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Abstract
Numerical models are used for detailed and site-specific tailings dam breach analyses (TDBAs) to estimate the downstream 
inundation and deposition resulting from a potential breach at a tailings dam. The results of TDBAs are key inputs into risk 
assessments, consequence classification, and emergency planning. This paper describes the research and development of a 
database of 12 tailings dam breach events with a specific focus on observations that are needed for numerical modelling, in 
conjunction with an assessment of existing dam breach conventions to improve consistency in reporting. The characteristics 
relevant to modelling include outflow volumes, breach processes, breach geometries, and runout observations local to the 
downstream area. This study and the new database shed light on the diversity of outflow materials, facility arrangements, 
breach processes, and downstream environments that affect the breach development and tailings runout. Familiarity with case 
studies is a crucial element of expert judgement for forward-analysis TDBAs, which this database supports. The database can 
also be used to define model inputs for back-analysis of additional tailings dam breach events, and simultaneously provides 
calibration or validation constraints with the runout observations. Continued review and critical assessments are needed to 
reduce uncertainties and to enhance case history data availability and quality in this database.
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Introduction

Tailings are the waste of mineral processing that are com-
monly stored behind dams in impoundments, called tailings 
storage facilities (TSFs). The breach or failure of these tail-
ings dams may result in casualties, environmental impacts, 

economic costs, and other societal consequences (Rana et al. 
2021a, 2022), as evidenced by recent incidents in Brazil (the 
2015 Fundão event, Morgenstern et al. 2016; the 2019 Feijão 
event, de Lima et al. 2020), South Africa (the 2022 Jag-
ersfontein event, Torres-Cruz and O’Donovan 2023), and 
Tanzania (the 2022 Williamson event, Petley 2022). One 
aspect of risk management for a TSF is a tailings dam breach 
analysis (TDBA), where the consequences of a hypotheti-
cal tailings dam breach are estimated. The estimated conse-
quences can be used to inform design criteria, emergency 
preparedness plans, and other risk management practices. 
These TDBAs are a legal requirement in some jurisdic-
tions, such as in the Province of British Columbia, Canada 
(BCMEM 2017) and Brazil (ANM 2022). Regardless of any 
legal requirement, several national and international guide-
lines highlight the importance of performing TDBAs (e.g. 
CDA 2013, 2021; ICMM 2020; ICOLD 2022).

Desktop-level analyses, which are based on relatively 
simple methods without numerical models, can be used 
for preliminary TDBAs, alternative siting studies, or for 
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portfolio and regional-scale studies (e.g. Innis et al. 2022). 
Numerical modelling is typically required for developing 
or updating emergency preparedness plans, TSFs with high 
potential consequences, or whenever detailed estimates 
of consequences are desired. A TDBA does not estimate 
the probability of a breach occurring (CDA 2021); how-
ever, some TDBAs may include probabilistic estimates of 
breach parameters, runout parameters, and consequences if 
a breach occurs. Several recent guidelines summarize the 
process and considerations for a detailed TDBA (e.g. CDA 
2021; ICOLD 2022). The probability of various conditions 
leading to a breach could be assessed in a failure modes 
and effects analysis (FMEA), which is typically conducted 
as a separate undertaking to a TDBA.

TDBAs are an evolving practice, and there are inher-
ent uncertainties involved with modelling approaches and 
determining inputs related to the breach and flow char-
acteristics of tailings dam failures (CDA 2021). Several 
software packages and various approaches exist for breach 
analysis and runout modelling, some of which combine 
breach analysis and runout modelling with a single simu-
lation. These programs or modelling tools and associated 
methods used in TDBAs have been described in CDA 
(2021), Ghahramani et al. (2022), and Martin et al. (2022). 
Regardless of the specific programs or modelling tools 
used, TDBAs involve many common inputs that cannot be 
calibrated in forward-analyses (i.e. predictive simulations) 
and therefore must be estimated or selected by the TDBA 
practitioner. This estimation can be informed by measured 
material properties, insights from collections of back-anal-
yses of historical events, direct comparisons with analo-
gous historical events, empirical equations based on many 
historical events, or professional judgment and experience.

Narratives of tailings dam failures and breach charac-
teristics exist in academic, technical, and civilian report-
ing, but they can be scattered and plagued by inconsistent 
conventions or definitions of breach characteristics (Adria 
2022; Ghahramani et al. 2020; Rana et al. 2021a; Rico 
et al. 2008; Sanz-Ramos et al. 2022). For example, the 
1997 Aznalcóllar (Los Frailes) event in Spain is often 
labelled as one of the better-documented tailings dam fail-
ures, but Sanz-Ramos et al. (2022) provided a thorough 
summary of disputed and contradictory reporting regard-
ing the breach and runout characteristics of the event. Dam 
heights, impounded volumes, total outflow volumes, and 
runout extents have been included in previous databases 
of tailings dam breaches. However, to date there is limited 
information on breach parameters or other inputs neces-
sary in detailed TDBAs to support direct comparisons of 
analogous historical events or empirical equations. These 
inconsistent narratives and definitions, and uncertainties 
for past events negatively affect forward-analysis TDBAs.

Back-analysis numerical modelling of historical events 
can be used to provide insights on breach processes and 
runout behaviour, supplementing direct observations or 
knowledge of historical events and professional judgement 
used in forward-analysis. Tailings dam failures that have 
been back-analysed using various numerical modelling pro-
grams include: (i) the 1985 Prestavèl (Stava) event in Italy 
(Ghahramani et al. 2022; Pirulli et al. 2017); (ii) the 1994 
Harmony 4A (Merriespruit) event in South Africa (Danesh-
var and Zsaki 2018; Ghahramani et al. 2022; Petkovšek et al. 
2021); (iii) the 2014 Mount Polley event in Canada (Mahdi 
et al. 2020; Petkovšek et al. 2021; Sreekumar et al. 2022); 
(iv) a portion of the 2015 Fundão event in Brazil (Machado 
2017); and (v) the 2019 Feijão event in Brazil (Gibson et al. 
2022; Lumbroso et al. 2021; Novell Morell 2022). Between 
these ten studies, eight different programs were used, four of 
which are not publicly available. Ghahramani et al. (2022) 
concluded that more back-analyses with numerical models 
are needed to better support forward-analysis in TDBAs, and 
insights may not be strictly transferable between different 
programs. Sanz-Ramos et al. (2022) also attributed the lack 
of back-analysis numerical modelling for the Aznalcóllar 
failure to the lack of available data to support such analysis.

The goal of this present research is to help fill the data 
gaps described above and make the new data available 
to other researchers and TDBA practitioners. This paper 
describes the development of a novel database compris-
ing general facility descriptions, breach characteristics, 
and runout observations for 12 historical tailings dams that 
experienced a breach, based on a critical assessment of the 
facilities, the failures themselves, and the ensuing report-
ing. The compiled values use consistent conventions from 
previous dam breach work or new definitions as appropriate 
and required for tailings dam breach-specific considerations. 
Definitions and observations of breach and runout charac-
teristics are explored in the context of tailings dams in finer 
detail than previously, before finally discussing the implica-
tions of these details and insights for numerical modelling in 
forward analysis TDBAs. The complete database is provided 
in an open-access data repository hosted at Borealis (Adria 
et al. 2023).

Database Impetus and Development

The tailings dam breach events considered in the database 
are listed in Table 1. A flowchart is shown in Fig. 1 that dem-
onstrates the simplified methodology to compile the various 
data. The events were chosen primarily based on the data 
availability for the breach characteristics, and therefore the 
amount of runout observations varies by event in this data-
base. The various parameters are briefly defined in the fol-
lowing subsections, before the details, context, and insights 
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regarding each parameter are discussed in the subsequent 
sections.

Breach Parameters

A major component of a detailed TDBA is the breach analy-
sis (CDA 2021). This involves estimating several important 
parameters: (i) the volume that mobilizes and discharges 
during the breach; (ii) the volumetric solids concentration of 
the resultant flow (i.e. the ratio of tailings solids to water in 
the outflow volume); (iii) the breach process or mechanism 
of how the outflow volume discharges during the breach; 
(iv) the time that it takes for the breach to fully form (i.e. the 
formation time, following the definition from Wahl 2014); 
and (v) the size and shape of the breach in the dam through 
which the outflow volume discharges.

Over the past 10 years, it has been increasingly recog-
nised that tailings dams are substantially different from 
water retention dams, which limits the applicability of 
empirical-statistical approaches only derived from water 
retention dam failures (CDA 2021; Martin and Akkerman 
2017; Rana et al. 2021a). To date, there is sparse information 
directly on other breach parameters for tailings dam fail-
ures, beyond the results of research on total outflow volume 
and runout extent. Some databases and regression equations 
specific to tailings dams have been developed to fill this 
gap. These databases and regression equations include early 
work by Rico et al. (2008) and subsequently by Bowker and 
Chambers (2015), Concha Larrauri and Lall (2018), Ghah-
ramani et al. (2020), Rana et al. (2021a, b), and Piciullo 
et al. (2022). Most of these authors focus on using the dam 
height and impounded volume to estimate the total outflow 
volume or runout extent. Basic facility characteristics, down-
stream area details, and other background information for 
each event have been used for qualitative refinement in the 
statistical analysis of runout parameters (e.g. Ghahramani 

et al. 2020; Piciullo et al. 2022; Rana et al. 2021a), and for 
understanding causative and preconditioning factors and 
global trends of TSF failures (Piciullo et al. 2022; Rana et al. 
2021a, 2022; Stark et al. 2022). Preconditioning factors and 
global trends, while useful for understanding the broader 
risk assessment context, are of limited benefit for estimating 
other breach parameters in forward-analysis simulation for 
a specific TSF.

The current database includes 23 different parameters 
relating to the facility and the breach, which are listed and 
briefly defined in Table 2. Ten of these parameters have 
never been compiled into a single database for tailings dam 
breaches (parameters 1, 4, 7, 8, 16, 17, 18, 21, 22, and 23); 
four parameters were developed during the present research 
to address the conditions unique to TSFs (parameters 11, 
15, 19, and 20); and nine parameters were given consist-
ent definitions, and occasionally values or characteristics 
were refined or updated after the investigation and research 
found evidence warranting revision from previous databases 
(parameters 2, 3, 5, 6, 9, 10, 12, 13, and 14). Geotechni-
cal details related to the dam material densities, grain size 
distributions, erodibility coefficients, and critical shear 
stresses that may be used in semi-physical breach models 
(e.g. EMBREA-MUD, Petkovšek et al. 2021) are rarely 
available for tailings dams and were therefore not included 
in the current database.

Runout Observations

The next step after breach analysis in a detailed TDBA is to 
use a numerical model to simulate the tailings flood wave or 
runout through the area downstream of the TSF. The results 
of a numerical model include the simulated arrival time, inun-
dated area, flow velocities and depths, and other features of 
the tailings flood wave (or runout). These modelled results 
then inform the estimated consequences of a dam breach, in 

Table 1   Tailings dam breach 
events included in the present 
database

ID Event (colloquial or alternate names) Date of Failure Country

1 Prestavèl (Stava) July 19, 1985 Italy
2 Gillibrand Pond No. 6 (Tapo Canyon) January 17, 1994 USA
3 Harmony 4A (Merriespruit) February 22, 1994 South Africa
4 Aznalcóllar (Los Frailes) April 25, 1998 Spain
5 Tashan (Taoshi, Xiangfen) September 8, 2008 China
6 MAL Reservoir X (Ajka, Kolontár, Red Mud Accident) October 4, 2010 Hungary
7 Kayakari March 11, 2011 Japan
8 Mount Polley August 4, 2014 Canada
9 Fundão (Mariana, Bento Rodrigues, Samarco) November 5, 2015 Brazil
10 Tonglüshan (Tonglvshan) March 12, 2017 China
11a Cadia NTSF Event I March 9, 2018 Australia
11b Cadia NTSF Event II March 11, 2018 Australia
12 Feijão (Brumadinho) January 25, 2019 Brazil
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Supernatant Pond or
Outflow Tailings Volume

No

YesIs there an authoritative
estimate of the volume or
survey data presented?  

Use volume and assign
higher confidence in

estimate

No

Yes

Consider excluding event
from database

Generate approximate and
idealized 3D shape to
coarsely estimate the

volume 

Is there qualitative
evidence or some

dimensions for the outflow
volume shape? 

No Does the coarse estimate
roughly match reported

volumes in other sources?

Yes
For tailings

volumes, is there
a reported in-situ

void ratio? 

Use volume and assign
lower confidence in

estimate

Yes

Calculate interstitial water and
tailings solids volumes based on
void ratio and assumed saturated

tailings 

Assume void ratio is 1, and assign
lower confidence in estimate

No

Compile supernatant pond, tailings solids,
and interstitial water volumes and

corresponding confidence in database for
event

Breach Geometry 

Yes

No

Is there reliable survey
data presented?  

Yes

No

Is there qualitative, semi-
quantitative evidence or

relevant dimensions
available?

Consider excluding
event from database

Yes

No

Is there a
clear

hydraulic
control? 

Assign high confidence in
geometry

Assign lower confidence
in geometry

Assign lower
confidence in

hydraulic control

Compile breach geometry and
corresponding confidence in

database   for event

Assign higher confidence
in hydraulic control

Determine Breach
Processes

Yes

No

Is there authoritative
description of
conditions and

events leading to
failure?

No

YesIs there some
description of the
timing of failure?

Consider excluding event
from database

Compile breach
process and formation

time for event 

Yes

No

Does available
evidence sufficiently

support and
corroborate a

breach process?

Assume near-
instantaneous formation

time

Non-Erosional

ErosionalIs breach
erosional
or non-

erosional?

Determine
formation time

based on breach
timing

Compile Local Runout
Observations  

Exclude observation from
database

Include observation in
database and produce

georeferenced observation

No

Yes
Does the available

evidence sufficiently
support and

corroborate the
observation?

Compile any
location or spatial

information for
observation

Compile any
temporal

information for
observation

Compile any
corroborating
evidence or
narratives

Fig. 1   Summary methodology for data compilation
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Table 2   Definitions of compiled facility and breach parameters

Category Parameter Definition

Facility (1–6) 1. Facility arrangement Geometric arrangement (configuration) of the facility compartments: ring-dyke, 
side-hill, cross-valley, composite, or stepped. See Fig. 3 and Blight (2010) for 
more detail

2. Dam raise method The direction of dam raises: upstream, centreline, and/or downstream. See Fig. 2 
and Vick (1990) for more details

3. Primary type of tailings The mineral commodity of interest from which the tailings were processed for 
storage in a facility. The hard or soft tailings classification follows Small et al. 
(2017)

4. Regulatory dam height The maximum dam height at the time of the breach, following the definition from 
ICOLD (2011). The location of the maximum dam height may not necessarily 
correspond to the location of the breach

5. Impounded volume The total volume impounded in the compartment(s) at the time of the breach, 
including tailings solids, interstitial water, and supernatant pond volumes

6. CDA classification A qualitative, 2-by-2 matrix following Small et al. (2017) and CDA (2021)
Outflow volumes (7–11) 7. Tailings solids The volume of solid tailings particles during the breach

8. Interstitial water The volume of pore water (in the tailings) released during the breach
9. Supernatant pond The volume of water impounded within the supernatant pond that discharges 

during the breach
10. Total outflow volume The sum of tailings solids, interstitial water, and supernatant pond volumes in the 

breach outflow
11. Tailings discharge mechanism The tailings discharge mechanism: liquefaction, erosion, or slumping. This is 

based on qualitative or quantitative information as interpreted from case history 
references. Multiple mechanisms may be present, but the dominant mechanism 
was assigned for each event

Breach process (12–18) 12. Failure conditions The conditions or variables that led to increased susceptibility to failure. (See 
Rana et al. 2021a, b for details)

13. Failure mode Following the CDA Dam Safety Guidelines (2013): Collapse, Overtopping, or 
Contaminated Seepage

14. Failure mechanism Following the CDA Dam Safety Guidelines (2013): The specific events that 
occur shortly before the breach that directly lead to a failure

15. Dominant breach process Erosional or non-erosional. Erosional indicates the breach is progressed by 
erosional means and is associated with internal erosion or overtopping erosion 
during the breach, with durations of minutes to hours. Non-erosional indicates 
the breach is progressed by liquefaction, slope instability, foundation instabil-
ity or other non-erosional failure processes, which take place on the order of 
seconds

16. Initiation time The breach initiation time begins with the first awareness that the safety of the 
dam is at risk and would initiate warning, evacuation, or potential for dam fail-
ure. The breach initiation time ends at the start of the breach formation phase 
(see Wahl 1998 for details)

17. Formation time The duration of time between the first breaching of the upstream face of the dam 
until the breach channel is fully formed (see Wahl 1998 for details)

18. Outflow duration The duration of time between the start of the breach formation and the time when 
the outflow from the dam has ceased

Breach geometry (19–23) 19. Dam height at breach location The difference in elevation between the dam crest and the dam toe, prior to the 
breach, along the cross section of the deepest section of the breach

20. Crest height at breach location The difference in elevation between the dam crest prior to the breach, and the 
foundation directly below the dam crest along the cross section of the deepest 
section of the breach

21. Breach height The difference in elevation between the dam crest, prior to the breach, and the 
breach invert directly below the dam crest, along the cross section of the deep-
est section of the breach

22. Breach width The width of the breach measured at the setting-out-line. Provided for each event 
at the crest elevation and breach invert elevation

23. Breach side slope Average side slope of the breach trapezoid. Provided for each side (left and right, 
when looking downstream through the breach)
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conjunction with identification of elements of value exposed in 
the downstream area (e.g. populated centres, environmentally 
sensitive areas, or any feature of high cultural or economic 
value). The inputs to a numerical model include some repre-
sentation of the downstream topography, the resistance to flow 
from the landcover or features not explicitly captured in the 
topography (e.g. Manning’s roughness or roughness height), 
the non-Newtonian flow characteristics of the tailings flow, 
and hydrologic conditions in downstream waterbodies (CDA 
2021; Ghahramani et al. 2022; Martin et al. 2022).

Runout observations have been compiled to support calibra-
tion and validation of models using back-analyses of the events 
in the database. The planimetric area impacted or inundated 
by a geohazard such as a tailings dam failure is a simple but 
powerful model calibration metric (Heiser et al. 2017). Inun-
dation areas have been previously assessed and compiled by 
Ghahramani et al. (2020) and Rana et al. (2021a, b) and are 
reassessed in this work for some of the events. Local-scale 
observations, such as the maximum depth of flow or breach 
flood wave arrival time, are equally important calibration or 
validation tools as inundation areas (Ghahramani et al. 2022; 
Gibson et al. 2022).

The present work focused on observations of the tailings 
flow depth and arrival times at specific (i.e. point) locations. 
Depth and arrival time have a few variations in the context 
of hazard mapping in forward-analysis TDBAs; similarly, 
there are variations of depth and arrival time in the eyewit-
ness accounts or other investigations. Consistent definitions 
were applied for the local-scale observations, but nuance in the 
observation description was maintained where required. Other 
event-scale observations include, but are not limited to, fatali-
ties and economic losses. While knowledge of these human-
related impacts is useful to support consequence assessments 
for forward-analysis, the scope of this work and database is 
limited to the observations of the runout processes.

Topography, landcover, and hydrologic conditions are 
highly site-specific and multi-dimensional data and are outside 
the scope of this database. Runout parameters are infrequently 
available in the literature for these events, as they require 
extensive laboratory testing, back-calibration with a numerical 
model, expert judgement, and commonly all three. The aim of 
this database is to provide confirmed and direct observational 
data of real events to support numerical modelling; therefore, 
it would be inappropriate to include values determined from 
numerical models in a database of observed characteristics.

Breach Characteristics

Facility and Tailings Attributes

TSFs can vary substantially in layout, construction, and con-
ditions. The dam itself can be constructed using upstream, 

centreline, or downstream raises (Vick 1990), as shown in 
Fig. 2. The arrangement of the facility can be a ring-dyke, 
side-hill, or cross-valley (Blight 2010), as shown in Fig. 3. 
Ponds may exist on top of the tailings, either as part of oper-
ations or after flood inflows. The tailings may be liquefiable 
due to numerous static or dynamic triggers, including the 
breach event itself (CDA 2021; Small et al. 2017). Hard and 
soft rock type tailings can also have different geotechnical 
and rheological attributes (Ghahramani et al. 2020; Rana 
et al. 2021a; Small et al. 2017).

Multiple “compartments” for tailings storage can also be 
arranged in close proximity to one another, which are termed 
“composite” or “stepped” by Adria (2022), resulting in fur-
ther facility variations. Composite TSFs are where sections 
of the impounded tailings volumes are divided by internal 
embankments and potentially used for different types of 
tailings solids or supernatant ponds (e.g. Harmony mine, 
Wagener 1997; Aznalcóllar mine, McDermott and Sibley 
2000; MAL Red Mud Reservoir, Turi et al. 2013). Stepped 
facilities comprise one compartment downstream of another 
(e.g. the Prestavèl mine, Luino and de Graff 2012; the Cadia 
mine, Jefferies et al. 2019). Figure 3a and c shows examples 
of these compartment variations. A TSF with both com-
posite and stepped compartments is not impossible, but to 
the authors’ knowledge, there have been no failures of such 
combined arrangements.

A

Starter dam

Subsequent 
dam raises

Supernatant Pond

Tailings

B Supernatant Pond

Tailings
Starter dam

Subsequent 
dam raises

C

Starter dam

Subsequent 
dam raises

Supernatant Pond

Tailings

Fig. 2   Schematic of tailings dam cross sections for different construc-
tion raises. a Upstream construction, b centreline construction, and c 
Downstream construction
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The descriptors above can be determined through cursory 
review of a historical tailings dam failure. The dam raising 
method is often included in databases, but the remaining 
attributes are rarely mentioned or discussed as they may 
relate to breach characteristics.

Outflow Volumes

The composition of the outflow volume from a tailings dam 
breach can be heterogenous, potentially comprising: (i) a 
supernatant pond; (ii) multiple tailings solids types (e.g. 
from different ore processing methods, variation in geology 
over the life of the mine, or separate compartments); (iii) 
the interstitial water (pore water) within the tailings; and 
(iv) dam fill material (CDA 2021). The volumetric solids 
concentration of the outflow volume, or the ratio of tail-
ings solids to the total outflow volume (i.e. the sum of the 
supernatant pond, interstitial water, and tailings solids), has 
a strong influence on the flowability and subsequent runout 
characteristics (CDA 2021; Martin et al. 2022). All else 
being equal, the flow is typically faster, more turbulent, and 
more mobile with a lower volumetric solids concentration; 
however, there are many other tailings characteristics that 
affect flowability and the range of measured rheology values 
vary by orders of magnitude for tailings at the same volumet-
ric solids concentration (Martin et al. 2022).

Furthermore, the tailings can discharge through several 
mechanisms, including erosion, liquefaction, or slumping, 
which may also be associated with different volumetric sol-
ids concentrations and runout characteristics. Despite this 
heterogeneity, the total outflow volume has been commonly 
reported as a single scalar value (e.g. Rico et al. 2008), or 
occasionally segregated into the supernatant pond and tail-
ings (i.e. the sum of the interstitial water and tailings solids) 

when such data was available (e.g. Ghahramani et al. 2020; 
Rana et al. 2021b).

For the present database, each volume was separately 
assessed, compiled, or estimated to enhance the single total 
outflow volume previously available in most databases. Fur-
thermore, the discharge mechanism was qualitatively esti-
mated for each event and tailings compartment (as relevant). 
This was completed in conjunction with a critical review of 
the breach process, as described in the following section. 
Specific details on the estimation and segregation methods 
are provided in supplemental content in the database.

Once the tailings volume was confirmed for an event, the 
tailings were proportioned into tailings solids and interstitial 
water, if not previously separated in existing sources. This 
was done by assuming saturated conditions and using the 
void ratio reported in Rana et al. (2021b) to estimate the 
proportion of interstitial water and tailings solids, according 
to Eqs. 1 and 2:

where VT is the total tailings volume, VS is the tailings sol-
ids volume, VI is the interstitial water volume, and e is the 
pre-failure void ratio. When no void ratio for the tailings 
prior to failure was reported, it was assumed to be 1. This 
implies that half of the released tailings volume is tailings 
solids and half is interstitial water (i.e. a volumetric solids 
concentration of 50%). This assumption was based on the 
range of void ratios in Vick (1990) for conventional hydrau-
lically placed tailings, and in Rana et al. (2021b) for tail-
ings dam breach events. Rana et al. (2021a) also indicate 

(1)V
T
= V

S
+ V

I

(2)V
I
= V

T

(

e

e + 1

)

Compartment 
with different 

tailings material

Internal 
embankmentsA

Supernatant 
pond

Original ground 
contours

B

Embankment

Upper 
CompartmentC

Fig. 3   Schematic of various TSF arrangements: a ring-dyke with composite compartments, b side-hill, and c cross valley with a compartment 
stepped above the lower compartment
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there is a strong prevalence for the TSFs in these events 
to have poor drainage, suggesting that the assumed satura-
tion is reasonable for the estimates herein. It is recognized 
that the void ratio depends on different factors, including 
the type of tailings, particle size distribution, and degree of 
consolidation; therefore, the void ratio varies between differ-
ent projects, and also varies spatially and temporally within 
a single TSF. Naturally occurring debris flows have volu-
metric solids concentrations of about 50% (O’Brien 1986) 
and exhibit similar flow characteristics as tailings flows of 
comparable solids concentrations (e.g. the 1985 Prestavèl 
event, Takahashi 2014).

Breach Processes and Formation Time

There is extensive literature and a substantial body of data 
available for causative variables or failure modes, for both 
water reservoir dams and tailings dams (CDA 2013, 2019, 
2021; Piciullo et al. 2022; Rana et al. 2021a, b; Wahl 1998, 
2014). Like the facility and tailings attributes discussed in 
a previous section, these data and frameworks are useful to 
know; however, they may not necessarily describe the physi-
cal process during a dam breach. CDA (2021) discusses two 
types of breach development processes, which are termed 
‘erosional’ and ‘non-erosional’ herein, as a better descriptor 
of the actual breach.

A breach by the erosional process occurs when the dam or 
tailings material is primarily carried away by flowing water, 
which is similar to the breaching process of water reservoir 
embankment dams (e.g. Froehlich 2008; Wahl 1998; Walsh 
et al. 2021; Xu and Zhang 2009). Erosional breaches are 
commonly caused by overtopping or internal erosion mecha-
nisms. Such failures involve relatively high supernatant pond 
volumes and are characterized by long duration outflows (i.e. 
many minutes to hours).

Non-erosional breaches occur when the dam material is 
mobilized through any other phenomena. Such failures are 
often described as brittle and are near-instantaneous, with 
one example being the 2019 Feijão event that was captured 
on video (Robertson et al. 2019). Non-erosional breaches of 
tailings dams can be initiated by, but are not limited to, slope 
instability (e.g. the 1985 Prestavèl event, Takahashi 2014), 
foundation failure (e.g. the 2017 Tonglüshan event, Zhuang 
et al. 2022), or tailings liquefaction (e.g. the 2015 Fundão 
event, Morgenstern et al. 2016).

The primary consideration for assigning the breach pro-
cess is the timing of specific stages during the breach. Previ-
ous definitions and work from water reservoir failures (i.e. 
Froehlich 2008; Wahl 1998, 2014) proved to be applicable 
for erosional breaches of tailings dams. The initiation time 
begins with the first awareness of potential for dam fail-
ure and lasts until the formation time starts. The formation 
begins when the breach channel first intersects the upstream 

face of the dam or tailings beach and lasts until the ultimate 
breach dimensions are reached and is equivalent to ‘Stage 
3’ for laboratory scale experiments (e.g. Walsh et al. 2021). 
The formation time does not include the initiation time or 
total duration of the breach outflow. For the present data-
base, the initiation time and formation time were estimated 
for erosional breaches using eyewitness accounts and narra-
tives. This involves some level of uncertainty and subjective-
ness but is likely comparable to the uncertainty associated 
with estimating formation times for water reservoir embank-
ment dam breaches (e.g. Wahl 2014).

There was commonly no pre-failure awareness of breach 
development for the non-erosional events in the database. 
Modern techniques, such as InSAR and dedicated onsite 
monitoring, may aid in early detection (Carlà et al. 2019; 
Rana 2023). These approaches were either not available at 
the time of these events (e.g. 1985 Prestavèl event, Takahashi 
2014), resources were not allocated for them, or monitoring 
was misinterpreted (e.g. the 2014 Mount Polley event, Mor-
genstern et al. 2015; the 2019 Feijão event, Robertson et al. 
2019). In this study, the formation time of all non-erosional 
breaches was considered instantaneous (i.e. 0 s). While any 
breach is not truly instantaneous, the events with direct evi-
dence or reliable eyewitness accounts suggest formation 
times equivalent to 10 s or less for non-erosional breach 
events (e.g. the 1985 Prestavèl event, Takahashi 2014; the 
2015 Fundão event, Morgenstern et al. 2016; the 2019 Feijão 
event, Robertson et al. 2019). Reducing the time for loss of 
strength and breach progression from near-instantaneous to 
instantaneous is a well-known and commonly used simplifi-
cation in landslide modelling and breach analysis of concrete 
arch dams (e.g. Aaron et al. 2018; USBR 1988).

Breach Geometry

Breach geometry is defined here following the same conven-
tions as commonly used in water reservoir dam breaches. 
However, additional clarity is needed for the arrangements 
of tailings dams. In simple terms, the breach “channel” 
through the dam is approximated as a vertical trapezoid at 
the hydraulic control, generally assumed to be in line with 
the “setting-out-line”. The concept of a “setting-out-line” 
for referencing the dimensions and mechanism of the Mount 
Polley breach was used by Morgenstern et al. (2015) and 
is visualized in Fig. 4. It is noted that the setting-out-line 
is a two-dimensional plane, not a one-dimensional line as 
implied by its name. The setting-out-line was considered to 
project directly downwards from the dam crest alignment. 
Additional commentary on the hydraulic control with ref-
erence to tailings dam breaches, particularly for non-ero-
sional failures, is included in the supplemental content in 
the database.



658	 Mine Water and the Environment (2023) 42:650–669

1 3

Height Conventions

The dam height is the difference between the lowest eleva-
tion of the dam toe and the highest elevation of the crest 
(ICOLD 2011). This may not be the same location where a 
breach historically occurred. For example, the dam height of 
the Cadia NTSF in 2014 was 94 m under the ICOLD defini-
tion; however, the crest was only 68 m above the foundation 
where the breach occurred (Jefferies et al. 2019). Further-
more, TSFs can be built on steep slopes; therefore, the dam 
height can be noticeably taller than the maximum possible 
height of the hydraulic control (i.e. at the setting-out-line) 
in a breach. Lastly, the breach may not progress to the pre-
dam topography.

Confusion regarding these possible height definitions 
was found to be prevalent in reporting. Consequently, four 
separate parameters are explicitly defined here: maximum 
dam height, dam height at the breach location, crest height 
at the breach location, and breach height. The maximum 
dam height corresponds to the ICOLD definition, and may 
be useful for regulatory or classification purposes, whereas 
the breach height is most relevant to the hydraulic control 
and actual outflow. The crest height at the breach location is 
approximately the maximum potential breach height. These 
definitions are shown visually in Fig. 5a.

An alternate convention was used for the 2010 Kayakari 
event and the 2018 Cadia Event I and Event II. When the 

maximum thickness of the tailings outflow volume measured 
normal to the average post-failure surface slope was larger 
than the breach height, the event in question was consid-
ered using a different convention. This scenario is shown 
schematically in Fig. 5b. This distinction was made as the 
hydraulic control was assessed to be at the breach toe in 
these failure events (e.g. the 2010 Kayakari event, Ishihara 
et al. 2015). The source area for this scenario is visually 
similar to slab avalanche source areas as defined by UNE-
SCO (1981). Consequently, the tailings dam breach events 
that meet this criterion are termed ‘avalanche events’. This 
convention was developed, as it was found that the geometry 
at the breach toe was better suited as the hydraulic control, 
rather than at the setting-out-line.

Breach Shape

An approximation of the breach shape used for water res-
ervoir embankment dams is a trapezoid (e.g. Froehlich 
2008; Wahl 1998, 2004). The trapezoid is defined using the 
breach height, top breach width, and bottom breach width. 
The trapezoid alternatively can be defined with the average 
breach width and the slopes of the left and right sides of the 
breach, which do not necessarily need to be the same. The 
trapezoid approximation can be further simplified to a rec-
tangular breach shape (using vertical breach side slopes) or 
a V-shaped breach (using 0 m for the bottom width).

Fig. 4   Breach hydraulic control 
shown with a annotated oblique 
photo of the Harmony 4A 
Breach, and b hypothetical 
profile
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The trapezoid approximation is often applied in 
forward-analysis for water reservoir embankment dam 
breaches for its simplicity and flexibility (Froehlich 
2008). Observations of past water reservoir breaches 
and large-scale embankment failures also showed that a 
trapezoid approximated the breach shape well (Froehlich 
2008; Morris et al. 2007). The downside of a trapezoid 
breach shape is that it may not be representative of highly 
irregular, composite, or curvilinear breach shapes.

For the present database, the breach geometry was 
typically measured at the setting-out-line at the dam crest 
alignment. Minor simplifications of the setting-out align-
ment were needed in some instances. For example, the 
Fundão dam has a curving crest with a setback and was 
built on uneven valley topography, so the breach geom-
etry was measured from a straight line between each 
abutment. For the avalanche events, the geometry was 
measured at the breach toe instead. Publicly available 
information used to estimate the geometry ranged from 
detailed post-breach surveys presented in scaled draw-
ings (e.g. the 1985 Prestavèl event, Muramoto et al. 1986; 
the 2014 Mount Polley event, Morgenstern et al. 2015; 
the 2018 Cadia NTSF, Jefferies et al. 2019) to unscaled 
and oblique photographs of the breach, which cannot pro-
vide the same level of detail and confidence. Froehlich 
(2008) noted similar approximations were also required 
for water reservoir dam breach databases. A schematic 
of the breach geometry conventions is shown in Fig. 6.

Runout Characteristics

Event‑Scale Observations

The convention for measuring runout distance has not been 
defined in previous databases (e.g. Concha Larrauri and 
Lall 2018; Ghahramani et al. 2020; Rico et al. 2008). It 
can be measured along the river centreline or thalweg, 
along the centreline/streamline of the tailings flow (i.e. 
not necessarily the river centreline), or along the shortest 
straight-line distance. These conventions are shown con-
ceptually in Fig. 7a. It appears that all three conventions 
have been used in previous databases, and sometimes even 
within the same database.

Ghahramani et al. (2020) established a convention for 
separating the impacted area into two zones to improve 
consistency in reported runout characteristics, as shown 
in Fig. 7b. Zone 1 is the primary impact zone, defined 
as the extent of the main solid tailings deposit, which is 
characterized by remotely visible or field-confirmed sedi-
mentation, above typical bankfull elevations if extending 
into downstream river channels. Zone 2 is the secondary 
impact zone, defined as the area downstream of Zone 1 
that is further affected by the tailings flow in some way. 
Secondary impacts may include flood or displacement 
wave impacts (i.e. fluid impacts above typical down-
stream water levels) and sediment plume impacts (i.e. 

Fig. 5   Height conventions and 
dimensions. a Standard breach 
geometry, and b Avalanche 
breach geometry
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below typical downstream water levels). Ghahramani et al. 
(2020) further classified the downstream area from 33 his-
torical events as unconfined or confined, which Rana et al. 
(2021a, b) extended to 52 events (and renamed confined 
to channelized). The present work focused on the Zone 

1 inundation area. Several Zone 1 inundation areas from 
Ghahramani et al. (2020) and Rana et al. (2021a, b) were 
updated based on newly obtained information or interpre-
tations. The Zone 1 shapefiles for each event are included 
in the present database.

Fig. 6   Trapezoid breach 
geometry. The orientation of 
the breach cross-section is taken 
looking in the downstream 
direction
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Local‑Scale Observations

Local-scale observations are defined here to be some quan-
titative measure of flow characteristics at a unique time and 
space within the impacted area. These types of observations 
can occur throughout the downstream area impacted by the 
tailings outflow, and therefore can have multiple individual 
scalar values for the same observation parameter. Despite 
this, it is rare that historical events have more than a few 
local-scale observations. The most prevalent local scale 
observations were the flow depth and arrival time; however, 
other miscellaneous types of observations exist as well.

One of the key aspects of this research was verifying 
the location for each observation and the definition of any 
reported value, as these observations can often have many 
similar, but not identical meanings. Observations were 
excluded if they did not have any location information or 
corroborating observations associated with them, except 
if they came from comparatively trustworthy sources. For 
example, a national news organization reporting that the 
government moved to neutralize the tailings flow at a spe-
cific bridge at a specific time is likely to be reliable and 
would be included in the database without corroboration. 
On the other hand, an eyewitness account of flow depths 
and velocities high enough to “sweep people off their feet” 
or to “snap trees like twigs” at an undetermined location 
would not be sufficient to use for model calibration, unless 
multiple accounts and corroborating evidence allowed for 
these observations to be used qualitatively, or as approxi-
mate quantitative constraints in calibration.

Each local-scale observation is included in the data-
base as a georeferenced point, line, or polygon, and can be 
brought into any GIS platform or Google Earth to support 
calibration or validation during back-analysis. Most of the 
local-scale observations are within the Zone 1 impact area; 
however, observations from Zone 2 were included if they 
provided insight for Zone 1 impacts (e.g. arrival times were 
outside Zone 1, but no other timing information existed). 
Some observations are presented as polygons when they 
conceptually should be points. This was done when the 
confidence in the value of a particular observation was low, 
or only a general indication of the location was provided 
(e.g. the highest stain mark was human height within the 
“village”), but only if there were repeated observations or 
corroborating evidence to warrant this inclusion as a veri-
fied observation.

Flow Depth

The flow depth is one of the basic elements of hazard map-
ping in TDBAs (CDA 2021), and is used in model vali-
dation or calibration for back-analysis (e.g. Ghahramani 
et al. 2022). The depth may represent the peak depth of the 

tailings runout or the final deposit depth. Tailings runout can 
leave indicators of the maximum flow depth as mud high-
water marks on buildings, trees, and infrastructure. These 
indicators can be safely observed and photographed after 
the event without sophisticated survey equipment and are 
the most common measures of depth available (e.g. the 1994 
Harmony 4A event, Wagener 1997; the 1998 Aznalcóllar 
event, Eptisa 1998).

The final depths of the tailings deposit may be reported 
from field visits for forensic engineering and impact stud-
ies (e.g. the 1998 Aznalcóllar event, Gallart et al. 1999). 
Final depths can also be surveyed throughout the impact area 
(e.g. the 2018 Cadia Event I and II, Jefferies et al. 2019), 
but some survey information prior to the failure is neces-
sary for proper change detection analysis. These full sur-
veys are infrequent, as they are generally limited to more 
recent events with shorter runout distances, where detailed 
topographic surveys were feasible. For some events, eyewit-
nesses recounted their observation of flow depth at a time 
likely around the maximum flow velocity or depth (e.g., 
the 1985 Prestavèl event, Takahashi 2014). These types of 
accounts are much more difficult to verify in terms of loca-
tion and reliability, particularly when compared to photo-
graphs or post-event expert interpretation.

Arrival Time

The arrival time is the time that it takes for the released tail-
ings to reach a particular location. The arrival time may rep-
resent either the arrival of the tailings runout front (frontal 
arrival time), the peak depth of the tailings, or the peak flow 
of the tailings, all of which are commonly used in hazard 
or inundation maps in industry practice (CDA 2021). For 
forward-analysis, the arrival time is reported as a relative 
value from a defined point in time (e.g. the arrival time of 
the tailings outflow at the river is 40 min since the begin-
ning of the breach formation). For the present database, the 
arrival times are reported as absolute values (e.g. the breach 
occurred at 12:28 hh:mm and the tailings outflow arrived at 
the river at 13:10 hh:mm) to be more precise and prevent 
confusion with relative timing.

Unfortunately, the arrival time cannot be observed after 
an event unless timestamped video or scientific instruments 
register the event (see following section). This limits obser-
vations primarily to eyewitness accounts, which are difficult 
to validate, primarily due to the lack of specific location 
information provided with the eyewitness account. The 
timing of broken power or communications cables in the 
path of the breach flood wave can be used to give the gen-
eral indication of inundation (e.g. the 2014 Mount Polley 
event, Morgenstern et al. 2015), but it can be difficult to 
determine whether it is representative of the frontal arrival 
time, peak discharge, or some time in between. Two or more 
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observations at two or more different locations are needed 
to use arrival time as a back-analysis model calibration and 
validation tool. The time of the onset of failure at the tailings 
dam is often one of the time and location pairs that can be 
used to determine the relative timing further downstream 
for back-analysis. The requirement for two observations 
for a single model calibration and the absence of location 
information prevented the inclusion of many reported arrival 
times in the database, more so than any scepticism in the 
reported timing.

The average velocity of the tailings runout is occasion-
ally reported (e.g. the 2015 Fundão event, Morgenstern et al. 
2016; the 1985 Prestavèl event, Takahashi 2014). These esti-
mates are usually based on arrival time (i.e. the distance 
between two locations divided by the difference in arrival 
time between them) rather than a direct measurement of 
velocity. Therefore, the original arrival times for each loca-
tion were considered a more appropriate model calibration 
and validation tool than the average velocity between them.

Other Types of Observations

Beyond the simple measurements of depth and arrival time, 
some events had secondary observations reported where 
their values come from additional interpretation or are 
derived from a combination of other observations. In rare 
cases, scientific instruments installed in the vicinity of the 
tailings runout for other purposes captured some features 
of the runout. The data from these sources may require 
additional expert interpretation, but generally can provide 
multi-faceted information invaluable to support model cali-
bration and validation. These more complex observations 
were found to be rare compared to the simple measurements 
of depth and arrival time.

Hydrometric gauges can provide a time-series of the tail-
ings runout depth if they were in the Zone 1 impact area. 
These time-series can give information about the arrival 
time of the flood wave front, peak tailings depth, arrival time 
of the peak tailings depth, final (deposited) tailings depth, 
and the general trend in depth and timing between all of 
these elements. Hydrometric gauges are also useful outside 
of Zone 1, as they can constrain the arrival time or other 
runout characteristics (e.g. the 2019 Feijão event, CPRM 
2019). Such quantitative information is useful in model cali-
bration and validation, but caution and judgement should be 
exercised. Depth time-series are preferred to flow time-series 
for model calibration and validation. Most stage-discharge 
rating curves at hydrometric gauges are invalid for events 
like extreme floods or tailings runouts, therefore, the calcu-
lated flow may not be reliable (Ayala-Carcedo 2004; Lang 
et al. 2010).

Seismograph data require expert interpretation to invert 
the frequency into a force–time function. These force–time 

functions have provided insight into the timing, duration, 
and dynamics of landslide events (e.g. Mitchell et al. 2022, 
and the references therein) and for a limited number of tail-
ings dam breach events (e.g. Takahashi 2014). No seismic 
inversion analysis was completed in this research, but inter-
pretations by others are referenced.

For some tailings dam breach events, pre- and post-failure 
surveys were completed by other parties; however, due to 
uncertainties or other considerations, the actual survey data 
is not reported or shown by the other parties. Instead, the 
total tailings volume deposited in an area or the total tail-
ings volume that passed a location are reported, as calcu-
lated from the change in topography between the pre-and 
post-failure surveys. These values were assumed to be reli-
able, like outflow volumes calculated using survey informa-
tion. The sub-areas of deposition were estimated based on 
descriptions in the original source and are provided in the 
database.

Discussion

Facility Arrangements and Outflow Volumes

Geometric or temporal details were explicitly discussed and 
included in the database. For example, the 1985 Prestavèl 
event in Italy, has been widely described to be a cascad-
ing failure of a stepped facility (Luino and De Graff 2012; 
Takahashi 2014); however, this arrangement for Prestavèl is 
commonly not mentioned in databases that include this event 
(e.g. Concha Larrauri and Lall 2018; Piciullo et al. 2022; 
Rico et al. 2008), or in numerical modelling of the event 
(e.g. Pirulli et al. 2017; Takahashi 2014). The 2018 Cadia 
NTSF event in Australia has previously been simplified to 
a single event, despite two different flow characteristics and 
outflow volumes that occurred with 48 h passing between 
the events (i.e. an initial slump of 1,170,000 m3 and a subse-
quent flow of liquefied tailings of 160,000 m3). Similarly, the 
2015 Fundão event in Brazil discharged 32.2 M m3 of tail-
ings on the day of the primary failure, and then an additional 
11.5 M m3 of tailings over the next several months during 
multiple separate rainfall events (Fundação Renova 2016). 
The cumulative discharged tailings volume of 43.7 M m3 
that is commonly reported in databases (e.g. Piciullo et al. 
2022) lacks the nuance or context regarding the timing of 
the discharges. These simplifications may have been neces-
sary for the scope and purpose of the previous work, but 
they obscure the phenomena or considerations that would 
be useful for forward-analysis of facilities with similar 
arrangements or conditions. Furthermore, insights from 
back-analysis can be misleading if the numerical modelling 
does not reflect the physical arrangement, flow phenomena, 
and outflow volumes that actually occurred.
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The total outflow volume from a tailings dam breach has 
substantial influence on the resulting impacts. Rico et al. 
(2008) noted difficulties with high uncertainties in compil-
ing outflow volumes, which have been echoed by subsequent 
authors. The present research was similarly affected by this 
uncertainty despite the extra effort spent on details, and the 
uncertainty carries through to forward analysis based on 
these findings. Ultimately, presenting scalar volumes intro-
duces a loss of three-dimensional information, even when 
segregating the volume into supernatant pond, tailings sol-
ids, and interstitial water.

Industry practice includes generation of simplified out-
flow volume shapes for each facility and failure scenario in 
TDBAs using post-failure residual tailings slopes (e.g. cones 
of depression, as described in CDA 2021). Site-specific tail-
ings characterization and strength information from cone 
penetration testing or laboratory testing are preferred for for-
ward analysis TDBAs, but these types of data are not always 
available. Residual slopes for past tailings dam breach events 
included in Lucia et al. (1981), Blight and Fourie (2005), or 
Robertson (2022) can be used to inform the slopes for these 
cones; however, these databases are limited in the number 
of events and do not include more recent events. A useful 
approach would be to digitize or compile the available three-
dimensional surfaces for facilities pre- and post-failure, to 
supplement site-specific testing and to confirm whether a 
simplified cone approach is appropriate or sufficiently con-
servative. Remote sensing tools can provide these surfaces 
for recent events (e.g. Rivet 2023), but this technology is 
still in its infancy.

Failure Conditions, Causes, and Mechanisms

A useful insight obtained during this research is that the 
conditions and causes that lead to failure are not necessar-
ily exclusively tied to the breaching process. The pond at 
the Harmony 4A compartment overtopped the dam after a 
rainfall event (Wagener 1997), which under conventional 
knowledge suggests an erosional breach process. In reality, 
the knickpoint from the overtopping erosion initiated a slope 
failure and static liquefaction in the upstream dam, such that 
the breach occurred in seconds, like “an explosion” accord-
ing to eyewitnesses (Blight and Fourie 2005; Mánica et al. 
2021). Therefore, a non-erosional breach process is more 
appropriate to describe this failure. As an alternative exam-
ple, a local foundation weakness under the Mount Polley 
Perimeter Embankment initiated the dam failure (Morgen-
stern et al. 2015). This suggests a non-erosional breach and 
is reinforced by the label of a “brittle” failure mechanism 
by BCMEM (2015); however, the actual crest subsidence 
was limited to a few metres (Morgenstern et al. 2015), with 
most of the breach formation driven by erosion from the 
overtopping of a large supernatant pond over several hours.

Any back-analysis modelling of the breach for each of 
these events based on the descriptions of their causes rather 
than their actual breach process would lead to misconcep-
tions and incorrect findings, which in turn have potential to 
affect forward-analysis TDBAs. While a discussion on the 
risk analysis process (e.g. potential failure modes analysis, 
or failure mode and effects analysis) is not within the scope 
of this paper, understanding the connections between spe-
cific risks to a dam, potential breach types, and the resulting 
hypothetical consequences is important. The risks would be 
mischaracterized if emergency personnel operated under the 
belief that they may have minutes to hours to respond to an 
erosional breach when a near-instantaneous non-erosional 
breach is more likely to occur. Fortunately, this nuance 
between failure causes and breach processes is not always 
complex. Contrasting the previous examples is the Feijão 
failure, where the tailings liquefaction and the absence of 
a supernatant pond are aligned with a non-erosional breach 
process.

Breach Characteristics

The erosional breaches of tailings dams in this database 
generally demonstrated slower formation times compared 
to events in water reservoir dam breach databases (e.g. Froe-
hlich 2008; Wahl 1998). This aligns with the findings in 
physical flume scale experiments described in Walsh (2019), 
where the presence of a tailings beach slowed down breach 
formation to a large degree. The fastest erosional breach, 
MAL Reservoir X, involved aspects of foundation failure 
and block failure of its brittle, lightly bonded dam, which 
sped up the erosion process (Bánvölgyi 2018; Turi et al. 
2013). Despite these non-erosional features, the breach took 
roughly 15 min, which is much slower than the other non-
erosional breaches in the current database.

Other breach characteristics from the erosional tailings 
dam failures, such as breach height, breach width, and 
breach side slopes, appear approximately in line with water 
reservoir dam failures, with a defined trapezoidal hydraulic 
control at the breach location. This makes sense intuitively, 
as despite the differing conditions and mechanisms leading 
to the breach (e.g. Mount Polley was a hybrid centreline-
upstream dam, while MAL Reservoir X and Aznalcóllar 
were downstream; MAL Reservoir X was built of brittle fly 
ash, while the Mount Polley and Aznalcóllar were rockfill), 
erosional processes are the dominant physical factors for the 
breach development and characteristics.

The nine upstream-raised dams evaluated in this 
research that underwent a failure are labelled as non-
erosional breaches, while the centreline and downstream 
dams are labelled as erosional breaches. However, this 
is not meant to suggest that any hypothetical breach of 
an upstream dam must be considered non-erosional. The 
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events in the database were selected based on data avail-
ability, which is typically higher for high-profile, destruc-
tive events, which appear to occur more often with non-
erosional breaches. This may introduce a form of selection 
bias. Site-specific data and conditions should inform 
whether a non-erosional breach is the critical breach pro-
cess for an upstream dam; however, it is acknowledged that 
upstream dams require greater care (Morgenstern 2016).

Due to these concerns, a non-erosional breach may 
be the initial assumption for forward-analysis TBDA of 
an upstream dam, with erosional breaches considered if 
further assessment and evidence suggests an erosional 
breach process is relevant. This would be analogous to 
the approach in geotechnical design of tailings dams where 
tailings are assumed to have the capacity to liquefy until 
proven dilatant (Morgenstern 2016). Likewise, non-ero-
sional breaches should not be immediately excluded for 
centreline or downstream tailings dams without valid rea-
sons to do so. For example, the Edenville dam was a water 
retention embankment that underwent a non-erosional 
breach due to liquefaction of the embankment (France 
et al. 2022).

Non-erosional breaches in this research demonstrated 
more variability with respect to breach parameters. Some 
failed to their foundation, while others had breach heights 
roughly half of the crest height at the breach location. The 
average breach width for the non-erosional failures tended 
to be wider than in the erosional failures (when normalized 
by breach height, as in Wahl 1998), and in other water res-
ervoir dam breach guidelines) and displayed more scatter. 
The average breach width to breach height ratio for the ero-
sional breaches ranged between about three and five, while 
it ranged between one and 20 for non-erosional breaches.

Identifying the hydraulic control also proved to be more 
difficult and subjective for non-erosional events. Common 
subjectivities were encountered when the breach location 
occurred at a corner of a tailings facility (e.g. the left set-
back at the Fundão Dam I) or a large portion of the outflow 
volume would have originated downstream of the crest and 
beneath the upstream raised embankment (e.g. the Prestavèl 
upper basin or the Cadia NTSF Event I).

These differences in breach characteristics may be related 
to differences in failure conditions, where specific condi-
tions have a greater influence than for erosional events. The 
2010 Kayakari event involved a sliver of tailings sliding off 
of an upstream dam without complete collapse, despite a 
substantial potential liquefaction trigger due to the Mw 9.1 
Tōhoku earthquake (Ishihara et al. 2015). Determining if a 
non-erosional breach results in a localized failure of a por-
tion of the tailings dam (e.g. Kayakari), or in a global failure 
of nearly the entire dam and tailings deposit (e.g. Feijão) is a 
complicated task. Such work may involve 3D limit equilib-
rium analysis (e.g. Castellanos et al. 2022) or strain-weaking 

constitutive modelling, such as FLAC-3D modelling (e.g. 
Robertson et al. 2019).

Runout Observations and Back‑Analysis Calibration

Inundation areas provide more spatial information than the 
runout distance (i.e. two-dimensional information vs. one-
dimensional) and are less subjective than runout distances. 
However, there is still some subjectivity evident in mapping 
the observed inundation area. Therefore, it is recommended 
that the planimetric inundation shapes and the evaluation 
metric proposed by Heiser et al. (2017) be used in any back-
analysis model calibration or validation, with runout dis-
tances only used for general reference of scale or relative 
location.

Ideally, a hydraulic model is calibrated to meet spatial and 
temporal constraints, but it is generally more difficult to meet 
the latter (Adria 2022; Ghahramani et al. 2022; Gibson et al. 
2022). There is a distinct lack of arrival time information for 
most of the events investigated, reducing the confidence in 
any calibrated values for such events. An absence of tempo-
ral calibration may introduce greater uncertainty and be of 
greater concern than equifinality errors during calibration 
and non-transferability of values between different tailings 
types and numerical models.

As noted earlier, reliable arrival time estimates were dif-
ficult to obtain. For example, the arrival time of the Feijão 
tailings runout to the Paraopeba River, some 10 km down-
stream of the dam, was commonly reported as 1.5–3 h based 
on news anecdotes repeated by Lumbroso et al. (2021), Gib-
son et al. (2022), and Novell Morell (2022). This estimate 
appeared to become the de facto accepted arrival time for 
this event and was used for calibrating numerical models. 
The National Water Agency (ANA) operated a hydromet-
ric gauge 1.1 km upstream of the Paraopeba River conflu-
ence (the Alberto Flores station, #40740000), which can be 
used to estimate the arrival time to the river. This station 
reported a dramatic increase in river stage 32–47 min after 
the Feijão failure initiated at 12:28:21 (noting that the data 
were recorded in 15-min intervals), although no tailings 
reached the location of the hydrometric station. The Geo-
logical Survey of Brazil (CPRM) performed field studies 
of the hydrology, water quality, and sediment transport of 
the region after the failure, including an assessment of the 
data from the Alberto Flores station. They concluded that 
the sudden increase in stage was directly attributable to the 
tailings damming the river and causing backwatering, and 
that the tailings runout reached the Paraopeba River in about 
30 min (CPRM 2019), rather than the 90 min commonly 
repeated in the literature.

The ultimate goals of Lumbroso et al. (2021) and Gib-
son et al. (2022) were to understand how warning times 
could affect life loss and to verify whether the newly added 
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non-Newtonian capabilities in HEC-RAS would produce the 
same results as other numerical models, respectively. Those 
specific findings may remain valid despite their numerical 
models being calibrated to an incorrect arrival time of 1.5 
h; however, it cannot be said that they are an accurate rep-
resentation of the flow velocities and destructiveness of the 
actual Feijão failure event.

This issue extends beyond calibration of models, as 
chronic underestimates of the true severity of potential 
runout propagate to decisions regarding resource alloca-
tion and tolerated or accepted risk. Prior to the Harmony 
4A failure and the impacts on the village of Merriespruit, 
it was not commonly believed that gold tailings could flow 
such a distance (Fourie et al. 2001). Similarly, the owner of 
the Fundão Dam I believed that a potential flow would be 
limited to the village of Bento Rodrigues, within 10 km of 
the TSF (de Carvalho 2019).

Runout Modelling Parameters and Inputs

There are several existing semi-quantitative methods and 
other guidance documents that can be used to select the 
roughness values (e.g. Arcement and Schneider 1989; 
and Janssen 2016 for Manning’s n values) used as inputs 
in numerical models. Defining the non-Newtonian flow 
parameters also needed as inputs to numerical models is 
more challenging and is frequently only available through 
calibration back-analysis of past events. These back-analy-
sis values are not recommended to be transferred between 
events or numerical models (Ghahramani et al. 2022) and are 
sometimes criticized (e.g. Iverson 2003; Iverson and George 
2014). However, calibration is sometimes a necessary step 
for other insights on tailings flow behaviour or modelling 
approaches (Adria 2022) and can have some explanatory and 
predictive uses when sufficient case histories are compiled 
(Aaron et al. 2018, 2022).

The recommended approach for forward-analysis simula-
tion is to obtain site-specific characterizations (through labo-
ratory or field tests) of the tailings to inform input parameter 
selection, and when not available, use characterizations of 
similar tailings (CDA 2021; ICMM 2020; ICOLD 2022; 
Martin et al. 2022). There are two events in this database, 
the 2015 Fundão and 2017 Tonglüshan events, where meas-
ured rheology parameters (i.e. not from back-analysis) from 
the tailings runout or the TSF have been published (see 
Machado 2017 and Días 2017 for the Fundão tailings data, 
and Zheng 2018 and Zhuang et al. 2022 for the Tonglüshan 
tailings data). Future back-analyses of these events should 
consider the real data. Martin et al. (2022) published a multi-
source collection of measured rheology parameters for tail-
ings and natural materials, which illustrates the orders of 
magnitude range in values that can be expected for TDBAs.

High-resolution and high-quality topographic data input 
can have a larger influence on the estimated runout than any 
individual or combined modeller choice (Adria 2022; Sree-
kumar et al. 2022; Turner et al. 2022). High-quality bare-
earth elevation data is sometimes regarded as prohibitively 
expensive at the scale and for the remote locations needed 
for many forward-analysis TDBAs. This may lead TDBA 
practitioners to rely on publicly available global datasets, 
such as SRTM or ALOS World3D-30. Low-resolution and 
low-quality data often have erroneous features that present 
themselves as artificial obstructions and ridges that impede 
the runout. These errors may not be representative of bare-
earth conditions (e.g. vegetation, bridges, or other surface 
structures not removed). Furthermore, these errors have also 
been noted in cheaper commercial data that claim to repre-
sent bare-earth conditions suitable for flood modelling by 
the data producer (Adria 2022). Such errors frequently result 
in smaller inundation areas and slower arrival times, and 
ultimately lead to underestimated consequences of tailings 
dam failures.

Limitations

The compiled parameters and characteristics from the 12 
events in this database support more detailed trends and 
insights that may be used for forward-analysis TDBAs, 
but some caution is warranted. The greater thoroughness 
and breadth of the investigated characteristics comes at the 
expense of the total number of events that could have been 
investigated. More events should be compiled to strengthen, 
refine, or repudiate the conclusions herein. The selection of 
the events was primarily based on the availability of infor-
mation; therefore, investigations of other events prior to 
2020 may be hampered by insufficient evidence for many 
of the parameters.

Independent forensic expert panel investigations of fail-
ure events with full access to the site and past information 
for the facility, including site-specific testing, are the most 
valuable sources of information (e.g. Jefferies et al. 2019; 
Morgenstern et al. 2015, 2016; Robertson et al. 2019). The 
recent events at the Jagersfontein and Williamson mines 
have had limited investigations completed to date. Much of 
the data required for these types of investigations are perish-
able. Satellite remote sensing may be useful to fill some of 
the gaps in knowledge (e.g. Torres-Cruz and O’Donovan 
2023; Rivet 2023), but it does not offer a replacement for 
laboratory testing and field investigations.

Continued investigations of the same events in this data-
base are also encouraged. It is possible that additional field 
observations from those who have had closer involvement 
(e.g. mine owners, industry consultants, academics, and 
impacted stakeholders) can provide greater clarity on the 
breach and runout characteristics. This would be particularly 
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true for the events in non-English speaking countries, where 
details may have been lost in the translations by artificial 
intelligence (i.e. Google, ChatGPT, and Linguee) used in 
this study.

Not all TSFs have poor designs, construction, or opera-
tions, and therefore some insights derived from this research 
and database may represent a relatively conservative per-
spective. For instance, a broad downstream constructed tail-
ings dam on competent foundations with a small supernatant 
pond would generally be associated with a relatively less 
likely and less severe breach in a forward-analysis TDBA. 
Notwithstanding this comment, TDBAs are often prepared 
for the purpose of assessing consequences for dam safety 
management and emergency preparedness planning (CDA 
2021), and therefore using conservatively high but still cred-
ible outflow volumes and breach parameters may be appro-
priate. Conversely, some of the events in the database had 
atypically limited breach outflows and may not represent the 
possible worst-case scenario for the given facility, which 
could make these particular events inappropriate examples 
for emergency planning.

Conclusions

Breach and runout observations from novel interpretations 
and investigations for 12 tailings dam breach events were 
researched and compiled. These observations are detailed in 
an online data repository that compiles information for 23 
different parameters relevant for breach analysis. The breach 
database used the existing frameworks for dam breaches, 
while considering aspects that are specific to TSFs. Clear 
definitions are provided for the parameters within this data-
base to support further research on tailings dam breaches. 
Of the total 23 parameters, 6 parameters refer to the general 
conditions of the TSF prior to failure, five relate to the out-
flow volumes, seven describe the breach process and timing, 
and the remaining five define the geometry of the breach in 
the dam. The types of runout observations that are included 
in the database vary between the 12 events, but generally 
include observations of depth or arrival time at specific loca-
tions within the impacted area downstream of the breached 
tailings dam.

The compiled breach characteristics can be used as direct 
inputs for back-analysis numerical modelling, while the 
runout observations can be used as constraints for numerical 
model calibration or validation. The breach characteristics 
and runout observations cannot be directly used for forward-
analysis simulations. Instead, knowledge of the facility and 
downstream area descriptors can be used to select analogous 
past events relevant for cross-checking the selected breach 
parameters and modelled runout results for realism and 
conservatism. Ultimately, the information in this database 

and subsequent back-analyses can support the professional 
judgement necessary for conducting TDBAs and reducing 
uncertainty in risk assessments.
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