,
gypsum, CaSO42H>0), metal-hydroxy-sulfates (e.g., jarosite, KFe3(SO4?)(OH)s), and
phyllosilicates (e.g., kaolinite, Al>S1,05(OH)4) (Durocher, 2023; Nordstrom et al., 2015).
While most of these are examples of Fe-bearing minerals, the metal ion can be replaced by
aluminum (A1*%), calcium (Ca*"), copper (Cu?*), lead (Pb?"), or barium (Ba"), depending

on the environmental conditions present during formation (Durocher et al., 2017).

Silicates consist of essential nutrients needed for microbial activity (Na*, K*, Mg**) and
secondary mineral formation (e.g., jarosite, KFe3(SO4%)(OH)s) (McGregor et al., 1998).
Silicates also break down into phyllosilicates (clay minerals). Sulfides are acid-generating.
Carbonates, hydroxides, and silicates are acid-neutralizing, and the precipitation of
secondary aluminum and ferric hydroxides can also raise pore water pH (Nordstrom et al.,
2015). The ratio of acid-generating potential to acid-neutralizing potential is what
ultimately governs seepage pore water chemistry (Blowes and Jambor, 1990; Nordstrom et

al., 2015).
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Figure 2: Conceptual schematic of the influence of microbes on the rate of sulfide oxidation and
subsequent outcomes. FeS: (pyrite) is oxidized to Fe** (ferrous iron), sulfate (SO4%), and acidity
H") both abiotically and biotically. Fe** is rapidly oxidized to Fe*" via iron-oxidizing bacteria
(gray ovals) which enhances the rate of sulfide oxidation and forms secondary iron oxy-
hydroxides (FeOOH = ferrihydrite). The acid generated (H") breaks down silicate minerals (Fsp
= feldspar) into phyllosilicate minerals (clays) and sulfate (SO4>) reacts to form gypsum.

2.3. Potential Weathering Processes

A summary of major geochemical weathering processes and the potential impact of
these processes on geotechnical engineering parameters is provided in the following sub-
sections. The sections align with and expand upon a framework established by Durocher et
al., (2023) for consistency. The sections are as follows: (1) primary mineral alteration from
redox processes; (2) primary mineral alteration from acid-neutralizing reactions; and (3)
hardpan formation. Primary mineral alteration from redox processes includes sulfide
oxidation and formation of secondary Fe-bearing mineral precipitates. Primary mineral
alteration from acid-neutralizing reactions involves the dissolution and precipitation of
carbonates and silicate minerals. Hardpan (thick, cemented layers of secondary mineral

precipitates) and gypsum formation is shown amidst weathering of primary minerals and
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soluble mineral alteration due to the need for the former to occur and generate the
byproducts needed for hardpan and gypsum formation.

/ @ alteration of microstructure
primary mineral alteration from =——> @ generation and migration of fines

@ (r)e);(vi:lc?;(ﬁ[z’ri%cesses Uie. shifide ? @ cementation of tailings via secondary mineral formation

clogging of drainage

creation of thin, low permeability zones

/ gypsum precipitation
\ 1 .

@ localized cementation of tailings

dissolution of carbonates
primary mineral alteration from / ® o
. acid-neutralizing reactions (i.e, precipitation of carbonates

carbonate and silicate dissolution) \
@ weathering of silicates

Figure 3: Process map breaking down major geochemical processes occurring within a tailings
storage facility.

2.3.1. Primary Mineral Alteration from Redox Processes

Primary mineral alteration from redox reactions includes the oxidation of primary
sulfides (i.e., pyrite, pyrrhotite, etc.) to secondary metal-oxides and oxyhydroxides
(Durocher, 2023). Sulfide oxidation occurs via physical, chemical, and biological
weathering. To encapsulate all these processes, the following four categories were
identified as the major weathering processes of primary minerals occurring via redox
reactions relevant to geotechnical stability of tailings: (1a) alteration of microstructure;
(1b) generation and migration of fines; (1c) cementation of tailings; and (1d) clogging of
drainage. Many studies, for example, focus on the decrease in average particle size due to

weathering and, as such, the “generation and migration of fines” summarizes all these
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works, the relevant geochemical processes involved with breakdown of particles, and

allows for discussion on the further implications to geotechnical stability.
2.3.1.a. Alteration of Microstructure

Figure 4 shows the breakdown of primary minerals (pyrite, pyrrhotite) from angular,
rough, granular sized minerals to smooth, curved amorphous secondary minerals (ferric
hydroxide, Fe(OH)3). The alteration of particle microstructure results from various
physical, chemical, and biological weathering processes. A case study by Wang et al.
(2023) examined changes to the particle microstructure and interlocking of weathered lead
(Pb) and zinc (Zn) tailings and determined that weathering resulted in the breakdown of
rough, angular primary minerals into smooth, smaller fragments that exhibited less
interlocking. An important note is that this is not universal for all tailings weathering
byproducts or secondary mineral precipitates. For example, jarosite is a crystalline metal-
hydroxy-sulfate and typically forms compact, intergrown granular masses (Bryant, 2003;
Ridley, 2023). However, changes to the microstructure (i.e., surface texture) may be useful
in explaining a decrease in shear strength following formation of amorphous iron oxides

and/or phyllosilicate minerals.
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Figure 4: Conceptual schematic of the alteration of rough, crystalline primary minerals such as
pyrite (Py) and pyrrhotite (Po) to smooth, amorphous secondary minerals (e.g., ferric hydroxide,
Fe(OH)3).

Wang et al. (2023) evaluated the friction angle and cohesion of Pb-Zn tailings under
different degrees of oxidation and analyzed the microstructure with Scanning Electron
Microscope (SEM) imagery. They observed a decrease in internal friction angle with an
increase in the degree of oxidation due to weathered minerals having less particle
roughness and interlocking than unweathered surfaces, as well as a decrease in cohesion
force due to dissolution of carbonate cements. This is consistent with other geotechnical
studies which observed a reduction in shear strength of fine-grained soils due to weathering
reactions (Filipowicz and Borys, 2005; Seedsman and Emerson, 1985) or upon interaction

with acidic pore fluids (Gratchev and Towhata, 2013).

2.3.1.b. Generation & Migration of Fines

Figure 5 shows finer particles as more easily transported than coarse particles, migrating
downwards, clogging pores, and inhibiting the transport of water and/or oxygen (Blowes et

al., 1998). As primary minerals break down, the generation and migration of fines decreases
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the average particle size and widens the particle size distribution (Blowes et al., 1998;
Carelson, 2013; Elghali et al., 2021; Forsberg and Ledin, 2001; Lin, 1997). Conversely, over
time, iron oxides and clay minerals can form aggregate particles, increasing the average
particle size again (Stucki et al., 1987). An overall reduction in particle size also increases
water retention, as fine-grained tailings exhibit higher suction stresses capable of retaining
water due to capillary forces. In addition, fine-grained materials typically have low
permeabilities and are slow to dissipate excess pore water pressures during loading, resulting
in higher water contents, less self-weight consolidation, and a tendency to shear undrained.
Smaller particles are also more susceptible to weathering due to their increased surface area
(Dultz, 2002; Morkeh and McLemore, 2012). These negative impacts of fines are why, for
most design purposes, the sand fraction used in tailings dam construction is required to have
a fines content < 20% (Zhang et al., 2020). However, a sand fraction that begins with a fines

content < 20% may not remain so.

Conversely, well-graded soils are also more likely to form denser packings, as smaller
particles fill the voids between larger particles. A denser packing is advantageous in that
dense materials tend to generate negative pore water pressures under loading, increasing their
resistance to shear. Dense materials also have more tortuous flow paths which would limit

O> ingress and further sulfide oxidation (Duncan et al., 2014; Devasahayam, 2006).

Secondary mineral precipitates also have a higher specific surface area (SSA) than
primary minerals, resulting in an increased affinity for ions and water (Lin, 1997; Forsberg
and Ledin, 2001; Elghali et al., 2021). Due to the surface charge of most iron oxides and
clays, water is electrostatically retained, lowering permeability, compressibility, and water

release. This hinders drawdown and self-weight consolidation of the material. Following the
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same principles, Stucki et al. (1987) discuss the aggregation of iron oxides due to attraction
between the positive variable surface charge of iron oxides and the permanent negative
surface charge of clay minerals, so while the surface charge of secondary iron oxides may
lead to a higher affinity for water, likewise the aggregation of iron oxides can result in less

inter-particle void space and higher internal friction angles (Ng et al., 2019).

An important distinction to make at this point is between fines generation, aggregation,
and cementation (i.e., ferricrete, calcrete, etc.). Fines can simply be generated and advected
without any significant flocculation, like sediment moving down a river. Cementation,
however, occurs at high iron contents and when iron oxides grow in pores, expanding until
there is a high surface contact between the iron oxides and growth media (Stucki et al., 1987).
Aggregation is achievable at lower iron contents and occurs due to electrostatic bonding
between mineral surfaces (Stucki et al., 1987). Lastly, hardpan formation consists of
cementitious materials and will be discussed more in Section 2.3.3. Fines generation is
generally going to result in stability concerns related to water management failures, whereas
cementation and aggregation may result in brittle behavior from bond formation within loose

tailings and/or a reinforced soil skeleton with more particle interlocking.
2.3.1.c. Cementation of Tailings

As iron oxides form and fill intergranular pores, they encapsulate tailings particles and
form a light cement around them. Figure 5 shows light cementation occurring between
tailings particle contacts. Cementation is different from “hardpans,” which are thick,
impenetrable layers that form from a combination of secondary minerals such as goethite

and gypsum (Lin et al., 1997).
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Figure 5: Light cementitious bridges of secondary Fe-minerals forming between particles.

Sulfide oxidation in the active oxic zone releases ferrous iron (Fe*') which remains
dissolved due to high solubility in acidic pore waters. As Fe?* rich water migrates into less
acidic zones, Fe?" is oxidized to ferric iron (Fe*") which begins to precipitate under neutral
conditions. Depending on the source zone of these sulfidic “hotspots” and/or the transport of
the Fe-rich pore water, iron oxide formation can occur anywhere where an increase in pH

and/or redox is observed (transition zone, embankment materials, foundation, etc.).

As iron oxides form and fill intergranular pores, they form bridges between particles like
capillary bridges (Carelson, 2013). Lin et al., (1997) identified goethite as the primary
cementitious material surrounding silicate particles and reducing permeability in their case
study. Particularly of concern is when cementation occurs in the tailings embankment
structure zone and creates a stiff, brittle material that has high peak strength and low residual

strength, as seen in the Brumadinho dam failure (Robertson et al., 2019).

Conversely, a study by Power et al. observed an increase in the unconfined compressive

strength (UCS) of ultramafic tailings via brucite (Mg(OH)>) precipitation within tailings
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particles (2021). Likewise, Forsberg and Liden (2001) reported that cementation of
weathered vs. unaltered tailings increased the penetration resistance of laboratory and field
samples when comparing material suitable for revegetation. Overall, the mineralogy and
long-term geochemical stability of the cementitious mineral is important to determining if
cementation is a reliable reinforcement option into perpetuity and further analysis of the

brittle behavior of cemented tailings should be conducted.

Cementitious soils also have a low compressibility due to their rigid soil skeleton.
Lateritic soils containing goethite were observed to have a compressibility 18% and 36%
lower than soils containing less Fe- and Al-oxides (Ng et al., 2019). The lateritic soils were
less compressible due to a decrease in inter-particle void space upon aggregate formation,
the latter of which contributed to a higher internal friction angle due to more particle
interlocking (Ng et al., 2019). Overall, distinguishing between secondary Fe-bearing
minerals and type of formation (fines, aggregates, cements) is important due to the wide
range of strength properties, as described insofar. For example, goethite has a hardness of 5-
5.5 on the Mohs hardness scale which contributes to a rigid soil skeleton, whereas jarosite

has a hardness of 2.5-3.5 (Mukherjee, S., 2012; Ng et al., 2019).
2.3.1.d. Clogging of Drainage

As Fe?" rich water migrates through the drainage layer, a collection system transports
the dissolved iron from a reduced (anoxic) environment to an oxidized (oxic) environment.
Upon contact with oxygen in the atmosphere, Fe?* oxidizes to Fe**. As this water transports
further away from the acidic source zone and neutralizes, Fe’" precipitates begin to form
(Nordstrom et al., 2015). In addition, calcite precipitation can occur due to a high partial

pressure of dissolved CO:> in the TSF pore water because of microbial activity, gypsum,
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and iron oxy-hydroxide formation, which must equilibrate with atmospheric CO; through
exsolving of carbonate. Lastly, dissolved silica (S1O2(q)) from primary silicate mineral
dissolution may precipitate as opal and/or chalcedony in drainage pipes (Ridley, 2023).
Figure 6 shows the results of these precipitation reactions occurring, effectively clogging

the drainage system over time.

O:

Fe3+
precipitation

Fe?*rich water

\

V0

CaCOs, SiO2

Figure 6: Clogging of drainpipes due to secondary mineral precipitation. Fe?*, aqueous ferrous
iron, shown precipitating as Fe** under oxidizing conditions. Calcite (CaCOs3) precipitation under
atmospheric partial pressure of CO2 and amorphous silica mineral formation (SiO2).

Wu et al. (2007, 2008) studied the kinetics and influence of pH on pipe clogging and
determined that precipitation rates increased significantly at pH > 7 and within 23 days of
their study the pipes were completely clogged. Pipe clogging inhibits drainage, which causes
a rise in the phreatic surface and pore water pressure. High pore-water pressures result in
low effective stress and reduced self-weight consolidation. Loose, contractive materials with

high water contents are at risk for liquefaction if the material were to shear undrained.

Bioclogging, or the inhibition of drainage due to growth of biological life, can also inhibit

drainage. Smaller particles have a high specific surface area to support biotic life; therefore,
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the migration of sediments from weathering can promote bioclogging and fouling (Rowe et

al., 2000).
2.3.2. Primary Mineral Alteration from Acid-Neutralizing Reactions

Acid-neutralizing reactions involve the dissolution of soluble minerals such as
carbonates, silicates, and Al- and Fe-(oxy) hydroxides (Durocher, 2022). As these minerals
dissolve, their ions remain in solution and have the potential to reprecipitate under various
environmental conditions. As such, the following categories summarize the geochemical
evolution of tailings via acid-neutralizing reactions as relevant to geotechnical stability: (a)
dissolution of soluble mineral phases; (b) precipitation of soluble mineral phases; and (c)

weathering of silicates to clays.

2.3.2.a. Dissolution of Carbonates

Dissolution of carbonates (and/or other soluble minerals) is shown schematically in
Figure 7. Carbonates (minerals containing CO3>") are common in tailings deposits and are
well-studied due to their ability to buffer pH and limit ARD. Calcite (CaCOs3) is one of the
most common carbonate minerals and dissolves readily in acidic water. Other types of
carbonates often exist in tailings deposits such as siderite (FeCOs3), dolomite (CaMg(CO3)2),

and/or ankerite (Ca(Fe,Mg)(CO3)2) but may be less reactive (Mitchell and Soga, 2005).
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Figure 7: Dissolution of soluble mineral phase (e.g., calcite, Cal and dolomite, Dol) leading to
dissolved calcium and carbonate ions in solution.

The dissolution of soluble minerals can result in mass loss, internal erosion, piping, and
increased hydraulic conductivity via preferential flow pathways. Mass loss may yield
increased tailings compressibility (higher void ratio) and a tendency towards more brittle
flow-type shear behavior (contractive). However, dissolution will also reduce tailings unit

weight.
2.3.2.b. Precipitation of Carbonates

Reprecipitation of dissolved minerals is shown schematically in Figure 8. Migration of
COye) from precipitation reactions and microbial activity can promote precipitation of
carbonate minerals between particle contacts at the surface. At greater depths in the TSF (or
rock pile), higher partial pressures of CO2 and lower partial pressures of Oz are found as
oxygen is depleted near the surface (Shaw et al., 2002). As the dissolved mineral phase (Ca®"
ions and COz(g)) migrate to the surface of a TSF, the high partial pressure of COx(g)in solution

must equilibrate with atmospheric CO by precipitating carbonates.
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Figure 8: Precipitation of soluble mineral phase (e.g., calcite, CaCO3) between tailings particles
(quartz, Qtz). Reprecipitation occurs due to supersaturation of calcium (Ca?") and carbonate
(CO3%) and high partial pressure of CO»> in the tailings reaching atmospheric equilibrium.

Precipitation of soluble mineral phases can result in reduced porosity which may hinder
drainage and consolidation. Precipitation of carbonate minerals can also form cementitious
material with low compressibility and higher resistance to shear (Power et al., 2021; Wang

et al., 2023).
2.3.2.c. Weathering of Silicates to Clays

Silicate minerals (e.g., feldspar, plagioclase, micas, olivine, etc.) are primary minerals
that undergo physical, chemical, and biological weathering over time to transform into more
stable phyllosilicates (clays). For example, feldspar weathers to kaolinite via hydrolysis
(Mitchell and Soga, 2005). Whereas feldspar is a crystalline primary mineral, kaolinite may
produce weak clay layer(s) with significantly lower shear strength than the source primary
mineral. Figure 9 shows the breakdown of silicate minerals to phyllosilicate clay layers in
embankment materials due to interaction with water, separated here by hydrogen (H") and

hydroxide (OH") ions.

22



Figure 9: The breakdown of primary silicate minerals in embankment to secondary phyllosilicate
clay layers via hydrolysis (interaction with H" and OH"). Interface between embankment
materials and atmosphere is delineated by the black line.

Often, the slow rate of hydrolysis has been cause for disregard of the breakdown of
silicate minerals within mine wastes (as seen in the Questa Rock Pile Stability Reports);
however, the smaller particle size of tailings minerals compared to waste rock can
significantly enhance the rate of hydrolysis (Dultz, 2002; Morkeh and McLemore, 2012). An
example of silicate dissolution occurring with a TSF can be seen in Lin et al., (1997) in which
primary silicates (chlorite and biotite) transformed to vermiculite, illite, and smectite in the
active oxidation layer of a TSF due to high levels of acidity from sulfide oxidation and

availability of oxygen due to near-surface conditions.

The formation of clays can also fill void spaces, reduce permeability, and reduce self-
weight consolidation. A paired geotechnical and geochemical report on the San Manuel TSF
observed ductile behavior within the weathered tailings, giving rise to concern for
cementation occurring via calcite and/or iron -oxide and -oxyhydroxide precipitates;

however, the geochemical analysis revealed the presence of phyllosilicates (illite, kaolinite,
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and montmorillonite) (Casey et al., 2022; Kotzer et al., 2022). Pore clogging via the mica-
silica mixed phase was observed via computerized tomography (CT) and was hypothesized
to potentially contribute to brittle behavior due to aggregate formation (i.e., cementation)

from the electrostatic bond between clay particles.

Phyllosilicate clay layers can also exchange cations (Ca*’, Na*, K*) and, based on the
availability of nutrients, the pore water chemistry of seepage, and the cation exchange
capacity of clays, the double diffuse layer (DDL) can shrink or swell, which further alters
permeability and water content (McBride, 1994). Shrink/swell behavior can also result in

deferential settlement and consolidation (Mitchell and Soga, 2005).

Lastly, acidic seepage can alter the strength properties of clay minerals in the foundation.
Gratchev and Towhata (2013) studied the effects of pH on montmorillonite and kaolinite and
observed a reduction in shear strength for both materials. Spagnoli et al. (2012), however,
observed an increase in internal friction angle of kaolinite at high and low pH values due to
flocculation of AlI** and changes in soil fabric. Therefore, understanding the mineralogy of
a given site and the anticipated changes to pore fluid chemistry can provide insight on the

long-term geotechnical properties of weathered materials.
2.3.3. Hardpan Formation

A conceptual schematic of hardpan formation is shown in Figure 11. Hardpans are
aerially extensive but vertically thin cemented layers that can form within a TSF. They
consist of secondary mineral precipitates such as lath or fibrous crystals of gypsum
(CaS04°2H20) interbedded with iron oxy-hydroxides (e.g., goethite (a-FeOOH)) and iron

sulfates (e.g., jarosite (KFe3(SO4)2(OH)s) (Lin, 1997; Lui et al., 2019; McGregor and
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Blowes, 2002). Hardpans are commonly formed in zones which exhibit a contrast in pH,
redox, or chemical composition (Blowes et al., 1991, 1998; Elghali et al., 2019;
Lottermoser and Ashley, 2006; McGregor and Blowes, 2002; Pérez-Lopez et al., 2007).
Hardpans can also form following the placement of a cover as the system transitions from
oxic to anoxic (Alakangas and Ohlander, 2006) or at the interface of the oxic and transition
zone. In general, tailings with higher sulfide content and/or higher pyrrhotite content form
cemented layers more readily due to the fine-grained nature of pyrrhotite, resulting in a
higher rate of reaction (Agnew and Taylor 2000; Ahmed, 1995). Generally, hardpans are
orange if formed at the surface or green-grey if formed at depth and have low

permeabilities and high resistance to shear.
2.3.3.a. Gypsum Formation

Gypsum formation is a combined process involving both sulfide oxidation and soluble
mineral dissolution, and, as mentioned above, often forms the cement of hardpans. The
oxidation of sulfides provides the sulfate ion (SO4>"), whereas carbonate dissolution
provides the calcium ion (Ca?"). Gypsum (CaSO4+2H,0) is one of the most common
weathering products in TSFs and plays an integral role in hardpan formation (Alakangas
and Ohlander, 2006; Blowes et al., 1998; Elghali et al., 2019; Lin, 1997; Lui et al., 2018;
McGregor and Blowes, 2002). Gypsum is also notorious for inducing heave due to the
relatively lower density of gypsum (Gs = 2.3) compared to the original reactants, pyrite
(Gs =4.8-5.1) and calcite (Gs = 2.7) (Bryant, 2003; Hawkins and Pinches, 1997). As a
sulfate crystal, gypsum also has the tendency to form along discontinuities due to lower
confining stresses in these regions, such as along discontinuities in pyritic shale (Bryant,

2003; Mitchell and Soga, 2005). Gypsum has a relatively high solubility (Ks, = 4.59) and is

25



more likely to form in unsaturated zones with neutral pH values, such as in the upper
regions of a TSF and/or along the embankment (Bryant, 2003). Figure 10 shows gypsum

formation occurring along a discontinuity in the foundation and resulting in heave (+AV).

@ gypsum formation, sulfide-induced heave

5 SO

Figure 10: Schematic of sulfide-induced heave occurring via gypsum formation from the reaction
of calcium ions (Ca**) and sulfate ions (SO4*") along discontinuity in bedrock.

2.3.3.b. Creation of Low Permeability Zones

The creation of low permeability zones can mislead stability analysis if perched water
tables go undetected. Hardpans have a high bulk density and low porosity that limits the
movement of water and gas in and/or out of the system (McGregor and Blowes, 2002). As
such, hardpans have been extensively studied for their potential as effective, low-cost cover
systems due to their ability to limit infiltration, increase runoff, and limit sulfide oxidation

via reduced gas transport (Liu et al., 2021).

However, hardpans can simultaneously prevent water infiltration and entrap water by
preventing evaporation from a TSF (Figure 11). Hardpans have been demonstrated to slow
the rate of gas transport due to their low permeability. Blowes et al. (1991) calculated an

oxygen diffusion coefficient 100x slower for the hardpan layer vs. uncemented tailings. They
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also detected a 45% increase in pore gas CO:z concentration below the hardpan due to
carbonate dissolution and degassing rising from deeper levels within the TSF yet remaining

trapped.

In addition, perched water tables may form above the hardpan layers, creating zones of
low shear strength. Porewater within the perched water table will eventually become
supersaturated in heavy metals and form metal-sulphate precipitates (e.g., PbSO4, ZnSO4).
Perched water tables were detected in the Questa rock piles and led to inaccurate reports of
degree of saturation and infiltration, compromising the validity of stability analysis (Bryant,
2003). Figure 11 shows hardpan formation at the interface between the oxic zone (orange)

and transition zone (yellow), preventing vertical flow of oxygen and water.

limited evaporation 1 1
———

! l O: ingress limited by hardpan

Figure 11: Hardpan formation at interface between oxidized zone (orange) and transition zone
(yellow). Hardpans limits oxygen ingress (sulfide oxidation) and evaporation (desiccation).

2.3.3.c. Localized Cementation of Tailings

Hardpans, or cemented layers, form thick, impenetrable layers that are resistant to shear
and erosion and have been studied for the ability act as effective cover systems (Ahn et al.,
2011; Alakangas and Ohlander, 2006; Blowes et al., 1991; Elghali et al., 2021; Lin et al.,

1997, Lui et al., 2019; McGregor & Blowes, 2002). A study by Ahn et al. (2011), studied the
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strength properties of engineered hardpan covers and found hardpans augmented by
waterglass (forms a calcium silicate binder) to exhibit compressive strength properties

sufficient to be considered pavement by ASTM definitions.

However, hardpans are also subject to environmental conditions and will undergo
alteration over time. For example, hardpans that have coprecipitated arsenic as scorodite and
amorphous hydrous ferric arsenate (HFA) will later dissolve the cement if the acid-
generating sulfides are depleted and the pH approaches circumneutral values (DeSisto et al.,
2011). Likewise, cementing minerals may be dissolved if the system transforms from
oxidized to reduced during cover placement (Alakangas and Ohlander, 2006). Therefore, the
geochemical alteration of the hardpan over time and performance under different
environmental conditions must be considered if eco-engineering a hardpan to reinforce

tailings and/or improve effluent water quality.
2.4. Influence on Potential Failure Modes

Failure is defined by Davies et al. (2002) as “...an unacceptable difference between
expected and observed performance”. Physical, chemical, and biological weathering of
tailings will alter tailings physical properties over time, yielding changed characteristics
that may result in an unacceptable difference from design conditions. Understanding, and
when necessary, accounting for changes in material properties due to weathering reactions
is an important aspect of tailings management that has not received sufficient attention.
There is still much to be understood in terms of geochemical weathering and the resulting

impact on long-term geotechnical stability.

In this section I draw connections between the geochemical processes that impact

geotechnical parameters described in the preceding section and potential TSF failure
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modes. The focus here is on dam stability failure modes, rather than environmental or
governance failures. When possible, I link failures that have been analyzed for the

influence of geochemical weathering reactions on geotechnical properties.

Potential failure modes are grouped as: (1) flow-type stability failure; (2) water
management related failure; (3) piping and internal erosion failure; and (4) foundational
failure. This is designed to coincide with high-level dam failure modes as defined by the
International Commission on Large Dams (ICOLD); however, ‘water management’ has
been chosen in lieu of alternatives (such as slope instability, overtopping, etc.) to
encapsulate the wide range of geochemical processes that have an impact on water related
issues, and ‘flow-type stability behavior’ has been chosen due to the lack of information on

the liquefaction behavior of cemented soils (ICOLD, 2001).
2.4.1. Flow-type Stability Failure Mode

Figure 12 illustrates the increased possibility of flow-type stability failures due to
tailings weathering. An increased tendency towards brittle behavior may be caused by
precipitation of minerals at grain contact yielding a more stiff and contractive tailings
fabric. For example, goethite has a high hardness value of 5-5.5 and has been observed to
develop rigid soil skeletons that resist compression (Mukherjee, S., 2012; Ng et al., 2019).
In addition, the generation of secondary iron oxides and oxyhydroxides can hinder drainage
and result in a buildup of pore water pressure behind the dam face. If undrained shearing is
initiated, the material may undergo flow liquefaction due to an increased tendency to shear
undrained (low permeability of weathered tailings) and contractive nature (limited

consolidation of cemented tailings) (Davies et al., 2002).
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stiff and brittle behavior
due to light cementation
yielding high peak strength
& low residual strength

Figure 12: Potential flow-type stability failure mode due to cementation of embankment materials creating a brittle, stiff, and
contractive material. Advanced weathering causes a buildup of pore water pressure and the development of a critical slip surface.
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The Brumadinho TSF failure in Brazil in 2019 brought significant loss of life and
environmental damage and has since proven to be a turning point in tailings management.
One of the identified potential causes of failure was the high iron content within the
tailings embankment materials (> 50%) that, even upon remolding, demonstrated brittle
behavior and showed light cementation between tailings sand particles (Robertson et al.,
2019). Light cementation potentially hindered self-weight consolidation, yielding a higher
void ratio at an equivalent effective stress. Of note, geochemical processes that lead to
precipitation in tailings pore space are not unique to iron-rich tailings. Instead, cementation
is a result of aqueous Fe?* oxidizing to Fe*" upon interaction with the atmosphere, forming
ferric iron oxides and oxyhydroxides bridges between tailings particles and/or the
precipitation of carbonate minerals in tailings pore space as dissolved ions and high partial

pressures of CO» equilibrate with the atmosphere.
2.4.2. Water Management Failure Mode

A conceptual schematic of different potential water management failure modes is
provided in Figure 13. Slow drainage, increased pond size, and an elevated water table are
all common water management concerns when discussing tailings dam stability. The result
of weathering reactions, (1b) generation and migration of fines; (1c) cementation; (1d),
drainpipe clogging; (2b) soluble mineral precipitation; (2c) weathering of silicates to clays;
and (3) hardpan formation, can all increase the possibility that one or many of these water
management concerns requires mitigation over the lifetime of a TSF to minimize potential

failure modes.

31



increased water retention,

decreased hydraulic conducitivity

& reduced rate of consolidation reduced water recovery &

due to generation of fines reduced self-weight consolidation
due to cementation of tailings

limited evaporation

more fined, increaséd pond area T T T@ increased runoff due to hardpan

ore clogging & poor drainage
ue to precipitation of solube mineral phase

@:
f\

decreased shear strength &
decreased hydraulic conductivity
due to weathering of silicates to clays

R
transition zone

Ca504"2H:0

!

Gypsum

rise in phreatic
surface

increased hydraulic conductivity
& reduced strength due to

. dissolution of precipitates
with changing redox conditions

Fe™ rich water

o
precipitation)

0:

A

CaCO0s Si0:

rise in phreatic surface & slowed drainage
. due to clogging of drain pipes (iron oxides,
carbonates, silica formation, bioclogging, etc.)

Figure 13: Schematic of water management failure due to a series of weathering reactions. Failure includes hindered drainage,
erosion due to overtopping, slope instability, increased liquefaction potential, and more.
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Weathering, as explained in the previous section, may reduce average particle size and
hydraulic conductivity of oxidized tailings, slowing the rate and magnitude of self-weight
consolidation and increasing degree of saturation. Poor drainage of oxidized materials at
the tailings impoundment surface can increase the pond area and lead to overtopping if the
pond were to encroach upon the embankment. Slowed consolidation and high water
contents can also result in a loose, contractive fabric with an increased likelihood of failing
undrained (no change in volume during shear, AV = 0) due to the low hydraulic
conductivity of the material. In worst case scenarios, loosely deposited tailings that fail
undrained can experience a rapid increase in positive pore water pressure, a subsequent
decrease in shear strength, and potential flow liquefaction (Davies et al., 2002).
Liquefaction is the most catastrophic type of tailings dam failure due to a near-
instantaneous nature and wide-spread impact, which can be both fatal to human life and

deleterious to the downstream environment.

The dissolution of carbonates within the tailings matrix, foundation, and/or
embankment construction materials can result in zones of increased hydraulic conductivity,
mass loss, and preferential flow paths (i.e., piping and/or internal erosion). In addition,
calcite precipitation can clog pores, hinder drainage, and create zones with a hardened soil
structure which resist consolidation and compression. Other water management concerns
include clogging due to precipitation of iron oxides, silica formation, and/or calcite
precipitation, which can hinder drainage and lead to a raised water table, increasing the
likelihood for an undrained failure and a reduction in shear strength. Lastly, perched water

tables have been observed in the Questa rock piles due to the generation of fines and/or
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clays which inhibit drainage and encourage precipitation of oversaturated minerals (URS

Corporation, 2001).

2.4.3. Internal Erosion and Piping Failure Mode

Figure 14 shows a conceptual schematic of how geochemical processes may yield
internal erosion and piping failure modes. Internal erosion is defined as the moment in
which the, “hydraulic gradient and velocity is sufficient to overcome the geometric fabric
and stability of the soil structure” causing the movement and migration of soil particles,
whereas piping “describes the behavior of the soil structure when internal erosion develops
a continuous open seepage path” (Clarkson and Williams, 2021). The dissolution of
carbonates and other soluble minerals (2a) in the embankment structural zone can create
conduits for flow, increasing risks of internal erosion and piping (Clarkson and Williams,
2021; Fell et al., 2015). Soluble mineral dissolution will be accelerated by acidic pore
water and can even reprecipitate dissolved minerals in less acidic and/or oxidized zones. If
the water table is above the piping failure, perhaps due to other weathering reactions, the

transportation of water and sediment can erode the dam face until failure occurs.

Properties indicative of internal erosion and piping failures are plasticity (i.e.,
interparticle bond strength), gradation and particle size, density, and erodibility (Clarkson
and Williams, 2021; USBR, 2015). Therefore, cementation via iron oxidation and/or
carbonate precipitation is likely to reduce susceptibility to erosion due to the generation of
higher inter-particle bond strength; however, secondary minerals are less dense than parent
materials, decreasing the amount of energy required for transportation, and the dissolution
of carbonates results in a less dense, well-graded material more susceptible to erosion

(Clarkson and Williams, 2021).
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Figure 14: Schematic demonstrating internal erosion and piping failure mode accentuated by alteration of the soluble mineral phase
and the buildup of pore water due to various geochemical processes.
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2.4.4. Foundational Failure Mode

The foundation of a TSF is critical to stability and Figure 15 provides a conceptual
schematic for potential failure modes tied to TSF foundations. Clarkson and Williams
(2021) highlight isolated karst deposits, deeply weathered rock, cohesionless soils, and
carbonate dissolution as potential foundation concerns. These concerns are well
recognized, and any new facility will undergo an extensive site investigation to get an in-
depth analysis of the foundation conditions; however, the foundation of any TSF is subject
to seepage water quality and groundwater flow and, as such, may undergo alterations due
to weathering processes. For example, acidic seepage generated from sulfide oxidation can
dissolve karst deposits over time and form large cavities and/or create conduits for
groundwater flow that can be both structurally compromising and environmentally

damaging.

36



acidic seepage
(depletion of neutralizing potential)

: shrink/swell

)
- (c:" dissolution of karstic bedrock & weathering of silicates to clays yielding
" : increased potential of collapse . decreased shear strength, brittle behavior,
S @ due to acidic seepage & increased liquefaction potential

Figure 15: Schematic demonstrating potential foundational failure modes via karstic bedrock dissolution, clay formation, and sulfate-
induced heave via gypsum formation along discontinuities. Formation of critical slip surface under embankment shown in red.
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Low permeability and high permeability foundations exhibit different groundwater flow
patterns and have different failure potentials (Clarkson and Williams, 2021). Low
permeability foundations can be formed due to weathering of parent rock (clay formation)
and soluble mineral precipitation, whereas high permeability formations can be formed due
to mineral dissolution (i.e., karst deposit dissolution). Low permeability foundations often
consist of clays and/or weathered material that have a low shear strength and can fail
undrained due to the slowed drainage that retains excess pore water pressures upon loading
(Clarkson and Williams, 2021). High permeability foundations can transmit flow capable
of eroding material at the base of the embankment (Clarkson and Williams, 2021). In
addition, foundations are capable of transporting groundwater laden with
suspended/colloidal minerals and, if the environmental conditions are favorable, soluble
mineral precipitation can clog pores and lower the effective hydraulic conductivity.
Ultimately, the phreatic surface within the TSF will be influenced by the geochemical
processes that control the permeability of the foundation. Simultaneously, the foundation

permeability will be influenced by seepage water quality.

Foundational failures induced by pyritic rock and soil are outlined and synthesized by
Bryant (2005). Example case studies include the damage of over 1000 homes in Japan due
to microbially induced sulfidic heave of pyritic mudstone, resulting in maximum
deformation of 48 cm (Yamanaka et al., 2002). The deformation was largely due to acid
generation via sulfate-reducing, sulfide-oxidizing, and iron-oxidizing bacteria, which then
led to volume increase via gypsum and jarosite formation and an increase in voids due to

carbon dioxide gas generation (Bryant, 2005; Yamanaka et al., 2002).
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Another case study, Carsington Dam, involved the death of four workers due to build
up of excess carbon dioxide concentrations and clogging of drainage pipes. The COzg) was
generated due to sulfide oxidation of pyritic mudstone, which led to acid generation
capable of dissolving the carboniferous limestone drainage blankets. These then clogged
with gypsum and iron oxide precipitates, entrapping the carbon dioxide gas (Cripps et al.,

1993).

Lastly, the presence of brittle clays and/or weathered volcanic rock within the
foundation may lead to global failure, as seen in the Aznacoéllar and Cadia failure,

respectively (Gens and Alonso, 2006; Gleeson et al., 2020).
2.5. Monitoring Potential Failure Modes

The previous tailings dam failures are not mentioned to raise alarm or insist that every
facility needs to rapidly develop a geochemical monitoring plan; however, recognizing and
expounding upon the influence of geochemical processes in previous failures is essential to
preventing the same mistakes from happening again. Currently, many unknowns remain as
to how all these geochemical processes interplay with one another — if they are
advantageous or deleterious, if they are occurring at a rate significant enough to be
addressed in the present moment, etc. Nature is complex, and isolating any one of these
geochemical processes in a laboratory setting is unlikely to provide useful information on a
large enough scale. The following sections outline approaches to incorporating
geochemical changes into design, such as conducting sensitivity analyses and

implementing relevant monitoring tools.
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2.5.1. Sensitivity Analyses

As mentioned in the previous sections, tailings are likely to undergo changes to their
material properties throughout the lifetime of the TSF. By conducting sensitivity analyses,
tailings engineers can evaluate the susceptibility of their structure to failure given changes
in geotechnical parameters such as particle size, porosity, void ratio, consolidation,
plasticity, permeability, etc. These are all parameters with cause for concern given the
literature review summarized in this chapter; however, the answer is still unclear as to
exactly how and to what extent these parameters will change and, as such, legacy facilities
with similar mineralogy and composition should be evaluated at depth to observe impacts
of weathering on specific geotechnical parameters. If adequate laboratory standards were
developed that could capture these complex transformations, this would be recommended
as a tool to predict material property changes. These parameter ranges could then be
inserted into a geotechnical slope stability software and/or dam breach analysis to

determine the sensitivity of the structure to material property changes.

2.5.2. Monitoring Tools

Monitoring relevant phenomena that are indicative of geochemical processes is another
option for observing the rate of transformation and predicting material changes.
Recommendations for in-situ and/or remote monitoring tools are summarized below and

categorized based on failure mode.

2.5.2.a. Monitoring Flow-Type Stability Failure Modes

Monitoring flow-type stability failures (i.e., brittle behavior) is not an easy task.

Historically, brittle behavior has been observed post-liquefaction, occurring so rapidly

40



there is no time for mitigation. A summary of geochemical and geotechnical parameters to

monitor for and potential monitoring tools are presented below:

e Changes in mineralogy: As in the case of Brumadinho, remolded specimens
from the embankment had > 50% iron content (Robertson et al., 2019).

e Surface precipitation (as an indicator of changes in mineralogy): iron oxidation
visible on the surface may be detectable via satellite imagery, visual observation,
and infrared (IR) spectroscopy (e.g., drone).

e Settlement: Slowed consolidation or settlement due to rigid structure observed
via horizontal inclinometers or settlement gauges. ‘Slowed’ may be relative to
rates calculated via laboratory consolidation tests performed on new (non-
weathered) specimens.

e Geochemical parameters (where measurable) (e.g., paste pH, ORP, COx)
concentrations, temp.): to inform speciation of secondary minerals and if
subsequent changes in tailings structure increase potential for brittle behavior.
For example, goethite has a hardness of 5-5.5 on the Mohs hardness scale which
contributes to a rigid soil skeleton, whereas jarosite has a hardness of 2.5-3.5
and thus a less rigid soil skeleton (Mukherjee, 2012; Ng et al., 2019).

e Phreatic surface and/or moisture content: many cementitious materials are also
soluble in water. Therefore, observing surface moisture content via remote
sensing and/or in-situ sensors is important to ensuring minerals will not dissolve
and collapse the soil fabric. Monitoring phreatic surface via piezometers is

useful for delineation of the phreatic surface.
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2.5.2.b. Monitoring Water Management Failure Modes

Water management is one of the most common TSF failure modes (Davies et al., 2002).

The following list includes recommendations for monitoring changes in water management

induced specifically by geochemical processes.

Pond size: decreased particle size, increased water retention capacity, lowered
hydraulic conductivity, and pipe clogging can all lead to hindered drainage.
Observing pond size and location via satellite imagery and drone footage can
inform potential pond locations that are unfavorable, such as pond encroachment
of the embankment as reported in Jagersfontein post-failure analysis (Torres-
Cruz and O’Donavan, 2023)

Phreatic surface: pipe clogging, formation of hardpans, and/or generation of
fines can lead to a rise in the phreatic surface. The phreatic surface can be
monitored via piezometers.

Degree of oxidation at depth: see Questa Rock Pile Weathering and Stability
Project for more information. Borehole samples analyzed for mineralogy, paste
pH, moisture content, acid-base accounting, leach extraction, forward acid
titration testing, grain size analysis, moisture retention, and permeability. In-situ
testing of temperature, O2(g), and COx(g) concentrations in boreholes as an
indicator of degree and rate of oxidation and microbial activity (Robertson,
2001; URS Corporation, 2001; Shaw et al., 2002). Multi-level microbial analysis
may also inform in situ zonation.

Surface precipitation: secondary mineral formation can be detected on the

surface of the TSF and be an indicator of weathering. Iron oxides and hardpans
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are typically orange in color, whereas gypsum formation and calcite
precipitation are white/yellow in color (Bryant, 2005). This can be observed via
satellite imagery (Sentinel-2) if in-situ data of paste pH and mineralogy are
available to calibrate results.

Settlement: formation of secondary minerals can reduce self-weight
consolidation due to lower density and less inter-particle void space. Detectable
via deviations in field behavior, measured via horizontal inclinometers or
settlement gauges, or remote sensing methods (e.g., InSAR, LiDAR), relative to
settlement predicted from models calibrated with lab tests run on new tailings

specimens.

2.5.2.c. Monitoring Internal Erosion and Piping Failure Modes

Two-thirds of internal erosion and piping failures occur within the first 5 years of

operation (Fell et al., 2015). Piping is visually detectable once mass loss or seepage has

already occurred in the embankment; however, the goal would be to detect signs indicative

of internal erosion and piping before they occur. The following list summarizes potential

monitoring tools:

Seepage water quality: alkaline or basic seepage waters can be indicative of
carbonate mineral dissolution (Ca*" and Mg?* ions released due to dissolution,
H" ions consumed).

Pore water chemistry: acidic seepage directly upstream of the embankment can
result in soluble mineral dissolution within the dam.

CO2(g) concentrations: carbonate dissolution leads to high partial pressures of

carbon dioxide gas in TSF pore water relative to atmospheric conditions (1073
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bar at sea level). Monitoring CO»> within TSF and foundational materials can
help detect internal erosion failures, whereas monitoring CO> in the embankment
can help detect piping failures.

Surface observations: visual observations of changes in moisture content,
particle size, and erosion can be interpreted via satellite imagery (Section 4.2).
Settlement: localized deformations due to mass loss via carbonate dissolution
can be detected via remote sensing methods (e.g., InNSAR, LiDAR, or with

settlement gauges).

2.5.2.d. Monitoring Foundational Failure Modes

Various foundational failure modes can and have occurred; however, this thesis focuses

specifically on those exasperated by geochemical processes. The following list summarizes

recommendations for in-situ monitoring.

Settlement: vertical deformation can be indicative of karstic bedrock dissolution,
as well as sulfide-induced heave (gypsum formation). Measured via horizontal
inclinometers or settlement gauges (Fell et al., 2015), or remote sensing methods
(e.g., InSAR, LiDAR).

Permeability: the increase or decrease in permeability of the foundation can be
detected by changes to the phreatic surface within the TSF, and/or adjacent
groundwater. High-permeability foundations resulting from soluble mineral
dissolution will result in a drop in internal phreatic surface (and potentially
increased levels of adjacent groundwater), whereas low permeability foundation
due to soluble mineral precipitation can lead to a rise in the internal phreatic

surface (and a reduction in adjacent groundwater levels as the intensity of the
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TSF sources is reduced). Water levels may be monitored by piezometers located
at various depths within the TSF.

Groundwater flow rates: monitoring for potential changes in groundwater flow
rates can also be representative of changes to foundation permeability. A
decrease in groundwater flow either due to pore clogging or to avoid mixing
contact water with non-contact water can lead to supersaturation of minerals and
subsequent precipitation.

Groundwater quality: measurement of upstream and downstream water quality in
terms of pH, mineral content, ORP, EC, etc. can guide inferences related to
soluble mineral dissolution/precipitation reactions occurring within the
foundation. Monitoring wells should already be located upstream and
downstream of the TSF.

Seepage quality: Seepage water quality can guide predictions on modifications
to foundation. Acidic seepage could lead to soluble mineral dissolution (i.e.,
karstic bedrock), sulfide-induced heave (i.e., gypsum formation), transformation
of silicates to phyllosilicates (clay), and/or alteration of clay properties (DDL,
flocculation, etc.).

Geochemical parameters: monitoring temperature, Oz(g) and CO2g)
concentrations at various depths in the foundation can help inform understanding
of the degree and location of oxidation and microbial activity. Monitoring COz(g)
levels is especially important for ensuring safety, as seen in the case of

Carsington Dam (Section 2.4.4).
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Overall, monitoring relevant phenomena related to geochemical transformations of
legacy and operating TSFs needs to be implemented on a global scale to gain more insight
about the evolution of TSFs under various geological and environmental conditions and to
provide more insight into mitigating potential failure modes. New and developing
technologies are discussed in Chapter 4 which makes monitoring at a global scale more

practical.
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CHAPTER 3. LABORATORY METHODS & PRELIMINARY RESULTS
3.1. Objectives and Hypotheses

While many mineralogical and physical analyses have been conducted on weathered
tailings, there are no standard laboratory methods for studying the influence of
geochemical weathering on geotechnical properties such as hydraulic conductivity,
consolidation, shear strength, etc. This study was designed to analyze one of the many
geochemical processes discussed in Chapter 2, calcite dissolution (2b), due to chemical
simplicity and high solubility under acidic conditions and subsequent influence on
geotechnical parameters upon dissolution. The chemical equation for calcite dissolution is

as follows:
CaCO3y+ HY = Ca®* + HCO3 (Equation 1)

This study serves as a “proof of concept” and was designed with the intent of
monitoring geochemical changes with inlayed pH and ORP (redox) sensors to predict live
changes in geochemistry and, subsequentially, geotechnical properties. Mineral phases can
be distinguished with information gathered from pH and ORP sensors and, as such,
inferences on the geotechnical properties (strength, hardness, permeability, compressibility,
etc.) can be made. Due to the inaccessibility of sensors within the time frame of this
project, the pH, redox, and electrical conductivity (EC) were monitored at the influent and
effluent until geochemical equilibrium was achieved. Unfortunately, geochemical
equilibrium was not achieved within the four-week time frame of this experiment and the
columns will continue to permeate until geochemical equilibrium is achieved with results

to be published later.
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Our hypothesis for this experiment was that calcite dissolution would lead to an
increase in hydraulic conductivity due to mass loss, internal erosion, and/or piping.
Assuming that calcite is completely dissolved upon termination, a decrease in effective
stress would be anticipated due to an increase in void space, less particle interlocking, and
a looser fabric which is contractive upon loading. Hydraulic conductivity would be
anticipated to increase as mineral dissolution creates preferential flow paths. Consolidation
should increase due to a higher void ratio. If calcite were to reprecipitate in the columns at
neutral pH values, the inverse effect would be expected on the values of geotechnical
parameters (i.e., an increase in shear strength due to aggregate formation/light cementation,

a decrease in hydraulic conductivity, and a decrease in consolidation).
3.2. Methods and Materials

Fine synthetic tailings (FST) were used to control the physical and chemical properties
of the columns. The FST followed the specifications as prepared by Hamade and Bareither
(2019), consisting of 40% kaolin (Thiele Kaolin Company, Sandersville, GA) and 60%
silica flour (U.S. Silica Holdings Inc., Frederick, MD). All columns were prepared with
deionized (DI) water. The geotechnical properties of the FST, as determined by Hamade &
Bareither (2019) are presented in Table 1. In the columns with calcite, 10% (by mass)
calcite replaced equal parts of kaolin and silica sand. Calcite was obtained from Fisher

Scientific and has a specific gravity (Gs) of 2.71 g/cm?.
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Table 1: Summary of fine synthetic tailings geotechnical characteristics. Unified Soil
Classification System (USCS) soil type is lean clay (CL).

Material FST
Liquid Limit (LL) (%) 37
Plasticity Index (PI) (%) [ 15
USCS CL
Gs 2.63
dmax (MmM) 0.05
Gravel Content (%) 0
Sand Content (%) 0
Fines Content (%) 100
Clay Content (%) 42
Yamax (KN/m?) 14.9

The columns were 25.4 cm tall and 10.2 cm wide to accommodate for the depth
required for a laboratory vane shear (2x the height of the vane); however, this height-to-
diameter ratio exceeds the recommended ratio of 0.4 to avoid the side-wall effect under
consolidation, and wider columns should be used if the experiment were to be repeated
(ASTM D2435). The slurry was prepared at a solids content of 25% and mixed at an
average rate of 600 rpm for 3 minutes, to achieve full suspension of the particles. The
slurry was poured into the columns and allowed to settle until there was no visible

deformation.

A Seepage-Induced Consolidation Test (SICT) method was used to measure both
hydraulic conductivity and consolidation under applied hydraulic gradients (Tian et al.,
2019). Due to the large surface area of the inflow compared to the smaller surface area of

the effluent, a constant head rising tailwater hydraulic conductivity test was used. The
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following equation was used to get an initial hydraulic conductivity assuming a uniform

void ratio at depth (later corrected via large-strain consolidation theory).

AV = L

= m (Equatlon 2)

Three consolidation steps were implemented (1 kPa, 10 kPa, and 50 kPa), with
settlement measurements taken simultaneously along with hydraulic conductivity readings.
The termination criteria for the non-geochemically altered columns (1, 2, 3, and 4) was
achieving four consecutive measurements of hydraulic conductivity within £ 25% of the
average hydraulic conductivity. Termination criteria for the geochemically altered columns
(5, 6, 7, and 8) was reaching chemical equilibrium, or equivalent values of influent and
effluent pH. Finally, the shear strength was measured using the Wille Geotechnik mini
vane shear apparatus (electrical transducer) with a vane diameter and height of 12.7 mm
and 25.4 mm, respectively. The blade thickness and shaft diameter were 0.8 mm and 3 mm,
respectively. The vane was rotated at a rate of 6°/min and after a vane insertion duration
time of 2 minutes (ASTM D4648; Biscontin & Pestana, 2001; Islam, 2020). After
determination of undrained shear strength, a water content sample was collected according

to ASTM D2216. A summary of all the column experiments is presented in Table 2.
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Table 2: Summary of all column experiment inputs

Column Mixture Permeant Water

1 FST — Control DI water

2 FST — Control DI water

3 FST — Calcite DI water

4 FST — Calcite DI water

5 FST — Calcite Dilute Nitric Acid (pH = 3.0)

6 FST — Calcite Dilute Nitric Acid (pH = 3.0)

7 FST — Calcite Dilute Sodium Hydroxide (pH = 10)
8 FST — Calcite Dilute Sodium Hydroxide (pH = 10)
9 FST — Control Dilute Nitric Acid (pH = 3.0)

10 FST — Control Dilute Nitric Acid (pH = 3.0)

11 FST — Control Dilute Sodium Hydroxide (pH = 10)
12 FST — Control Dilute Sodium Hydroxide (pH = 10)

3.3. Data Analysis

Large-strain consolidation theory developed by Gibson et al., (1967) was used to
overcome the limitation of small-strain consolidation theory which assumes constant
material properties during consolidation (Terzaghi, 1936). Slurry-deposited materials are
known to vary in compressibility and hydraulic conductivity during consolidation as a
function of effective stress and, as such, are more suitable for large-strain consolidation
theory (Koppula, 1970; Carrier et al., 1983; Abu-Hejleh et al., 1996; Fox and Berles,
1997). Large-strain consolidation theory operates under the assumptions that (i) the soil
skeleton is homogenous, and creep does not occur during consolidation; (ii) soil solids and
fluid are incompressible; and (ii1) the principle of effective stress is valid. Therefore,
Equation 3 is the result of combing the governing equation for large strain consolidation

theory with the principle of Terzaghi’s effective stress equation (Znidarci¢ et al., 1992).

51



z VD Yw
k

zZ
o'(z) =0y + J- Vs — yw)dz + f (1+e)dz (Equation 3)
0 0

where yw = unit weight of water, ys = unit weight of solid particles, Vp = Darcy’s seepage
velocity, k = hydraulic conductivity, and e = void ratio. The first two terms on the right-
hand side of the equation reflect the applied surface stress (in this case, 6’o = 0 kPa), and
the self-weight consolidation of the specimen at depth, whereas the last term reflects the
seepage force (Tian et al., 2019). Based on this governing relationship, constitutive
relationships were developed between (i) void ratio and effective stress and (ii) hydraulic
conductivity and void ratio (Liu and Znidar¢i¢, 1991; Znidarci¢ et al., 1992; Gjerapic et al.,

2008).
e=Ax(c'+27)8 (Equation 4)
k=C=xeP (Equation 5)

Finally, iterative procedures were conducted based on Tian et al. (2019). The constitutive
relationships in Equations 4-5 were solved to yield Equations 6-8 as a function of the

empirical parameters B and D.

A=— (Equation 6)

7=— (Equation 7)

(Equation 8)
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3.4. Preliminary Results

Table 3 summarizes all empirical parameters for columns 1, 2, and 4.

Table 3: Summary of empirical parameters (Z, A, C, B, and D) for columns 1, 2, and 4.

Column Z A C B D
1 3.08 3.43 0.00 -0.28 11.60
2 110.8 4.3x10'° 0.00 -5.00 0.10
4 0.337 2.11 1.89x107 -0.05 5.61

Figure 16 shows laboratory results for vertical deformation over time for columns 1, 2,
and 4. Columns 1 and 2 are duplicates consisting of FST (no calcite) mixed with deionized
water and should have similar trends (albeit varying parameters). Columns 3 and 4 consist
of FST (w/ calcite) mixed with deionized water; however, due to a piping failure, column 3

failed before termination (Appendix A) and the remaining column tests are ongoing.
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Figure 16: Relationship between vertical displacement (mm) and elapsed time (hr) for columns 1,
2, and 4.
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Plots of void ratio versus effective stress and void ratio versus hydraulic conductivity
for columns 1, 2, and 4, are presented in Figures 17 and 18, respectively. “Data” represents
laboratory data gathered whereas, “fit” represents the curve-fitting power functions based

on the large-strain consolidation theory and the parameters summarized in Table 3.

3.0
25T = -
g
oS N
20 [ >
o N
= ©
© 15
i)
o
>
1.0 |
¢ Columnl-Data ===-=- Column 1 - Fit
05 i O Column2-Data == = Column2-Fit
@ Column4- Data Column 4 - Fit
0.0- 1 1 TR B B A | 1 1 I N N A A | 1 1 I N B I |
0.1 1 10 100

Effective Stress (kPa)
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The preliminary results are inconsistent with the expected outcomes. Reduced
settlement and low compressibility of column 4 relative to columns 1 and 2 would be
consistent with the idea that calcite dissolution is occurring and precipitates are forming at
grain contacts, thus forming a rigid soil skeleton. Conversely, no significant difference in
hydraulic conductivity is observed as would be expected with calcite dissolution, and the
shear strength of column 4 is lower than for columns 1 and 2, signifying a weaker material
(no cementation). This may be due to the disturbance of grain-to-grain contacts upon
insertion of the vane shear; however, being that no observations were made at the
microscale, and there was no significant fluctuation in effluent geochemical parameters, a
conclusion regarding the mechanisms taking place within the column and subsequent

influence on geotechnical stability cannot be made.
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CHAPTER 4. FUTURE WORK AND CONCLUSIONS

4.1. Questa Rock Pile Weathering and Stability Project

The Questa Rock Pile Weathering and Stability Project, sponsored by Chevron Mining
Inc., is one of the most extensive, multi-disciplinary studies evaluating the impacts of
physical and chemical weathering on the geotechnical stability of pyritic rock piles. Mining
activity took place in the town of Questa, New Mexico from 1965-1983, in which 74
million tons of low-grade molybdenum ore was mined. The Questa mine site consists of 9
waste rock piles, containing a total of 320 million tons, and with an estimated 2-3% pyrite
volumetrically based on concentrations in the surrounding vein zones (Shaw et al., 2002).
Signs of visible weathering are present in the nearby hydrothermal scars (local steep
slopes, lack of vegetation, discoloration, etc.) and gypsum and jarosite formation on the
surface of the waste rock piles. Following a shallow foundational failure in the underlying
sheared colluvium and signs of creep in the Goat Hill North Rock Pile, regrading took
place in 2005 to reduce the load on the foundation and reinforce the toe of the rock pile

with placement of a buttress (Norwest Corporation, 2003, 2004).

The regrading of the rock pile presented a unique opportunity to evaluate the degree of
weathering at depth and address concerns regarding long-term stability. A 250-ft borehole
allowed for the analysis of oxygen and carbon dioxide levels at depth, as well as
temperature, to predict the current state of oxidation. Depleted oxygen levels at the surface
due to iron and sulfide oxidation, high CO> levels at the surface due to gypsum and jarosite
formation, and high oxygen levels within the rock pile implied that weathering had
occurred and that there is future potential for ongoing weathering at depth (Shaw et al.,

2002). Elevated temperatures with increasing depth were also observed, due in part to
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microbial activity and/or exothermic reactions (Shaw et al., 2002). The borehole was also
analyzed via the following geochemical and physical testing: moisture content, acid-base
accounting (ABA), paste pH, leach extraction, forward acid titration testing, grain size
distribution, and permeability (Robertson, 2001; Shaw et al., 2002; URS Corporation,
2001). Other geotechnical tests conducted on split samples from trench sampling include
direct shear, point load strength, slake durability tests, Atterberg limits, and particle size

distribution (Gutierrez et al., 2008).

Overall, the rate of feldspar hydrolysis, clay formation, and subsequent decrease in
friction angle was determined to be at a rate slow enough to be deemed inconsequential
(Gutierrez et al., 2008; McLemore & van Zyl, 2008; URS Corporation, 2001). The main
takeaway, however, is not what this report says for this one facility. As many practicing
geologists and engineers will tell you, there is no “blueprint” approach for tailings storage
facilities, and no environmental, mineralogical, and geological setting will be the same for
multiple facilities. The relevance of this study is that extensive geochemical and
geotechnical characterization of the rock pile was conducted during mandatory regrading of
a legacy mine landform. If timed correctly, these types of studies can provide invaluable
data to further our understanding of the topic and, to my knowledge, no similar report in

breadth and scale has been generated for a TSF.
4.2. Remote Sensing

Remote sensing is “the science of remotely acquiring, processing, and interpreting
spectral information about the Earth’s surface that records interactions between matter and
electromagnetic energy” (Sabins, 1997). The ability to remotely acquire data provides a

new opportunity in the mining industry, as remote technologies can provide records of sites
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where information was previously lacking. For example, a recent case study on the
Jagersfontein dam failure in South Africa used publicly available satellite imagery to
determine that the construction sequence of the dam did not align with safe and reliable
tailings management practices (Torres-Cruz and O’Donovan, 2023). The authors used
images from the Sentinel-2 satellite which has been capturing open-source data since 2015
with 13 bands in visible and near infrared light (VNIR) region at a resolution of 10 m/pixel
(European Space Agency, 2015; Van der Werff and Van der Meer, 2015). Sentinel-2
images have also been applied in a geochemical context, to monitor and track ARD (Seifi
et al., 2018; Soydan et al., 2020) and to identify secondary mineral formation in waste rock
piles (Hauff et al., 2013). Crowley et al., (2003) studied the spectral reflectance properties

of 15 Fe-bearing minerals in the VNIR region.

An important caveat to remote sensing techniques is that field data are often needed to
corroborate results (i.e., paste pH, mineralogy, etc.). An example from the Questa rock
pile, Goat Hill North, is shown in Figures 19 and 20 in which iron oxide and clay mineral

formation was observed via hyperspectral remote sensing techniques (Hauff et al., 2013).
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Figure 20: Results of remote-sensing imagery on the Goat Hill North rock pile showing visible
goethite, hematite, jarosite, copiapite, and gypsum surface precipitation (from Hauff et al., 2013).
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Figure 21: Results of remote-sensing imagery on the Goat Hill North rock pile showing
surficial clay formation from weathered silicates (from Hauff et al., 2013).
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Real-time monitoring of pH, redox, conductivity, and temperature could be a solution to
gathering spatiotemporal in-situ data needed for calibrating remote sensing techniques.
Advanced, multi-parameter, cloud-based sensors have been extensively studied and
implemented by the groundwater contaminant hydrology field to monitor the natural

attenuation of hydrocarbons (Blotevogel et al., 2021; Sale et al., 2020).

Land subsidence can be quantified using remote sensing techniques such as LiDAR
(Light Detection and Ranging) and/or InSAR (Interferometric Synthetic Aperture Radar).
LiDAR has been used by the mining industry to evaluate erosion of legacy facilities
(Martin-Velazquez et al., 2022), generate maps of active deformation (Hu et al., 2023),
monitor consolidation settlement (Hu et al., 2017), and more. A recent study by Vulpe et
al., (2022) used InSAR data to monitor changes in tailings settlement and swelling

behavior following variations in weather patterns and seepage flow.

Given the volume change behavior of some secondary mineral precipitates (gypsum,
jarosite, goethite, etc.) and anticipated mass loss due to soluble mineral dissolution, various
weathering stages of a TSF could be observed via Sentinel-2 imaging and correlated to
deformation via LiDAR and/or InSAR imaging. Future work should use public domain
tools, such as Google Earth Engine, to combine deformation data and Sentinel- 2 imaging
and create maps which can be used to understand current and predict future settlement and
volume change properties in correspondence with weathering reactions. In addition, the
placement of real-time monitoring sensors at depth would allow for monitoring of the
oxidation front within a tailings deposit, tracking of geochemical evolution of the structure
over time, and important data collection needed for remote sensing techniques.

Furthermore, as remote sensing data evolves to higher resolutions, remote imaging will be
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able to track geotechnical parameters such as particle size, moisture content, gradation, etc.
that are known to be indicators of slope stability and piping failures — serving as another
preventative tool. Overall, the future development of high-resolution, hyper-spectral
imaging is going to open a new window of opportunity in monitoring the geochemical

evolution of TSFs that is more efficient and robust than traditional monitoring techniques.
4.3. Future Field and Laboratory Methods

Ng et al. (2019) conducted a critical state analysis on lateritic soils (high content of
aluminum and iron oxides) and similar studies should be conducted on weathered tailings
to observe changes in the critical state line, compressibility, friction angle, etc. In addition,
Cone Penetration Testing (CPT) is the industry standard for in-situ testing; however, to my
knowledge, there are no calibration parameters for weakly cementitious soils. Similarly,
there is no guidance on conducting seismicity studies on weakly cemented soils (Vucetic

M, 1992, Clarkson and Williams, 2021).

Potential mine waste management strategies are also being explored, including 1)
commingling, showing promising results in terms of reducing sulfide oxidation (slowing
weathering) and promoting geotechnical stability, and 2) changes to ore processing
techniques, producing a more geochemically and geomechanically stable tailings (finer
particles are more reactive and prone to failure) (Wilson, 2022; Pearce, 2022). Overall,
tailings professionals are actively coming up with unique solutions to this problem and
should continue sharing solutions whenever possible to advance the current state of

practice.
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4.4. Microbial Technologies

Microbes have been explored for their utility in “eco-engineering” of tailings which
promote root vegetation via increased organic carbon sequestration, particle aggregation,
and neutralization of alkaline tailings (Y1 et al., 2023; Yi et al., 2021; Trippe et al., 2021;
Wu et al., 2019). Other important uses of microbes in tailings include bioaugmentation to
promote hardpan formation for cover placement (Liu et al., 2021), bioleaching (Henne et
al., 2018), and microbially induced calcite precipitation to cement tailings (Mujah et al.,
2017). Overall, microbes have great potential for future studies given that their
contribution to weathering rates have yet to be accounted for in design and predictive
modeling. Microbial technologies are extremely cost-efficient and low-energy and I believe
they will continue to prove their favorability over traditional engineering solutions in the

coming years.
4.5. Conclusion

Overall, the goal from this work is for tailings engineers to be more familiar with the
geochemical processes occurring with a TSF and to be more prepared for monitoring and
detecting geochemically induced failure modes before they occur, as well as conducting
post-failure analyses with coupled geochemical considerations in mind. Incorporation of
predictive modeling of geochemical processes and their subsequent impacts on
geotechnical stability should also be incorporated into modern practice. Logsdon (2022)
suggests a reasonable mine closure planning period of 200 — 500 years based on time scales
seen in effective management of low-level nuclear wastes and an expected geological and
hydrogeological data collection period of 100 years (50 years operational, 50 years active

closure and reclamation). In addition, a semi-quantitative assessment should be conducted
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which determines whether major changes in performance are expected within 500 and
1,000 years (Logsdon, 2022). This is based on observations of active oxidation of pyrite
occurring along hydrothermal scars that have been exposed for 30,000 to 1.5 million years

in Questa, NM (Logsdon, 2011).

Lastly, my hope is that this document and embedded conceptual models may be used as
a tool for tailings engineers to use in client conversations to elaborate on the importance of
in-depth geochemical characterization of tailings before operations and placement begins,

as well as in the design of facilities and establishment of monitoring protocols.
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APPENDIX A. LABORATORY PHOTOS
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A1: Photo of all column experiments.
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A2: Example of "piping" failure seen in Column 3.
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A3: Image of Column 2 with slight deformation on the surface.
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A4: Image of cracks forming in Column 3 prior to failure.
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AS5: Image of Column 4 showing no visible deformation or failure.
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