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Introduction
At the time of closure, hard-rock mine wastes,
typically including waste rock/overburden
and tailing, typically range in mass from a few
millions of metric tonnes for small under-
ground mines or heap-leach systems with
modest lifetimes to billions of metric tonnes
for large, long-term open-cut mines. The
waste management units occupy hundreds to
thousands of hectares of surface, with some
structures at large, end-dumped rock piles ex-
tending over several hundreds of metres of
vertical relief. If infiltration were 20 % of aver-
age annual precipitation of 1,000 mm/a over
a waste-rock system covering 500 ha, the
steady-state effluent would be 1 × 10⁶ m³/a, a
very substantial volume to be treated if the
water is low-pH, high-SO₄ solution with a
range of dissolved metals above discharge cri-
teria. Even if a cover system were to reduce
that net infiltration by 90 % and one were to
allow for ranging flows associated with vari-
able flow paths, for large waste-rock storage
systems the water-treatment demand is very
significant.

For mine wastes in which the pyrite con-
tent is greater than a few tenths of a weight
percent, reaction rates for pyrite oxidation are
so slow that pyrite will remain active for peri-
ods of hundreds to thousands of years, and in
many cases much longer.

Example 1: There is a record of sulfide•
mining in the Iberian Pyrite Belt that ex-
tends at least 4,500 years (Leblanc et al.
2000). Massive-sulfide copper deposits of
the Eastern Mediterranean were major
sources of copper in the Homeric Bronze
Age, and they continue to be reactive
today
Example 2: In erosional scars exposed in•
Quartz-Sericite-Pyrite altered volcanic
and intrusive rocks in the Red River Valley,
northern New Mexico, the radiometric
dating of jarosite and alunite formed by
oxidation of pyrite in these scars indicates
that pyrite has been reacting in situ for pe-
riods of 30,000 to 1.5 million years, yet
such altered rocks still retain much of
their original pyrite. Calculated depletion
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times for waste rock there range from ca.
1,500 a to more than 100,000 a, based on
plausible alternative models for the hy-
drodynamics of the waste-rock piles
(Logsdon 2011)

Engineered Waste-Management Systems:
Design Basis and Extreme Events
Background
For waste-management units at mine sites,
closure and reclamation of waste rock or tail-
ing will be designed, built, and maintained to
achieve specific reclamation goals. Perform-
ance of the engineering structures and related
reclamation actions, including seepage, slope
stability, erosion control, and re-vegetation,
must be sustainable into the future. This sec-
tion addresses the time frames that are ex-
pected for reclamation activities and proposes
a design time frame for long-term period of
performance of the reclamation.

Engineering structures, including mine
structures, are designed to perform with re-
spect to some specific design criteria related to
the natural environment, often organized
around response to external forces with statis-
tically-defined probabilities of occurring per
unit time (equivalently, as “return periods for
an event of a given magnitude”). For example,
it is usual for hydraulic structures for a specific
catchment to be evaluated in terms of runoff
resulting from a specified precipitation event
(e.g. precipitation over a 24-hour period) with a
specific return period, e.g. 100 years (equivalent
to a probability of 0.01/a for such a flow). Simi-
larly, it is common for seismic stability of em-
bankments or rock-pile slopes to be assessed in
terms of expected deformation for site-specific
seismic events with defined recurrence inter-
vals. In the terminology of geotechnical engi-
neering, one speaks of “design-basis events”
and also considers the risks from “extreme
events”, incorporating both into the detailed
design criteria for an entire project that ulti-
mately will be defined and, of course, executed.

To be useful for establishing design crite-
ria, the return periods need to be considered

(a) in terms of the duration of relevant activi-
ties at the mine and (b) in terms of the conse-
quences if an event were to occur. For example,
if a mine had a projected remaining operating
life of 20 years, then the binomial probability
of a 100-year event occurring in the remaining
lifetime of the mine would be 18.2 %. To assess
the need for considering large and extreme
events, one must therefore consider the rele-
vant time frames for the closure and reclama-
tion activities associated with the waste-man-
agement facilities that are required on a
site-specific basis. The implications are not
often calculated. Suppose that it was decided
that the mine reclamation activities needed to
be fully functional for 200 years, with a less
than 10 % probability of a failure over that pe-
riod. From a simple binomial model, the de-
sign-basis events that need to be accommo-
dated then amount to 2,500-year recurrence
intervals, and it is clear that design-basis
events such as one-in-a-hundred-year storms
will be expected with probability = 1.

Timeframes for Reclamation and Post-Closure
Maintenance
There are three reclamation periods that are
relevant to establishing a design framework:

The period of construction and active1.
reclamation. During this period, there
would be active use of heavy equipment
to construct the stable forms of the piles
and to place any covers. This also is the pe-
riod of active planting and cultivation es-
sential to the phased re-vegetation of the
rock pile surfaces. Based on consideration
of the surface areas, volumes and terrains,
and using industry-standard assumptions
for equipment and manpower, it is ex-
pected that the active construction and
reclamation period for significant waste-
rock piles would require up to 20 years,
depending on detailed planning factors,
such as how many rock piles can be re-
claimed simultaneously. Because the min-
ing company would have a substantial
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work force and a large and varied fleet of
equipment on hand, maintenance re-
quirements, even substantial rebuilding
efforts if they were required, could be
managed efficiently.
The final reclamation plans typically will2.
require successful establishment of
woody species to ensure shallow slope sta-
bility and to provide the effective evapo-
transpiration needed for the cover design
to achieve a long-term goal of minimizing
net infiltration. Based on experience with
reclamation and re-vegetation on mined-
rock piles, it is expected that the develop-
ment of the final, sustainable, vegetative
cover would require a period of another 10
to 30 years after the end of the active con-
struction period.

Following completion of the original re-
sloping and reclamation activities, one
would expect that equipment and person-
nel would gradually be reduced to an on-
going maintenance level. Such a team
would be capable of handling the level of
work associated with ongoing mainte-
nance of the berms and benches on rock
piles, however for a major rebuilding ef-
fort, if required, the mining company
would have to contract outside services,
including engineers and major earth
moving equipment.
Beyond the period of reclamation of up to3.
50 years, the mining company should an-
ticipate that there will be a period of long-
term maintenance and monitoring that
will document that the expectations for
stable slopes with controlled water-qual-
ity performance have been met.

Consideration of Risk in Light of Maintenance
Capabilities
The period of greatest vulnerability for the re-
sloping and reclamation will be the early days
of construction, before re-vegetation would be
effective at stabilizing the shallow portion of
the slopes. Fortunately, this is the period when

the mining company will have the greatest ca-
pacity to respond, because the large-scale
equipment and large work force will remain
on site.

As the workforce and equipment inven-
tory are drawn down, a more formal plan is re-
quired. During the longer-term reclamation
and post-closure maintenance period, we con-
sider it reasonable to evaluate conditions in
terms of the consequences that would ensue
from events, particularly hydraulic events, of
certain magnitudes. If the events are ones that
produce consequences that can be repaired as
a matter of course by the maintenance ap-
proach, then this represents one set of condi-
tions. If, on the other hand, the consequences
of a specific event required a substantial or
complete rebuild of the originally-designed
closure facilities, then a major intervention
would be required, and that would be another
class of risk entirely.

We propose the following framework:

If an event produces geotechnical and hy-•
drological consequences that (a) remain
entirely on the Mine property and (b) can
be repaired by the available maintenance
team in a period of ≤6 months or less,
with minimal engineering supervision,
then the consequence will be considered
“amenable to maintenance”.

For portions of reclaimed rock-pile slopes
to have conditions “amenable to mainte-
nance”, we propose that the system and
subsystems (e.g. surface-water con-
veyances on benches) be designed to con-
trol events with a recurrence interval of
100 years. This requires that the long-term
maintenance capacity of the Mine’s clo-
sure program must be equipped and
trained to manage impacts to the design-
basis slopes and covers from events with
recurrence intervals up to 100 years. For
example inter-bench surface-water con-
veyances would be designed to pass the
100-year event, because the expected con-
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sequence of failures (minor erosion from
overtopping of a lift) would fall within the
range of simple repairs that would be ex-
pected of maintenance.
If an event produces geotechnical or hy-•
drological consequences that (a) extend
off the Mine property and (b) cannot be
repaired within 6 months using the avail-
able equipment and manpower, then the
consequences would require rebuilding.

The Mine presumably intends that, after
all the work that will go into managing the
rock piles to be “safe and stable,” there
would only be a very small probability of
consequences off site. For the purposes of
discussion, we propose that the design-
basis events that would yield off-site im-
pacts or major rebuilding would have a
probability of occurrence of less than 10 %
during the proposed 200-year period of
performance. Based on a binomial model,
this means that the design basis for criti-
cal structures that would limit conse-
quences to off-site-only impacts must be
the 2,500-year recurrence event.

For comparison to a time-frame analysis
focused primarily on financial assurance
rather than trictly on engineering, readers
will wish to consult Kempton (2003).

Period of Performance
There is no industry standard for such a long-
term performance of closed mine facilities,
nor are there established regulatory criteria for
rock piles. The only geotechnical systems for
which there has been extensive analysis of
long-term periods of performance is for the
mining and milling residues controlled under
the Uranium Mill Tailings Radiation Control
Act (UMTRCA) of 1978 (P.L. 95–604). The regu-
latory standard requires that control of tailings
“shall be effective for up to 1,000 years to the
extent reasonably achievable and, in any case,
for at least 200 years” (EPA, 1983). The UMTRCA
time frames were established to consider peri-

ods over which climatological and geomorphic
processes could reasonably be predicted, given
current knowledge of earth science and engi-
neering. In a review of the technical basis for
the regulations, the National Research Council,
the contracting-review arm of the U.S. National
Academy of Sciences, concluded that the 200-
year period was consistent with our knowl-
edge of the longevity of engineered systems,
but that estimates looking forward 1,000 years
must be thought of as qualitative and inher-
ently uncertain.

The Academy has recently returned to this
topic in an updated review of the performance
of engineered barriers for waste management
(NRC 2007). The general conclusion of the NRC
is that up to 20 years of field observations in-
dicate that engineered waste-containment sys-
tems designed, constructed and maintained
appropriately meet or exceed their intended
performance. However, NRC notes that the
demonstrated period of performance for such
systems remains only a few decades, and that
longer–term monitoring will be needed to
show that performance over hundreds of years
can be achieved reliably across the range of
waste-management alternatives currently in
service. A key finding of the recent study is
that on-going maintenance is required
(Mitchell 2008).

Industry-standard practice by mining
companies and their technical advisors con-
siders that engineered covers, such as a stable,
very low erosion slope with a low-net infiltra-
tion, sustainable re-vegetated cap can be estab-
lished. Given the exploration, development
and operation history of the mine and an ex-
pected construction and reclamation activity
on the order of 50 years, there will be nearly
100 years of geologic and hydrogeologic data
available for most modern mines. It seems en-
tirely reasonable to project that time period
forward and to establish a goal of 200 years
performance for the engineered closure sys-
tem at modern mines, in keeping with the ra-
tional of the National Academy.
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Conclusions
Consideration of these periods, the scientific
basis for understanding closure risk, and es-
tablished engineering practice leads us to sug-
gest that a reasonable, total planning period
for management of mine wastes should be in
the range of 200 years, and it probably should
include a semi-quantitative assessment of
whether or not major changes in performance
are likely to occur between approximately 500
and 1,000 years. Plans should include (1) iden-
tification of risks to surface and groundwater
in terms of adverse impacts to beneficial uses,
(2) presentation of a case that mine-waste
structures would be stable with respect to ero-
sion by flooding or deep-seated shear failures,
and (3) presentation of a case that reactive
wastes as disposed for those periods will re-
main physically stable.

The mine waste will remain a hazard be-
yond routine monitoring periods, and mine
sites may cease operations under one owner
through abandonment, bankruptcy, mergers
and acquisitions. Therefore waste manage-
ment plans need to address how responsibili-
ties will be executed in the future. If there is an
expectation of a transfer of authority (e.g. to
the State or a landowner), there should be an
explanation of how and by whom this will be
(a) funded and (b) physically executed. Further-
more, if original operators are no longer avail-
able, there must be clarity as to how and by
whom closure obligations will be executed.
The closure explanation should show that the
proposed successors both understand the na-
ture of the burdens and are capable of execut-
ing the management responsibilities over the
design-basis time that is established for the
specific project.

Although this discussion paper is framed
scientifically in terms of sulfide oxidation, the
geochemical consequences of concern for
mine-waste management include all potential
classes and outcomes of reactivity. This in-
cludes not only acid-rock drainage and metals
leachability, but also neutral drainage with el-
evated metals or salinity, as well as special

classes of geochemical reactivity such as re-
lease of nitrogen species from explosive
wastes in mined rock, release of selenium from
black shale, arsenic mobilization due to reduc-
tive dissolution of As-bearing ferric phases, air-
fall of soluble, smelter-produced solids to soils,
and other matters. The nature of the geochem-
ical hazards at a mine site needs to be evalu-
ated in terms of the mineralogy of the rocks,
tailing or other wastes (e.g. hydrometallurgical
or water-treatment sludges), site climate and
hydrology, and the nature of sensitive receiv-
ing environments (e.g. extremely clean site wa-
ters or national or traditional heritage sites ad-
jacent to mining operations).
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