Proceedings of Mine Water Solutions 2022
June 14-16, 2022, Vancouver, Canada

Quantifying Flood-Induced Risk to Tailings
Embankment Stability: Avoiding the Alarmist Model
Assaf Wunsch, SRK Consulting, USA
Goktug Evin, SRK Consulting, USA
John Mayer, SRK Consulting, Canada

Abstract
A 60-year-old closed tailings storage facility (TSF) in a semi-arid climate was re-evaluated for embankment
slope stability. The TSF has not completely drained down, and contains perched saturation of low-lying
area of the pre-TSF topography, which may impact slope stability. Compounding the problem is the
formation of a large lake at the beach of the TSF following flood events, and occasional flooding of a creek
near the toe of the TSF embankment. These flooding events lead to temporary recharge of the aquifer
beneath the TSF and potential rise of the water table to the bottom of the TSF.
Geotechnical design of buttress support for the TSF by another consultant assumed a worst-case
scenario of 20-foot rise in water levels within the TSF near the embankment, an assumption that was
challenged by the TSF owners. In addition, fluxes that needed to be accommodated by buttress underdrains
were uncertain. However, it was difficult to objectively come up with a reasonably-conservative model to
guide the design, as opposed to an unrealistically-conservative model that would suggest need for further
buttress reinforcement and investment based on an unlikely scenario.
To aid in this decision, SRK constructed a cross-sectional model of the TSF and underlying aquifer,
deliberately designed to be a light-weight model that would accommodate uncertainty analysis. The model
was run thousands of times in order to explore a wide range of hydraulic parameter values. Acknowledging
that a model is not an exact replica of reality, each model run was ranked based on its ability to match
historical data (previous flooding events), thus allowing to constrain the range of reasonable hydraulic
parameter values. Then, the model was run again multiple times in predictive mode, this time adding
duration of flooding events to the parameter space. The probability of future flood events to cause a water
level rise of 20 ft was then explored in context of the best-performing models in terms of history matching,
as opposed to arbitrary assumption of “worst case” around a single “calibrated” model. Considering
parameter configurations that reasonably matched historical data, only one predictive scenario resulted in
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exceedance of the threshold 20 ft water level rise. Under the predictive model assumptions, buttress
underdrain fluxes of up to 800 gpm were calculated.

Introduction
Structural stability of tailings storage facilities (TSFs) – or lack thereof – has been of concern for decades
(e.g., Rico et al, 2008). TSF dam failures have been increasing in recent years (Islam and Murakami, 2021).
This paper focuses on an inactive TSF in the semi-arid southwest of the United States. A seasonal lake
forms on top of the TSF following intense storm events, which in turn recharges groundwater below the
tailings, and to a lesser extent the TSF itself. Such recharge events cause groundwater levels to temporarily
rise below the TSF.
Unrelated to the seasonal lake, a consulting company was retained by the TSF owners to design a
buttress to support the TSF embankment, which was originally built using the upstream construction
method with an overall embankment slope of approximately 2H:1V. One of the buttress design assumptions
was the ability of the buttress to withstand pore pressure increases below the embankment crest of up to 20
ft. Pore pressure increases were envisioned as resulting either from rising groundwater levels to the bottom
of the TSF, or from increased saturation within the TSF. SRK Consulting, Inc (SRK) was asked to provide
hydrological analysis to test whether the adequacy of the pressure increase assumption.
This paper presents the methodology, assumptions and development of a groundwater model to test
hydrological conditions at the TSF. The modelling work was done in 3 stages:
1. Construction and calibration of a deterministic-calibrated 2D model.
2. Exploration of model parameter space using a stochastic Monte Carlo approach.
3. Execution of stochastic predictive simulations, making use of a subset of the models from the
previous step that produced reasonable calibration to available data.

Site Description
The TSF was built in the late 1920s and filled with tailings slurry over the course of approximately 30 years.
Despite the TSF being inactive during the past 60 years, routine and high-resolution water level monitoring
have only begun in the past several years. The hydrological and hydrogeological conditions described in
the following subsections are therefore largely derived from these observations.

Hydrological Conditions
Two major dry watersheds upstream of the TSF have a combined drainage area of 7.4 square miles and
produce significant runoff only during large storm events. These runoff events result in formation of a
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temporary lake on top of the tailings. The extent and height of the lake are controlled by a spillway, which
would discharge excess water to a dry gulch downstream of the TSF. The seasonal lake water is not
otherwise actively managed (i.e., lake water is not removed by pumping). The maximum possible footprint
of the temporary lake is shown in Figure 1.

Figure 1: Site layout
Figure 2 presents the lake elevation record for the period of 2017-2021. This record was constructed
from direct measurements and processing of satellite imagery. Figure 2 also shows the storm event
precipitation record for the vicinity of the TSF. Storm events that resulted in floods that led to formation or
expansion of the lake are highlighted. Overall, four distinct flooding events were observed between 2017
and middle of 2021. Analysis of historical satellite data dating back to 1984 (not shown) revealed that
repeating flood events in consecutive years, leading to formation of the lake, are not uncommon. However,
flooding did not occur between 2010 and 2017.
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Figure 2: Lake elevations and storm precipitation events (arrows point to storm events that
resulted in flooding events)

Hydrogeological Conditions
The TSF was constructed primarily over Cenozoic-age, cemented conglomerate, and partially over recent,
unconsolidated alluvium filling topographic lows (Figure 3). The alluvium thickness ranges from 0-80 ft
below the TSF and is up to 100 ft thick downgradient of it (Figure 3). Cone penetration tests revealed that
the contact between the TSF and the underlying alluvium tends to have a higher degree of fine particle size.
Direct observations from sonic drilling cores have shown that this contact has a distinct black colour, likely
due to mineral precipitation of manganese oxides.

Figure 3: TSF cross-section
A perched water table exists within the TSF (see Figure 1 for plan view, Figure 3 for cross-section)
with saturated thickness of up to 30 ft. The perched water levels are declining (draining down) at rates
ranging from 0.2 to 0.4 ft/year (Figure 4). One monitoring location within the lake footprint (labelled “a”
in Figure 3 and Figure 4), has shown a steady increase in water levels since 2018, on the order of 3.5 ft,
likely a delayed and subdued response to the repeating flood events described earlier. The remaining
perched-saturation monitoring locations within the tailings show no response to flooding or storm events.
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Figure 4: Measured perched water levels in the TSF (upper plot) and groundwater levels (lower
plot) (see Figure 3 for location identifiers)
Under base flow conditions, the groundwater table is found 20-40 ft below the bottom of the TSF, the
latter value representing conditions near the TSF embankment. Following flood events, the water table in
the alluvium mounds below the TSF. A mounding wave with amplitude of approx. 25 ft propagates from
the upgradient portion of the TSF, in the alluvium along the axis of the pre-TSF natural channel towards
the embankment (Figure 4).

Model Construction and Calibration
Simulations of the hydrological system response to hydraulic stresses – both past and predictive – were
carried using the finite-element code FEFLOW (DHI, Version 7.4). The two-dimensional (2D) model
domain followed the cross-sectional path A-A’ shown in Figure 1. Richard’s equation for unsaturated water
flow (Richards, 1931), in tandem with the modified van Genuchten retention curve model (Schaap and van
Genuchten, 2006), were used to accurately simulate saturation and de-saturation of the various
hydrogeological units during and after flood events, respectfully.
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Simulated Hydrogeologic Units
The model initially included the three major hydrogeological units discussed earlier: the TSF as a single
hydrogeological unit, the alluvium and the cemented conglomerate. However, during model calibration it
became apparent that additional sub-units were required to allow reasonable reproduction of measured
water level data (Figure 5). These sub-units included:
• A low-permeability, 5-foot-thick layer at the interface between the TSF and the underlying
alluvium.
• A wedge-shaped zone carved out of the upgradient, thinned portion of the tailings, representing
recent flood sediments at the lake-alluvium contact.
• A near-surface sub-unit within the lake footprint over the TSF, representing a playa-type hard-pan
(“crust”) observed at the surface.
• The alluvial unit was subdivided into two sub-units, upstream and downstream, to allow flexibility
in modeling calibration and account for potential facies change.

Figure 5: FEFLOW 2D model domain

Simulated Boundary Conditions
The contribution of the lake to recharge at the top of the model domain was simulated as a time-varying
head boundary condition, corresponding to measured lake elevations. Constant-head boundary conditions
were used at the upgradient and downgradient nodes to emulate baseline groundwater levels.

Deterministic Model Calibration Results
Model calibration to observed water levels was done manually initially, and then automatically using PEST
(Doherty, 2015). Plots of observed and simulated water levels in the TSF and in groundwater are provided
in Figure 6.
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Figure 6: Observed and calibrated water levels in the deterministic model (see Figure 3 for
monitoring location identification)
Overall, the deterministic 2D model reasonably reproduced observed water levels within the tailings
and in the groundwater system. Key measures of adequate calibration were reproduction of the muted
response of lake flooding onto location “a”, which is located within the footprint of the lake, and
reproduction of the mounding amplitude and arrival time in location “3”, which is located below the
embankment.

Monte-Carlo Simulations
While the deterministic model proved useful, it was acknowledged that various hydraulic parameter
combinations could result in similarly well-calibrated models, particularly given the inherent non-linearity
of unsaturated flow equations used. Moreover, the main objective of the modelling work was to generate
predictions of system behaviour to future hydraulic stresses, to guide TSF buttress construction. The
complex influence of various model parameters on model results meant that it was difficult to tease a
reasonable “worst case” of parameter value combination. In other words, one could parameterize a model
so that prediction outcomes would suggest a worrisome or even catastrophic outcome, yet this prediction
would be considered overly-conservative, to the point of unrealistic. Such an ill-constrained prediction
could result in un-necessary allocation of resources to address a problem that is unlikely to exist. For these
reasons, a stochastic Monte Carlo approach was taken.
The Monte Carlo method is decades old (Metropolis and Ulam, 1949), but often proves too costly or
time consuming to be applied to complex numerical groundwater models. The computational demand was
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a key consideration in the construction of a relatively simple 2D model. It was better to have a simple model
that could be explored for its “incorrectness”, than a complex model that was could not necessarily provide
more information due to lack of real-world data. The 2D model was run multiple times to create unique
model realizations, where in each realization a random value was assigned to hydraulic parameters within
constraints that were in line with the conceptual site model. Then, only hydraulic parameter value
combinations that resulted in reasonable reproduction of historical water level data were considered in the
predictive simulations.
We acknowledge the problematic subjectivity of the term “reasonable” in this context; however, the
perception and acceptance of risk is also subjective. The methodology described here allowed us to convey
model results to the TSF owners in terms of standard goodness-of-fit statistical measures, and in turn
allowed the owners to accept or reject a certain level or risk associated with the predictive simulations.

Monte Carlo Methodology
The Monte Carlo simulations were done in two stages, a “pre-calibration” stage and a “prediction” stage.
Initial conditions, boundary conditions and simulation time of the pre-calibration stochastic simulations
were similar to those of the deterministic calibration model. Overall, 14,984 simulations, with randomlygenerated hydraulic parameter values, were executed and the assigned values were recorded. Given limited
field data for the various parameters, a uniform distribution of parameter space was used for random
sampling. To ease the computational burden, the 10 least-sensitive parameters – as calculated by PEST
during the deterministic calibration – were excluded from perturbation and their values held constant from
the deterministic calibrated model.
The results of the pre-calibration simulations were compiled, and goodness-of-fit statistics were
calculated for each model realization. Due to the greater interest in the behaviour of the groundwater system
below the TSF embankment and the immediate effect of the seasonal lake on recharge to the TSF, greater
weight was assigned to groundwater level observations there (Locations “a” and “3” in Figure 3). A
common calibration metric of normalized root mean square error (NRMSE) was used as the measure of
goodness-of-fit. All model executions and post-processing were done via python scripts.
The predictive simulations used the same model domain design and hydrogeological units as the precalibration simulations, but with a few modifications to boundary conditions (Figure 7):
• The alluvial aquifer downgradient of the TSF was conservatively assumed to be saturated up to the
ground surface, controlled by a constant-head downgradient boundary condition. This assumption
was analogous to a series of wet years recharging the alluvial aquifer downgradient of the TSF to
the fullest, a phenomenon observed in historical data, although typically short-termed.
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• A seepage face boundary condition was applied to the face of the embankment and along the
ground surface below the eventual footprint of the buttress. The seepage face boundary was
analogous to presence of a planned drainage system below the proposed buttress.
• The seasonal lake was assumed to be at maximum capacity for a duration of one year. This
conservative hydraulic stress was analogous to a potential series of flood events.

Figure 7: Initial and boundary conditions for the predictive Monte Carlo simulations (the
proposed buttress was not simulated)
The predictive simulations were run for a duration of 10 years. Hypothetical observation points were
added below the crest of the embankment (Figure 7), at the contact between the tailings and the alluvium
and 5 ft above this contact (i.e., below and above the low-conductivity layer that is present between the
tailings and the alluvium).

Monte Carlo Simulation Results
The pre-calibration Monte Carlo simulation were classified based on goodness-of-fit to observed water
level data. Ensembles of Monte Carlo pre-calibration simulations that resulted in NRSME of 0-5% are
presented in Figure 8. Of the 14,984 simulations, 214 unique parameter value combinations satisfied this
metric. For demonstrative purposes, simulated water levels at location “a” within the 0-5% NRMSE range
are compared to simulations with higher calculated NRSME for location “a” are presented in Figure 9.
Predicted water levels below and above the Tailings-Alluvium Interface, for the parameter value
combinations that resulted in NRSME of 0-5%, are presented in Figure 10A. The maximum pressure
increase at the bottom of the TSF embankment in the selected 319 simulations was 21 ft, in one scenario.
Simulated fluxes across the seepage face that corresponds to the planned under-buttress drains were
converted from 2D to 3D volumetric fluxes by multiplying by an approximate alluvial channel width of
700 ft. These fluxes are presented in Figure 10B. The maximum calculated peak seepage rate was 820 gpm.
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Figure 8: Monte Carlo water level ensemble of simulations with NRMSE of 0-5% (see Figure 3
for monitoring location identification)

Figure 9: Comparison of pre-calibration Monte Carlo water level results for simulations with
varying NRMSE values, monitoring location “a”
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Figure 10: Results of the predictive Monte Carlo simulations (A) pressure increases below the
embankment, B) volumetric fluxes reporting to the buttress underdrains)

Conclusion
A 2D groundwater model was constructed to represent and predict responses to hydraulic stresses at an
inactive TSF, in support of construction of a buttress intended to reinforce the embankment of the aging
TSF. The main objective of the modelling work was two-fold: to predict pressure response below the
existing embankment to a future flooding event, and to estimate peak fluxes of excess water to underbuttress drains in aid of drain design.
In this paper, we presented a methodology that incorporates several stages of numerical modelling:
• Deterministic model calibration to past observations. This step aided in establishing and refining a
conceptual model for the site. The calibrated deterministic model was designed to be a rather
simple, yet robust, model that would support stochastic modeling of the system in terms of run
times.
• Stochastic pre-calibration Monte Carlo simulations. These Monte Carlo simulations explored
deviations in hydraulic parameter values from those inferred by the deterministic calibration. An
ensemble of model realizations that reasonably matched historical water level data was then re-used
for predictive simulations.
• Stochastic predictive Monte Carlo simulations. The predictive models considered a single
predictive scenario of flooding under conservative boundary condition assumptions. A subset of
these predictive simulations, which implemented the same combinations of hydraulic parameter
values as the best-calibrated pre-calibration runs, were considered for predictive analysis.
The methodology described above rules out a single model as a “best-calibrated model” that is then
re-used to generate a single prediction. It embraces the notion that a model is an imperfect representation
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of reality, and that a single calibrated model hides biases resulting from a modeler’s subjective decisions.
Stochastic modelling enables exploration of multiple combinations of hydraulic parameter values that may
result in multiple statistically-similar acceptable models. Acceptance of a range of models for generation
of predictions, which are guided by goodness-of-fit to historical data, constrains results of predictive models
by eliminating models that are unlikely a reasonable representation of reality.
In this paper, a NRMSE statistic with a value range of 0-5% was discussed as an acceptable goodnessof-fit measure. The authors do not suggest that this NRMSE range, or even NRMSE itself as a statistical
measure, are always adequate. Rather, it is expected for these statistical measures to be project-specific,
debated and accepted by various stakeholders. The perception of risk is a human trait, guided by appetite
to embrace risk or to discount it. However, the methodology describe here sets the stage for debate, and in
the authors view allow stakeholders to be better informed of the risk they are willing to accept.
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