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NOTE ON METHODOLOGY 

 

For each tailings dam, Brazilian regulations assign a Risk Category based upon the 

scoring of 20 characteristics and a Potential Associated Harm based upon the scoring of four 

characteristics. Thus, the highest possible score for a particular characteristic does not 

necessarily imply a high Risk Category or high Potential Associated Harm. Among other things, 

this report examines the various characteristics for the tailings dams at the MRN mine and argues 

that some should be adjusted to higher scores.  

 

ABSTRACT 

A total of 136.8 million cubic meters of mine tailings are stored behind 30 tailings dams 

at the Minera­«o Rio do Norte (MRN) bauxite mine in Oriximin§ Municipality, Par§ State, 

northeastern Brazil. The objective of this report is to evaluate the risk of failure of the tailings 

dams, both in terms of the likelihood and the consequences of failure, especially in terms of the 

information reported by the mining company to the National Mining Agency (ANM) and 

publicly available in Brazil on the ANM website. With a typical outer embankment slope of 

1V:1.5H (1 meter vertical for 1.5 meters horizontal), the tailings dams are excessively steep. By 

contrast, the maximum slope recommended for earthen dams by the U.S. Army Corps of 

Engineers is 1V:5H and the maximum slope recommended for tailings dams by the European 

Commission and the standard textbook on tailings dams is 1V:3H. Although Brazil has no 

regulations regarding maximum slopes, a slope steeper than 1V:2H corresponds to the highest 

score (highest likelihood of failure) for that particular characteristic of the Risk Category.  

The current ANM website lists two tailing dams (SP2_3 and SP6) as constructed using 

the upstream method, in which the dam is constructed on top of the uncompacted tailings. The 

upstream construction method has been prohibited in Brazil since 2019 and both tailing dams are 

listed as being in the process of decharacterization. However, a 2021 consulting report for the 

company indicated that the upstream method was the generic method for all tailings dams at the 

MRN mine. Based on available cross-sections and on changes in the information in the ANM 

website, it is most likely that at least 17 of the tailings dams were constructed using the upstream 

method, including 13 that are still actively receiving tailings. It is difficult to reconcile changes in 

the declared construction method on the ANM website with declarations regarding the design 

documentation, such as changing tailings dam TP2, which has been operational since January 

2002, from the upstream to the single-stage method in July 2019, together with the current 

information that the mining company possesses both the original detailed design documentation 

and the original ñas builtò documentation (which should describe and explain any changes 

between the original design and what was actually constructed).    
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Out of the 30 tailings dams, five (TP1, TP2, SP4 Norte, SP7A, SP7C) are assigned to 

Risk Category Medium with the remainder assigned to Risk Category Low, according to the 

scoring system provided in Brazilian regulations, which takes into account ten Technical 

Characteristics, five aspects of Conservation Status, and five aspects of the Dam Safety Plan. The 

five tailings dams currently in Risk Category Medium were changed from Risk Category Low in 

March or April of 2024. Since tailings dam TP2 now has a score of 48 and since the minimum 

score for Risk Category Medium is 41, multiple aspects of degradation in the Conservation 

Status must have occurred to change the Risk Category. The ANM website assigns all tailings 

dams to the lowest score (lowest likelihood of failure) for the design flood corresponding to 

design for either the Probable Maximum Flood (PMF) or the flood with a return period of 10,000 

years. However, there is no available documentation that shows that any of the tailings dams 

have sufficient freeboard to contain the 10,000-year flood and all of the Emergency Action Plans 

for Mining Dams (PAEBM) state that the most likely cause of failure is overtopping during a 

10,000-year flood. If the scoring is changed to reflect an unknown design flood and the upstream 

construction method as appropriate, then 16 tailings dams should be in the Risk Category 

Medium with the remainder assigned to Risk Category Low.  

 The computational dam break analyses that are the basis for the Emergency Action Plans 

are unrealistic because the predicted tailings velocities are unrealistically low. Predicted mean 

tailings velocities resulting from failures of TP1 and TP2 were 0.69-1.52 kilometers per hour for 

failures on a ñsunny dayò and 1.47-2.71 kilometers per hour for failures due to a 10,000-year 

flood. By contrast, the median tailings velocity from past failures has been 35 kilometers per 

hour and even a normal stream velocity without flooding is 5 kilometers per hour. The 

computational dam break analyses are also devoid of any sensitivity analyses, so that they should 

be regarded as highly unreliable under any circumstances. 

Based on the dam break analyses and a scoring system that takes into account the volume 

of the tailings reservoir, the existence of a downstream population, the environmental impact, 

and the socioeconomic impact, tailings dams TP1 and TP2 were assigned to the Potential 

Associated Harm (DPA) classification range High, while all other tailings dams were assigned to 

the classification range Medium. The scorings for the existence of a downstream population and 

socioeconomic impact were arbitrary, since multiple dam break analyses for other tailings dams 

besides TP1 and TP2 also showed the tailings flood arriving in the village of Sapucu§. Moreover, 

while the dam break analyses for TP1 and TP2 assumed overtopping of the dams during a 

10,000-year flood with a 100-year flood occurring in the downstream waterways (a nonsensical 

contradiction), the dam break analyses for the other tailings dams assumed normal streamflow in 

the downstream waterways. Finally, based on a statistical model developed from past tailings 

dam failures, the heights and storage volumes of the tailings dams predict that other tailings 

dams should have runout distances greater than the runout distances for either TP1 or TP2. It 

should also be noted that, despite the close proximity of the tailings dams, there has been no 

consideration of the possibility of cascading failures or simply of the possibility that the same 

extreme precipitation event could result in the simultaneous failure of multiple dams. In 

summary, it should be assumed that all tailings dams at the MRN mine should be assigned to the 

DPA classification range High.      

 Despite that the fact the Brazilian regulations were strengthened in 2022 regarding the 

need to fully describe the potential impacts on the downstream communities in the PAEBM, 

considerably more information was available in the 2018 PAEBM for TP1 and TP2 than in the 

2023 or 2025 versions of the PAEBM. Both the earlier and later versions of the PAEBM drew 
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attention to the potential loss of human life, the siltation of downstream waterways and alteration 

of stream channels, the flooding of rural properties and agricultural fields, and the destruction of 

aquatic life. However, the 2018 PAEBM also emphasized the potential loss of the use of 

downstream waterways by the local population, including the loss of drinking water and the loss 

of fishing as both a food source and economic activity. No version of the PAEBM has proposed 

concrete measures that could be taken to minimize downstream impacts either before or after 

tailings dam failure. 
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EXECUTIVE SUMMARY 

 

A total of 136.8 million cubic meters of mine tailings are stored behind 30 tailings dams 

at the Minera­«o Rio do Norte (MRN) bauxite mine in Oriximin§ Municipality, Par§ State, 

northeastern Brazil. The tailings dam complex consists of three TP (Thickening Pond) dams and 

27 SP (Settlement Pond) dams. The TP dams receive tailings from the process plant with a solids 

content of 7-8%. Tailings reach a solids content of up to 25% within the TP dams, and tailings 

with a solids content in the range 18-25% are transferred to one of the SP dams, where the 

tailings thicken to a solids content of 55%. All of the TP tailings dams are active, while the SP 

dams include 22 active dams, one inactive dam, and four dams in the process of 

decharacterization.  

According to information provided by the mining company to the National Mining 

Agency (ANM) and publicly available in Brazil on the ANM website, two of the SP dams that 

are in the process of decharacterization were constructed using the upstream method, in which 

the dam construction material is placed on top of uncompacted tailings. The upstream method of 

construction was prohibited in Brazil in 2019 and was denounced by the mining industry in 

2023. According to the ANM website, out of the remaining tailings dams, two were constructed 

using the downstream method, seven were constructed using the centerline method, and 19 are 

single-stage dams. Numerous changes have occurred in the descriptions of the dam construction 

methods. For example, in July 2019, following the prohibition of the upstream method in Brazil, 

the descriptions were changed from upstream to single stage for 10 tailings dams, from upstream 

to centerline for eight tailings dams, and from centerline to downstream for one tailings dam. 

Two of the tailings dams that were re-classified from upstream to centerline dams were again re-

classified to upstream dams in June 2020.  

The Brazilian regulations assign a Risk Category (corresponding to the likelihood of 

failure) to tailings dams, according to a scoring system that takes into account ten Technical 

Characteristics, five aspects of Conservation Status, and five aspects of the Dam Safety Plan. The 

Brazilian regulations also assign a Potential Associated Harm (DPA) (corresponding to the 

consequences of failure), according to a scoring system that takes into account the reservoir 

volume, the existence of a downstream population, the environmental impact, and the 

socioeconomic impact. Out of the 30 tailings dams, five (TP1, TP2, SP4 Norte, SP7A, SP7C) are 

assigned to Risk Category Medium with the remainder assigned to Risk Category Low, while 

two tailings dams (TP1, TP2) are assigned to DPA High with the remainder assigned to DPA 

Medium. Just as with the construction method, numerous changes have occurred in the Risk 

Categories. For example, in March-April 2024, the Risk Categories for five tailings dams (TP1, 

TP2, SP4 Norte, SP7A, SP7C) were changed from Low to Medium. 

The objective of this report is to evaluate the risk of failure of the tailings dams, both in 

terms of the likelihood and the consequences of failure, especially in terms of the information 

reported by the mining company to the National Mining Agency (ANM) and publicly available 

in Brazil on the ANM website. The objective was subdivided into addressing the following 

questions regarding the tailings dams at the MRN mine: 

1) Have the tailings dams been constructed in accordance with industry standards? 

2) Have the tailings dams been correctly classified in terms of the method of construction? 

3) Have the classification ranges for the Risk Category been correctly stated? 

4) Are the results of the computational dam break analyses consistent with past failures of 
tailings dams? 
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5) Have the classification ranges for the Potential Associated Harm been correctly stated? 

6) Do the tailings dams have adequate Emergency Action Plans? 

In order to facilitate reading by non-specialists, this report includes a tutorial on tailings dams, 

including the methods of tailings dam construction, the differences between tailings dams and 

water-retention dams, liquefaction, the mechanisms of failure of tailings dams, the dangers of the 

upstream construction method, the differences between deterministic (computational) and 

empirical (statistical) dam break analyses, and the relevant Brazilian tailings dam regulations. 

Since the extensive data on tailings dams on the ANM website is not available outside of Brazil,  

key information on each tailings dam on the MRN mine is provided in the appendices for this 

report. 

Compared with industry standards, the tailings dams at the MRN mine are excessively 

steep. The  typical outer embankment slope is 1V:1.5H (1 meter vertical for 1.5 meters 

horizontal). For 24 of the 30 tailings dams, all slopes are steeper than 1V:2H. By contrast, the 

maximum slope recommended for earthen dams by the U.S. Army Corps of Engineers is 1V:5H 

and the maximum slope recommended for tailings dams by the European Commission and the 

standard textbook on tailings dams is 1V:3H. Although Brazil has no regulations regarding 

maximum slopes, a slope steeper than 1V:2H corresponds to the highest score (highest likelihood 

of failure) for that particular characteristic of the Risk Category.  

Although the current ANM website lists only two tailing dams (SP2_3 and SP6) as 

constructed using the upstream method, a 2021 consulting report for the company indicated that 

the upstream method was the generic method for all tailings dams at the MRN mine. The 

consulting report essentially argued that upstream dams are really centerline dams, which has no 

basis in Brazilian regulations nor in industry standards, but which could explain why eight 

upstream dams were re-classified as centerline dams, although two were later re-classified as 

upstream dams. Based on available cross-sections and on changes in the information in the ANM 

website, it is most likely that at least 17 of the tailings dams were constructed using the upstream 

method, including 13 that are still actively receiving tailings. It is difficult to reconcile changes in 

the declared construction method on the ANM website with declarations regarding the design 

documentation, such as changing tailings dam TP2, which has been operational since January 

2002, from the upstream to the single-stage method in July 2019, together with the current 

information that the mining company possesses both the original detailed design documentation 

and the original ñas builtò documentation (which should describe and explain any changes 

between the original design and what was actually constructed). It should be clear that there is no 

logical sense in which an upstream dam could be converted into a single-stage dam in reality (as 

opposed to description), since an upstream dam has the raises constructed on top of uncompacted 

tailings and a single-stage dam has no raises.    

Since tailings dam TP2 now has a score of 48 and since the minimum score for Risk 

Category Medium is 41, multiple aspects of degradation in the Conservation Status must have 

occurred to change the Risk Category. Otherwise, there is no information as to why five tailings 

dams were re-classified from Risk Category Low to Risk Category Medium in March-April 

2024. The ANM website assigns all tailings dams to the lowest score (lowest likelihood of 

failure) for the design flood corresponding to design for either the Probable Maximum Flood 

(PMF) or the flood with a return period of 10,000 years. However, there is no available 

documentation that shows that any of the tailings dams have sufficient freeboard to contain the 

10,000-year flood and all of the Emergency Action Plans for Mining Dams (PAEBM) state that 

the most likely cause of failure is overtopping during a 10,000-year flood. If the scoring is 
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changed to reflect an unknown design flood and the upstream construction method as 

appropriate, then 16 tailings dams should be in the Risk Category Medium with the remainder 

assigned to Risk Category Low.  

 The computational dam break analyses that are the basis for the Emergency Action Plans 

are unrealistic because the predicted tailings velocities are unrealistically low. Predicted mean 

tailings velocities resulting from failures of TP1 and TP2 were 0.69-1.52 kilometers per hour for 

failures on a ñsunny dayò and 1.47-2.71 kilometers per hour for failures due to a 10,000-year 

flood. By contrast, the median tailings velocity from past failures has been 35 kilometers per 

hour and even a normal stream velocity without flooding is 5 kilometers per hour. An interesting 

contrast is that the computational model for a flood with a return period of 100 years without 

tailings dam failure seems to be much more realistic in predicting a maximum velocity of 3.9 

kilometers per hour, as averaged along the downstream flow path.   

Based on the dam break analyses and the scoring system that takes into account the 

volume of the tailings reservoir, the existence of a downstream population, the environmental 

impact, and the socioeconomic impact, tailings dam TP1 and TP2 were assigned to the DPA 

classification range High, while all other tailings dams were assigned to the classification range 

Medium. The scorings for the existence of a downstream population and socioeconomic impact 

were arbitrary, since multiple dam break analyses for other tailings dams besides TP1 and TP2 

also showed the tailings flood arriving in the village of Sapucu§. Moreover, while the dam break 

analyses for TP1 and TP2 assumed overtopping of the dams during a 10,000-year flood with a 

100-year flood occurring in the downstream waterways (a nonsensical contradiction), the dam 

break analyses for the other tailings dams assumed normal streamflow in the downstream 

waterways. Finally, based on a statistical model developed from past tailings dam failures, the 

heights and storage volumes of the tailings dams predict that other tailings dams (especially SP4 

Norte, SP5 Oeste, SP7C, SP8, SP9, and SP11) should have runout distances greater than the 

runout distances for either TP1 or TP2.  

There are, in fact, multiple reasons as to why the consequences of failure of the tailings 

dams are unrealistically low. All of the computational models (except for the flood with a return 

period of 100 years without tailings dam failure) assumed that the tailings flood would pond 

behind a railroad embankment with controlled flow through the embankment culvert. For 

example, average tailings velocities resulting from failures of TP1 and TP2 dropped from 0.88-

3.23 kilometers per hour before the railroad embankment to 0.31-1.26 kilometers per hour after 

the railroad embankment during a ñsunny dayò failure and from 4.63-6.23 kilometers per hour to 

1.09-2.41 kilometers per hour during a flood with a return period of 10,000 years. Although dam 

break analyses from 2018 stated that the integrity of the railroad embankment should be 

evaluated, there is no indication that this evaluation was ever carried out. In addition, it should 

also be noted that, despite the close proximity of the tailings dams, there has been no 

consideration of the possibility of cascading failures or simply of the possibility that the same 

extreme precipitation event or earthquake could result in the simultaneous failure of multiple 

dams. In summary, it should be assumed that all tailings dams at the MRN mine should be 

assigned to the DPA classification range High.      

 Despite the fact that the Brazilian regulations were strengthened in 2022 regarding the 

need to fully describe the potential impacts on the downstream communities in the PAEBM, 

considerably more information was available in the 2018 PAEBM for TP1 and TP2 than in the 

2023 or 2025 versions of the PAEBM. Both the earlier and later versions of the PAEBM drew 

attention to the potential loss of human life, the siltation of downstream waterways and alteration 
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of stream channels, the flooding of rural properties and agricultural fields, and the destruction of 

aquatic life. However, the 2018 PAEBM also emphasized the potential loss of the use of 

downstream waterways by the local population, including the loss of drinking water and the loss 

of fishing as both a food source and economic activity. No version of the PAEBM has proposed 

concrete measures that could be taken to minimize downstream impacts either before or after 

tailings dam failure. Another consequence of the unreliable dam break analyses for the tailings 

dams at the MRN mine is that the Self-Rescue Zones for each tailings dam are not really known. 

In particular, given that the tailings velocities have been underestimated, all of the Self-Rescue 

Zones should be larger than they have actually been depicted in the Emergency Action Plans for 

the MRN mine. 

This report makes the following recommendations to the company Minera­«o Rio do 

Norte: 

1) For all tailings dams, buttresses must be constructed so that the outer embankments are 
no steeper than 1V:5H. Tailings dams for which such buttresses could not be constructed 

must be safely closed. 

2) Tailings dams for which the raises are constructed on top of uncompacted tailings must 
be correctly identified as upstream dams and must be decharacterized in accordance with 

Brazilian regulations. 

3) The Risk Categories for all tailings dams must be correctly scored on the ANM website 
to indicate the correct method of construction and the correct design flood. 

4) All existing computational dam break analyses must be re-evaluated to uncover the 

origin of the discrepancy between the predicted tailings flood velocities and the typical 

tailings flood velocities from past failures of tailings dams. 

5) For all tailings dams, dam break analyses must be carried out in such a way as to either 
minimize or fully explain any discrepancies between predicted tailings flood velocities 

and the typical tailings flood velocities from past failures of tailings dams. 

6) The integrity of the railroad embankment and culvert in response to a flood with a return 
period of 10,000 years must be evaluated. If it cannot be established that the railroad 

embankment and culvert could withstand a flood with a return period of 10,000 years, 

then dam break analyses must be carried out assuming failure of the railroad 

embankment.  

7) For failure due to overtopping during a flood with a return period of 10,000 years, the 
flow corresponding to a 10,000-year flood must also be applied to downstream 

waterways for both TP and SP tailings dams. 

8) Based on the preceding, the Potential Associated Harms for all tailings dams must be 

correctly scored on the ANM website. 

9) For all tailings dams, the Emergency Action Plan must address the potential loss of the 
use of downstream waterways by the local population, including the loss of drinking 

water and the loss of fishing as both a food source and economic activity. 

10) For all tailings dams, the Emergency Action Plan must include concrete measures that 
should be taken to minimize downstream impacts both before and after tailings dam 

failure. 
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OVERVIEW 

 

The Minera­«o Rio do Norte (MRN) bauxite mine in Oriximin§ Municipality, Par§ State, 

northeastern Brazil, is the largest producer and exporter of bauxite (aluminum hydroxide) in 

Brazil and produces over 12 million metric tons of bauxite per year (see Fig. 1). The company 

Minera­«o Rio do Norte (MRN) is owned 45% by the Swiss company Glencore, 33% by the 

Australian company South32, and 22% by the British-Australian company Rio Tinto (MRN, 

2025a). The MRN mine permanently stores 136.8 million cubic meters of bauxite tailings behind 

30 tailings dams (ANM, 2025; see Figs. 2-3 and Tables 1 and 2a-b). Tailings are the wet and 

crushed rock particles that remain after the commodity of value, such as bauxite, has been 

removed from the ore body, plus chemical reagents and their reaction and degradation products.  

The volume of storage of bauxite tailings at the MRN mine is the second largest in the world, 

with the first being the Rio Tinto Weipa mine in Australia, which stores 176.4 million cubic 

meters of tailings behind eight tailings dams (UNEP et al., 2025; see Table 1). Although multiple 

tailings dams are common at bauxite mines, the MRN mine has more tailings dams than any 

other bauxite mine in the world, with the second largest number being the Alcoa Pocos mine in 

Brazil, which has 11 tailings dams (UNEP et al., 2025; see Table 1).   

The tailings dam complex consists of three TP (Thickening Pond) dams and 27 SP 

(Settlement Pond) dams (see Fig. 2). The TP dams receive tailings from the process plant with a 

solids content of 7-8%. Tailings reach a solids content of up to 25% within the TP dams, and 

tailings with a solids content in the range 18-25% are transferred to one of the SP dams, where 

the tailings thicken to a solids content of 55% (DAM, 2020a). Supernatant ponds with water 

levels reaching nearly to the dam crests can be seen in all of the tailings dams visible in a drone 

image from 2024 (see Fig. 3). All of the TP tailings dams are active (currently receiving tailings), 

while the SP dams include 22 active dams, one inactive dam (not currently receiving tailings), 

and four dams in the process of decharacterization (see Table 2a).  

According to information provided by the mining company to the Ag°ncia Nacional de 

Minera­«o [National Mining Agency] (ANM) and publicly available only in Brazil on the ANM 

website, two of the SP dams that are in the process of decharacterization were constructed using 

the upstream method, in which the dam construction material is placed on top of uncompacted 

tailings (ANM, 2025). The upstream method of construction was prohibited in Brazil in 2019 

(ANM, 2019a) and was denounced by the mining industry in 2023 (Darling, 2023; Turek, 2023). 

According to the ANM website, out of the remaining tailings dams, two were constructed using 

the downstream method, seven were constructed using the centerline method, and 19 are single-

stage dams (see Table 2a). By contrast, according to information on the MRN website, ñAll 

structures are built in a single construction phase, in accordance with global engineering best 

practicesò (MRN, 2025b), meaning that all tailings dams are single-stage dams, which 

contradicts the information that MRN provided to the National Mining Agency (ANM) for 

posting on the ANM website (see Table 2a).  
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Figure 1. The failure of the tailings dams at the Minera­«o Rio do Norte (MRN) bauxite mine, Oriximin§ 

Municipality, Par§ State, in northeastern Brazil, could potentially impact the downstream riverine communities 

between the mine and Sapucu§ Lake. The evaluation of the Potential Associated Harm (DPA) of each tailings dam 

failure took into account the locations of communities, but apparently not the areas of traditional use. Map from 

Borges and Branford (2020).  

 

Table 1. Mine tailings at major bauxite mines1 

Company Mine Country Tailings Storage 

(Mm3) 

Number of 

Tailings Dams 

Rio Tinto Weipa Australia 176.4 8 

Minera­«o Rio do 

Norte2 

Minera­«o Rio do 

Norte 

Brazil 136.824304 

 

30 

Alcoa Maôaden Saudi Arabia 59 3 

Rio Tinto Gove Australia 50.25 6 

Hydro Mineração 

Paragominas 

Brazil 50.1 2 

Alcoa AR Reynolds USA 41.376 2 

Alcoa AR Alcoa USA 32.648 2 

Alcoa Juruti Brazil 17.74 6 

Alcoa Pocos Brazil 11.429247 11 
1See Table 2a for data for Minera­«o Rio do Norte. All other data from UNEP et al. (2025). 
2Minera­«o Rio do Norte is owned 45% by Glencore, 33% by South32, and 22% by Rio Tinto (MRN, 2025a).  
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Figure 2. The bauxite tailings at the MRN mine are stored behind 30 tailings dams, 25 of which are currently active 

(see Table 2a). The three TP (Thickening Pond) tailings dams receive tailings from the process plant with a solids 

content of 7-8%. Tailings reach a solids content of up to 25% within the TP dams, and tailings with a solids content 

in the range 18-25% are transferred to one of the 22 active SP (Settlement Pond) dams, where the tailings thicken to 

a solids content of 55%. Figure from Pimenta de Ćvila Consultoria (2025) with overlay of labels in English.  

 

Numerous changes have occurred in the descriptions of the dam construction methods. 

For example, in July 2019, following the prohibition of the upstream method in Brazil, the 

descriptions were changed from upstream to single stage for 10 tailings dams, from upstream to 

centerline for eight tailings dams, and from centerline to downstream for one tailings dam 

(Angelo, 2024; see Table 3). Two of the tailings dams that were re-classified from upstream to 

centerline dams were again re-classified to upstream dams in June 2020 (Angelo, 2024; see Table 

3). Both of the upstream dams (SP2_3 and SP6) are currently listed as ñin decharacterizationò 

(see Table 2a). It should be noted that the Brazilian regulations do not distinguish between 

tailings dams constructed using the upstream method and tailings dams for which the 

construction method is unknown. Thus, the complete category in Brazilian regulations is 

ñAlteamento a montante ou desconhecidoò [Raised upstream or unknown] (ANM, 2022). There 

is no indication in Brazilian regulations that changes in construction method need to be 

supported by any reports and there are no such reports on the ANM (2025) website. 
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Table 2a. Tailings dams at the Minera­«o Rio do Norte mine: Characteristics1 

Name Operational Status Construction 

Method 2 

Current 

Height 

(m) 

Current 

Volume 

(mį) 

Slope3 

Conventional Tailings 

TP1 Active Single stage 21.90 8,081,753 Steep 

TP2 Active Single stage 19.50 8,553,763 Steep 

TP3 Active Downstream 17.00 393,105 Steep 

Thickened Tailings 

SP1 In decharacterization Single stage 18.00 2,020,000 Steep 

SP2_3 In decharacterization Upstream 23.20 5,930,000 Steep 

SP4 Norte Active Centerline 26.50 6,591,525 Steep 

SP4 Sul Inactive Centerline 24.50 5,561,881 Steep 

SP5 Leste Active Centerline 19.00 4,862,470 Steep 

SP5 Oeste Active Centerline 23.00 7,307,263 Steep 

SP6 In decharacterization Upstream 16.50 452,668 Steep 

SP7A Active Centerline 21.00 3,366,545 Steep 

SP7B Active Centerline 22.60 6,170,901 Steep 

SP7C Active Centerline 31.70 8,479,518 Steep 

SP8 Active Single stage 24.00 13,470,794 Steep 

SP9 Active Single stage 26.50 10,390,038 Steep 

SP9A In decharacterization Single stage 21.00 2,273,801 Steep 

SP10 Active Single stage 16.00 7,478,190 Steep 

SP11 Active Single stage 23.90 7,203,429 Steep 

SP12 Active Single stage 18.75 5,441,986 Steep 

SP13 Active Single stage 15.00 2,911,650 Steep 

SP14 Active Single stage 22.40 3,414,032 Steep 

SP15 Active Single stage 20.50 5,164,041 Steep 

SP16 Active Single stage 18.00 8,450,323 Steep 

SP19 Active Downstream 22.30 1,600,266 Steep 

SP-24A Active Single stage 7.00 0 Intermediate 

SP-24B Active Single stage 7.00 0 Intermediate 

SP-24C Active Single stage 7.00 0 Intermediate 

SP-25A Active Single stage 7.00 349,972 Intermediate 

SP-25B Active Single stage 7.00 308,877 Intermediate 

SP-25C Active Single stage 7.00 595,513 Intermediate 
1Data from ANM (2025) 
2The complete description of ñUpstreamò from ANM (2022) ® ñAlteamento a montante ou desconhecidoò [Raised 

upstream or unknown]. 
3Steep means > 1V:2H, Intermediate means 1V:2H Ó Slope > 1V:3H 
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Table 2b. Tailings dams at the Minera­«o Rio do Norte mine: Risk Category and Potential 

Associated Harm1,2 

Name Risk Category Potential Associated Harm 

 Classification 

Range 

Score 

 (CRI) 

Classification 

Range 

Score (DPA) 

Conventional Tailings 

TP1 MEDIUM 42 HIGH 22 

TP2 MEDIUM 48 HIGH 22 

TP3 LOW 23 MEDIUM 10 

Thickened Tailings 

SP1 LOW 31 MEDIUM 12 

SP2_3 LOW 38 MEDIUM 12 

SP4 Norte MEDIUM 43 MEDIUM 12 

SP4 Sul LOW 35 MEDIUM 12 

SP5 Leste LOW 33 MEDIUM 11 

SP5 Oeste LOW 31 MEDIUM 12 

SP6 LOW 30 MEDIUM 11 

SP7A MEDIUM 43 MEDIUM 11 

SP7B LOW 34 MEDIUM 12 

SP7C MEDIUM 43 MEDIUM 12 

SP8 LOW 33 MEDIUM 12 

SP9 LOW 29 MEDIUM 12 

SP9A LOW 24 MEDIUM 8 

SP10 LOW 27 MEDIUM 12 

SP11 LOW 27 MEDIUM 12 

SP12 LOW 23 MEDIUM 12 

SP13 LOW 22 MEDIUM 11 

SP14 LOW 23 MEDIUM 8 

SP15 LOW 19 MEDIUM 12 

SP16 LOW 19 MEDIUM 12 

SP19 LOW 22 MEDIUM 11 

SP-24A LOW 12 MEDIUM 10 

SP-24B LOW 15 MEDIUM 10 

SP-24C LOW 15 MEDIUM 10 

SP-25A LOW 9 MEDIUM 10 

SP-25B LOW 9 MEDIUM 10 

SP-25C LOW 9 MEDIUM 11 
1Data from ANM (2025) 
2Red indicates Rick Category MEDIUM or Potential Associated Harm HIGH 
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Figure 3. A drone image shows a high level of supernatant water in all of the visible tailings ponds. Photo from 

Angelo (2024). 

 

Typically, the risk of failure of a tailings dam refers to the combination of (or the product 

of) the probability of failure and the consequences of failure. In this regard, the Brazilian 

regulations are somewhat confusing in that each tailings dam is assigned a ñCategoria de Riscoò 

[Risk Category] (corresponding roughly to the probability of failure) and a ñDano Potencial 

Associado [Potential Associated Harm] (DPA) (corresponding to the consequences of failure). In 

this report, the word ñriskò will be used in the generic sense of a combination of probability and 

consequences, while the phrase ñRisk Categoryò will be used in the sense in which it is defined 

in the Brazilian regulations (ANM, 2022). The ñRisk Categoryò is not literally a probability, but    

a number that is obtained from a scoring system that takes into account ten Technical 

Characteristics, five aspects of Conservation Status, and five aspects of the Dam Safety Plan. It 

might be possible to use the Rick Category to estimate the actual probability of failure, but this 

has never been done. In a similar way, the ñPotential Associated Harmò (DPA) is not a complete 

accounting of all of the consequences of failure, but a scoring system that takes into account the 

reservoir volume, the existence of a downstream population, the environmental impact, and the 

socioeconomic impact.  
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Table 3. Changes in description of dam construction method1,2 

Tailings 

Dam 

Date of 

Change 

Change Date of 

Change 

Change 

TP1 July 2019 Upstream Ÿ Single Stage ð ð 

TP2 July 2019 Upstream Ÿ Single Stage ð ð 

TP3 July 2019 Centerline Ÿ Downstream ð ð 

SP2/3 July 2019 Upstream Ÿ Centerline June 2020 Centerline Ÿ Upstream 

SP4 Norte July 2019 Upstream Ÿ Centerline ð ð 

SP5 Leste July 2019 Upstream Ÿ Centerline ð ð 

SP5 Oeste July 2019 Upstream Ÿ Centerline ð ð 

SP6 July 2019 Upstream Ÿ Centerline June 2020 Centerline Ÿ Upstream 

SP7A July 2019 Upstream Ÿ Centerline ð ð 

SP7B July 2019 Upstream Ÿ Centerline ð ð 

SP7C July 2019 Upstream Ÿ Centerline ð ð 

SP8 July 2019 Upstream Ÿ Single Stage ð ð 

SP9 July 2019 Upstream Ÿ Single Stage ð ð 

SP9A July 2019 Upstream Ÿ Single Stage ð ð 

SP12 July 2019 Upstream Ÿ Single Stage ð ð 

SP13 July 2019 Upstream Ÿ Single Stage ð ð 

SP14 July 2019 Upstream Ÿ Single Stage ð ð 

SP15 July 2019 Upstream Ÿ Single Stage ð ð 

SP16 July 2019 Upstream Ÿ Single Stage ð ð 
1Data from Angelo (2024) 
2The complete description of ñupstreamò from ANM (2022) is ñAlteamento a montante ou desconhecidoò [Raised 

upstream or unknown].  

 

Table 4. Changes for Risk Category in 2023 and 20241 

Tailings Dam Date Change Date Change 

TP1 2023 Medium Ÿ Low April 2024 Low Ÿ Medium 

TP2 2023 Medium Ÿ Low April 2024 Low Ÿ Medium 

SP1 March 2023 Medium Ÿ Low ð ð 

SP4 Norte ð ð March 2024 Low Ÿ Medium 

SP4 Sul March 2023 Medium Ÿ Low ð ð 

SP7A ð ð April 2024 Low Ÿ Medium 

SP7C ð ð April 2024 Low Ÿ Medium 

SP19 2023 Medium Ÿ Low ð ð 
1Data from Angelo (2024) and ANM (2025)  

 

Out of the 30 tailings dams, five (TP1, TP2, SP4 Norte, SP7A, SP7C) are assigned to 

Risk Category Medium with the remainder assigned to Risk Category Low, while two tailings 

dams (TP1, TP2) are assigned to DPA High with the remainder assigned to DPA Medium (see 

Table 2b). Just as with the construction method, numerous changes have occurred in the Risk 

Categories. For example, in March-April 2024, the Risk Categories for five tailings dams (TP1, 

TP2, SP4 Norte, SP7A, SP7C) were changed from Low to Medium (Angelo, 2024; ANM, 2025; 

see Table 4). Numerous earlier changes in either the Risk Category or the Potential Associated 

Harm (DPA) are listed in Angelo (2024). For the period 2017 to 2023, Angelo (2024) 

documented 29 changes in Risk Category. Combining another five changes in 2024 (see Table 4)  
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yields a total of 34 changes over 8 years. Thus, four to five changes per year has been typical. It 

should be noted that the response to Angelo (2024) by MRN (2024) did not in any way address 

the numerous changes in construction method, Risk Category, or Potential Associated Harm. 

The objective of this report is to evaluate the risk of catastrophic failure of the tailings 

dams at the MRN mine, both in terms of the probability and the consequences of catastrophic 

failure, especially in terms of the information reported by the mining company to the National 

Mining Agency (ANM) and publicly available in Brazil on the ANM website. The chronic failure 

of the tailings dams, in terms of the leakage of contaminants out of the dams without an actual 

breach of the dams, has been documented in other reports (Andrade, 2018; Borges and Bradford, 

2020) and is beyond the scope of this report. Earlier evaluations of the risk of catastrophic failure 

of the tailings dam at the MRN mine include Wanderly (2021) and DôAndrea (2023). In order to 

facilitate reading by non-specialists, this report includes a tutorial on tailings dams, including the 

methods of tailings dam construction, the differences between tailings dams and water-retention 

dams, liquefaction, the mechanisms of failure of tailings dams, the dangers of the upstream 

construction method, the differences between deterministic (computational) and empirical 

(statistical) dam break analyses, and the relevant Brazilian tailings dam regulations. The tutorial 

is followed by a more detailed summary of the tailings  dams at the MRN mine, after which the 

objective is subdivided into a sequence of six questions. Since the extensive data on tailings 

dams on the ANM website is not available outside of Brazil, key information on each tailings 

dam on the MRN mine is provided in the appendices for this report (see Appendices A-AD). All 

information from the ANM website was downloaded in November 2025. 

 

TUTORIAL ON TAILINGS DAMS 

 

Methods of Tailings Dam Construction 

 

Waste rock, the rock that must be removed to reach the ore body, is often deposited as a 

free-standing waste rock dump. By contrast, because they are wet and fine-grained, tailings 

require confinement behind a dam (see Fig. 4). In conventional tailings management (without 

thickening of the tailings), the wet tailings are piped to the tailings storage facility with no 

dewatering. The mixture of tailings and water is then discharged into the tailings pond from the 

crest of the dam through spigots that connect to a pipe that comes from the ore processing plant. 

Because of the low solids contents, the tailings cannot be mechanically compacted in the tailings 

storage facility.  

Tailings can be divided into two sizes with very different physical properties, which are 

the coarse tailings or sands (larger than 0.075 mm) and the fine tailings or slimes (smaller than 

0.075 mm). The hydraulic discharge results in the separation of the sizes of tailings by gravity. 

The larger sands settle closer to the dam to form a beach. The smaller slimes and water travel 

farther from the dam to form a settling pond where the slimes slowly settle out of suspension 

(see Fig. 4). Typically, water is reclaimed from the settling pond and pumped back into the 

mining operation.  

At the present time, it is common to thicken the tailings prior to transport to the tailings 

storage facility. Thus, conventional tailings (without thickening) have solids contents in the range 

20-40%, while high-density thickened or paste tailings have solids contents in the range 60-75%. 

Filtered tailings have solids contents greater than 80% and cannot be pumped, but must be 

transported to the tailings storage facility by conveyor or truck. Only filtered tailings have a 
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solids content high enough that they can be compacted in the tailings storage facility (Klohn 

Crippen Berger, 2017). Thus, with a solids content of 7-8%, the tailings at the three TP 

(Thickening Pond) dams at the MRN mine are far wetter than what would be regarded as 

conventional tailings. With a solids content of 18-25%, the tailings would still be regarded as 

ñconventionalò at the point of transfer  to one of the SP (Settlement Pond) dams. Even the 

thickening (to a solids content of 55%) within the SP dams would not put the tailings into the 

category of high-density thickened or paste tailings.   

 

 
Figure 4. At the tailings storage facility of the Highland Valley Copper mine in British Columbia, wet tailings are 

discharged in the upstream direction from a tube and spigots along the crest of the dam. Larger particles (sands) are 

deposited near the dam to form a beach. Smaller particles (slimes) are transported farther from the dam to form a 

settling pond. The precipitation of copper in the tailings reservoir indicates the incomplete extraction of copper from 

the ore. Photo taken by the author on September 27, 2018. 
 

Each of the three common methods of building tailings dams (upstream, downstream and 

centerline) begins with a starter dike, which is constructed from natural soil, rockfill, mine waste 

rock or the tailings from an earlier episode of ore processing (see Figs. 5a). If the starter dike is 

never raised, then the tailings dam is called a single-stage dam. In the upstream construction 

method, successive dikes are built in the upstream direction as the level of stored tailings 

increases. It is most common to build successive dikes from waste rock or the coarser fraction of 

tailings (typically with appropriate compaction). The advantage of the method is its low cost 

since very little material is required for the construction of the dam (see Fig. 5a). The 
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downstream construction method is the most expensive since it requires the most construction 

material (compare Figs. 5a and 5b). In this method, successive dikes are constructed in the 

downstream direction as the level of stored tailings increases. The centerline construction method 

is a balance between the advantages and disadvantages of the downstream and upstream 

construction methods (compare Figs. 5a-c). In this method, successive dikes are constructed by 

placing construction material on the beach and on the slope downstream of the previous dike. 

The center lines of the raises coincide as the dam is built upwards (see Fig. 5c). 

 

 
Figure 5a. In the upstream construction method, successive dikes are built in the upstream direction as the level of 

stored tailings increases. Dikes can be constructed with mine waste rock, natural soil, natural rock fill, or the coarser 

fraction of tailings (with proper compaction). The advantage of the method is its low cost because very little material 

is required for the construction of the dam. The disadvantage is that the dam is susceptible to failure due to seismic 

or static liquefaction because the non-compacted wet tailings are below the dam. For this reason, the upstream 

construction method is illegal in Brazil, Chile, Ecuador and Peru. Dams constructed by this method are also 

susceptible to flood failure when the beach is too narrow due to an insufficient amount of sand in the discharged 

tailings or excessive water in the settling pond. Figure from TailPro Consulting (2025). 
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Figure 5b. In the downstream construction method, successive dikes are constructed in the downstream direction as 

the level of stored tailings increases. Dikes can be constructed from mine waste rock, natural soil, natural rock fill, 

or the coarser fraction of tailings (with proper compaction). The resistance to seismic and static liquefaction is high 

because there are no uncompacted tailings below the dam. The disadvantage of the method is its high cost due to the 

amount of material required to build the dikes (compare the dike volumes in Figs. 5a and 5b). Figure from TailPro 

Consulting (2025). 
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Figure 5c. In the centerline construction method, successive dikes are constructed by placing construction material 

on the beach and on the slope downstream of the previous dike. The central lines of the rises coincide as the dam is 

built upwards. Dikes can be constructed from mine waste rock, natural soil, natural rock fill, or the coarser fraction 

of tailings (with proper compaction). The centerline method is intermediate between the upstream and downstream 

methods (see Figs. 5a-b) in terms of cost and risk of failure. The resistance to seismic and static liquefaction is 

moderate because there are still some uncompacted tailings below the dikes. It is still necessary to maintain a 

suitable beach to avoid flooding the dam. Figure from TailPro Consulting (2025). 

 

 It will not be surprising that the less expensive construction methods are also more 

vulnerable to failure. Tailings dams constructed  using the upstream method are especially 

vulnerable to failure by either seismic liquefaction or static liquefaction because the dam is built 

on top of the uncompacted tailings (see Fig. 5a). Thus, even if the dam temporarily maintains its 

structural integrity while the underlying tailings liquefy, the dam could fail by either falling into 

or sliding over the liquefied tailings. Dams constructed using the centerline method retain some 

vulnerability to failure during liquefaction because there are still some uncompacted tailings 

underneath the dikes (see Fig. 5c). On the other hand, a tailings dam constructed using the 

downstream method could survive the complete liquefaction of the tailings stored behind the 

dam (see Fig. 5b). Of course, proper design and construction are still needed to prevent 

liquefaction of the dam itself even when the downstream method is used. The phenomenon of 
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liquefaction is explained in the subsections ñLiquefactionò and ñMechanisms of Failure of 

Tailings Dams.ò  

From another perspective, an upstream dam is constructed on top of an unknown 

foundation (see Fig. 5a; Fuller, 2019). An accurate knowledge of the foundation is an essential 

feature of dam safety since both tailings dams and water-retention dams have failed due to 

yielding or settling of the foundation. The geotechnical properties of the tailings underlying the 

dikes can be predicted, but they are not actually known until they can be measured after dikes 

have been constructed on top of them. In the same way, the future evolution of the tailings (for 

example, due to compaction by the overlying dikes or drying of the tailings) can be predicted, 

but is not actually known until the future has occurred. This feature of upstream dams sets them 

apart from any other type of dam in which the geotechnical properties of the foundation can and 

should be a known quantity before the dam is constructed. The differences between tailings dams 

and water-retention dams will be further discussed in the next subsection, followed by a review 

of the phenomenon of liquefaction. 

As a final note, the MRN website asks, ñDo you know the difference between dams and 

reservoirs?ò and responds, ñMRNôs reservoirs are located on top of a plateau and receive only 

the rainwater that falls within that specific area. This differs from dams located in valleys, which 

collect rainfall from all watercourses within the contributing watershedò (MRN, 2025b). The 

preceding distinction between a ñdamò and a ñreservoirò has no basis in standard mining 

vocabulary. The ñtailings damò includes both the confining structure and the confined material 

(the tailings). According to the Australian National Committee on Large Dams (ANCOLD), a 

ñtailings damò is ña structure or embankment that is built to retain tailings and/or to manage 

water associated with the storage of tailings, and includes the contents of the structureò 

(ANCOLD, 2012, 2019). According to the Global Industry Standard on Tailings Management 

(GISTM), the ñreservoirò is the ñtailings deposit and pondò (ICMM-UNEP-PRI, 2020). Thus, the 

ñreservoirò is a part of the ñtailings dam,ò and is the part that includes the tailings and the 

overlying pond. The standard industry inclusion of the reservoir as a part of the tailings dam has 

nothing to do with plateaus and valleys, as stated by MRN (2025b).  

 

Tailings Dams vs. Water-Retention Dams 

 

Although tailings dams and water-retention dams are both built for the purpose of 

restricting the flow of water or waste containing water, they are fundamentally different types of 

civil engineering structures. This important point was emphasized in the textbook by Vick (1990) 

entitled Planning, Design, and Analysis of Tailings Dams. According to Vick (1990), ñA 

recurring theme throughout the book is that there are significant differences between tailings 

embankment and water-retention dams é Unlike dams constructed by government agencies for 

water-retention purposes, tailings dams are subject to rigid economic constraints defined in the 

context of the mining project as a whole. While water-retention dams produce economic benefits 

that presumably outweigh their cost, tailings dams are economic liabilities to the mining 

operation from start to finish. As a result, it is not often economically feasible to go to the lengths 

sometimes taken to obtain fill for conventional water dams.ò 

In addition to the economic unfeasibility of traveling the distances that are sometimes 

ideal for obtaining appropriate fill, Vick (1990) gives many other examples of ways in which it is 

not economically feasible to build a tailings dam in the same way as a water-retention dam. An 

earthen water-retention dam is constructed out of rock and soil that is chosen for its suitability 
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for the construction of dams. However, a tailings dam is normally built out of construction 

material that is created by the mining operation, such as waste rock, the coarser fraction of the 

tailings, or rockfill or earthfill that is quarried from the mine site. In addition, a water-retention 

dam is built completely from the beginning before its reservoir is filled with water, while a 

tailings dam is built in stages as more tailings are produced that require storage, as more material 

from the mining operation (such as waste rock) becomes available for construction, and as 

financing becomes available for further construction. The implications of staged construction 

were summarized in the SME (Society for Mining, Metallurgy and Exploration) Tailings 

Management Handbook. According to Snow (2022), ñThe construction of a TSF over an 

operational period of many years or even decades introduces the potential for discontinuity in 

construction oversight, quality control, monitoring, and recognition of performance factors that 

can affect operation and safety.ò 

The consequences of the very different constructions of tailings dams and water-retention 

dams are the very different safety records of the two types of structures. According to a widely-

cited paper by Davies (2002), ñIt can be concluded that for the past 30 years, there have been 

approximately 2 to 5 ómajorô tailings dam failure incidents per year é If one assumes a 

worldwide inventory of 3500 tailings dams, then 2 to 5 failures per year equates to an annual 

probability somewhere between 1 in 700 to 1 in 1750. This rate of failure does not offer a 

favorable comparison with the less than 1 in 10,000 that appears representative for conventional 

dams. The comparison is even more unfavorable if less óspectacularô tailings dam failures are 

considered. Furthermore, these failure statistics are for physical failures alone. Tailings 

impoundments can have environmental ófailureô while maintaining sufficient structural integrity 

(e.g. impacts to surface and ground waters).ò Both the total number of tailings dams and the 

number of tailings dams failures cited by Davies (2002) are probably too low. However, the 

Independent Expert Engineering Investigation and Review Panel (2015) that investigated the 

failure of the tailings dam at the Mount Polley mine found a similar failure rate in tailings dams 

of 1 in 600 per year (annual probability of failure of 0.17%) during the 1969-2015 period in 

British Columbia (Canada). The investigation by the Mount Polley expert panel involved the 

rigorous documentation of all tailings dam failures in British Columbia, as well as the 

documentation of the years of active operation of each tailings dam in British Columbia. At the 

present time, there are no other reliable regional estimates of the type carried out by the Mount 

Polley expert panel.  

Eleven catastrophic failures of tailings dams at aluminum mines occurred during the 

period 1964 to 2024, corresponding to an average of one failure every 5.5 years (see Table 5). 

The pace of catastrophic failure quickened from 2016 to 2024, during which six failures were 

documented, corresponding to an average of one catastrophic failure every 1.3 years (see Table 

5). Thus, failures of tailings dams at aluminum mines constitute a significant fraction of the 

ñapproximately 2 to 5 ómajorô tailings dam failure incidents per yearò that were estimated by 

Davies (2002). Noteworthy failures include the failure at the Luoyang Xiangjiang Wanji 

Aluminum mine in China in 2016, which released 100% of the stored tailings (2 million cubic 

meters) (Center for Science in Public Participation, 2025) and the failure at the MAL Magyar 

Aluminum mine in Hungary in 2010, which resulted in 10 fatalities (see Table 5).   
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Table 5. Documented failures of tailings dams at aluminum mines1 

Mine & Location Country Year Release 

Volume 

(m3) 

Runout 

(km) 

Deaths 

Vedanta Company, Kalahandi District of 

Odisha 

India 2024 ð 0.3 ð 

Shanxi Daoer Aluminum Co., Wenquan 

Township Jiaokou County, Shanxi 

Province 

China 2022 224,000 ð ð 

Hindalco Industries Limited, Muri, 

Jharkhand 

India 2019 ð 0.2 ð 

Alunorte, Barcarena, Par§ Brazil 2018 ð ð ð 

Vedanta Aluminium Limited Smelter 

Ash Pond, Jharsuguda 

India 2017 2,625,000 ð ð 

(Luoyang Xiangjiang Wanji Aluminum 

Co., Ltd., Luoyang, Dahegou Village, 

Henan Province 

China 2016 2,000,000 2 ð 

MAL Magyar Aluminum, Ajka Alumina 

Plant, Kolont§r 

Hungary 2010 1,000,000  10 

Ind¼strias Qu²micas Cataguases, 

Minera­«o Rio Pomba Cataguases, 

Mira², Minas Gerais 

Brazil 2007 2,000,000 ð ð 

Ind¼strias Qu²micas Cataguases, 

Minera­«o Rio Pomba Cataguases, 

Mira², Minas Gerais 

Brazil 2006 400,000 ð ð 

Ind¼strias Qu²micas Cataguases, 

Minera­«o Rio Pomba Cataguases, 

Mira², Minas Gerais 

Brazil 2003 1,200,000 ð ð 

Ajka Alumina Plant, Kolont§r Hungary 1991 43,200 ð ð 

Alcoa, Texas USA 1964 ð ð ð 
1Data from Center for Science in Public Participation (2025) 

    

The preceding discussion largely contrasts tailings dams and water-retention dams that 

are in active operation.  At the end of its useful life, or when it is no longer possible to inspect 

and maintain the dam, a water-retention dam is completely dismantled. A water-retention dam 

cannot simply be abandoned or it will eventually fail at an unpredictable time with consequences 

that are difficult to predict. However, the permanent storage of tailings, which has already been 

mentioned several times, cannot be overemphasized. A tailings dam can never be dismantled 

unless the tailings can be moved to another location, such as an exhausted open pit. Typically, a 

tailings dam is expected to confine the often toxic tailings in perpetuity, although normally the 

inspection, monitoring, maintenance, and review of the dam cease at some point after the end of 

the mining project.  

The need for perpetual maintenance of tailings dams is the position of the mining 

industry and also of the U.S. Forest Service. According to the SME (Society for Mining, 

Metallurgy and Exploration) Tailings Management Handbook, ñThe mining industry has a 

significant challenge in that these TSFs [Tailings Storage Facilities] will last for perpetuity. 
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Unfortunately, humans have no experience in designing facilities to last forever, so responsible 

tailings management is required for as long as the TSF existsò (Morrison and Lammers, 2022). 

According to Werner (2025), ñThe U.S. Forest Service recently conducted a risk assessment of a 

mine facility on National Forest System lands using the failure modes and effects analysis 

(FMEA) methodology ... The exercise identified that the risk drivers were not the extreme events 

such as the probable maximum flood or maximum credible earthquake; rather, they were the 

smaller, chronic events like seasonal storms that impacted ancillary structures and facilities such 

as diversion ditches, or it was the failure of engineered systems such as underdrains and 

electronic monitoring stations that posed the greatest risks over time. The FMEA showed 

recurrent natural processes (such as wildfire, storm runoff, vegetation succession, slope creep, 

freeze thaw cycling) were the principal drivers behind eventual reclamation failure over an 

extended time horizon. This is due to the incremental degradation of individual component 

performance leading to more acute nonperformance and eventual system-wide breakdown ... The 

FMEA participants concluded that the natural processes that drove risk would always be 

present and would slowly degrade the reclaimed facilities over time. The only solution to 

maintaining system performance was a commitment to site care and maintenance ð well, 

forever ... There is no expiration date on reclamation integrity, and mining companies 

should recognize their post-closure care and maintenance obligations may last far longer 

than they have currently planned for and, in some instances, may be a forever propositionò 

(emphasis added).  

The need for perpetual maintenance, as well as the realism of such a prospect, was further 

discussed in the guidance document Safety First: Guidelines for Responsible Mine Tailings 

Management. According to Morrill et al. (2022), ñIt is imperative that the reclamation and 

closure of tailings facilities be a factor in their initial design and siting é A tailings facility is 

safely closed when deposition of tailings has ceased and all closure activities have been 

completed so that the facility requires only routine monitoring, inspection and maintenance in 

perpetuity or until there are no credible failure modes é Currently, there is no technology to 

ensure that an active tailings facility can be closed in such a way so as to withstand the PMF 

[Probable Maximum Flood] or MCE [Maximum Credible Earthquake] indefinitely without 

perpetual monitoring, inspection, and maintenance ... Given that operating companies will not 

exist long enough to accomplish perpetual monitoring, inspection, maintenance, and review, the 

operating companyôs ability to eventually eliminate all credible failure modes must be a key 

consideration during the permitting process. If a regulatory agency does not believe an operating 

company can carry out perpetual care and financial responsibility, or eliminate all credible failure 

modes, they must not approve the facility.ò  

The meaning of the expression ñcredible failure modeò deserves careful consideration. 

The Global Industry Standard on Tailings Management (GISTM) clarifies that ñthe term 

ócredible failure modeô is not associated with a probability of this event occurringò (ICMM-

UNPE-PRI, 2020). On that basis, Safety First: Guidelines for Responsible Mine Tailings 

Management defined ñcredible failure modeò as ña physically possible sequence of events that 

could potentially end in tailings dam failureò (Morrill et al., 2022). The SME Tailings 

Management Handbook further clarified, ñWhile evaluating risks associated with PFMs 

[Potential Failure Modes], it is important to consider whether the failure modes are credible or 

plausible. Is the PFM conceivable or physically possible and is there a technical basis for its 

occurrence? A non-credible failure mode has a zero likelihood of occurrenceò (Morrison and 

Byler, 2022). It should be clear that there are very few ways of removing all credible failure 
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modes from an aboveground facility aside from moving the tailings to a belowground location, 

such as an exhausted open pit. 

By contrast, the author of the textbook Planning, Design, and Analysis of Tailings Dams 

(Vick, 1990), went a step further in taking the position that the failure of a tailings storage 

facility is inevitable, even if there is perpetual monitoring, inspection, maintenance, and review, 

simply as a consequence of the multitude of things that could go wrong with enough time. In a 

conference presentation, Vick (2014a) concluded that ñSystem failure probabilities much less 

than 50/50 are unlikely to be achievable over performance periods greater than 100 years é 

system failure probability approaches 1.0 after several hundred years.ò Vick (2014a) continued, 

ñFor closure, system failure is inevitable é so closure risk depends solely on failure 

consequences.ò In the accompanying conference paper, Vick (2014b) elaborated, ñRegardless of 

the return period selected for design events, the cumulative failure probability will approach 1.0 

for typical numbers of failure modes and durations. This has major implications. For closure 

conditions, the likelihood component of risk becomes unimportant and only the consequence 

component matters é This counterintuitive result for closure differs so markedly from operating 

conditions that it bears repeating. In general, reducing failure likelihood during closureðthrough 

more stringent design criteria or otherwiseðdoes not materially reduce risk, simply because 

there are too many opportunities for too many things to go wrong. In a statistical sense, all it can 

do is to push failure farther out in time. System failure must be accepted as inevitable, leaving 

reduction of failure consequences as the only effective strategy for risk reduction during 

closure.ò  

 

Liquefaction 

 

A mass of mine tailings consists of solid rock particles in which the pores between the 

particles are filled with a combination of air and water. From an engineering perspective, a mass 

of mine tailings is a type of soil. Of course, from an agricultural perspective, a soil should 

include organic matter and organisms and be able to support the growth of higher plants. 

However, these biological properties are not relevant for engineering purposes. An excellent 

reference for more complete information on the engineering properties of soils is Holtz et al. 

(2011). The phrases ñsoilò and ñmass of tailingsò will be used interchangeably in this subsection, 

which largely follows the presentation in Holtz et al. (2011). 

 A normal stress means any stress that is acting perpendicular to a surface (see Fig. 6). A 

normal stress acting on a soil can be partially counterbalanced by the water pressure within the 

pores. The effective stress is defined as the normal stress minus the pore water pressure. The 

effective stress is a measure of the extent to which the solid particles are interacting with or 

ñtouchingò each other (see Fig. 6). The normal stress without subtracting the pore water pressure 

is also called the total stress. 

 Terzaghiôs Principle states that the response of a soil mass to a change in stress is due 

exclusively to the change in effective stress (Holtz et al., 2011). For example, suppose that 

sediments are deposited on a river floodplain or tailings are hydraulically discharged into a 

tailings reservoir without compaction. The weight of the solid particles creates a normal stress, 

so that the particles will consolidate under their own weight. The amount and rate of 

consolidation is determined by the effective stress, that is, the extent to which the particles are 

interacting with one another. Sufficient water pressure can offset the normal stress, so that little 

consolidation could occur and at a slow rate.  
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Figure 6. The effective stress in soil is equal to the total stress minus the pore water pressure. The effective stress is 

a measure of the extent to which the solid particles are interacting with or ñtouchingò each other. Terzaghiôs 

Principle states that the response of a soil mass to a change in stress is due exclusively to the change in effective 

stress. Figure from GeotechniCAL (2025). 

 

 The phenomenon of liquefaction, in which a soil loses its strength and behaves like a 

liquid, can be explained through an application of Terzaghiôs Principle (see Fig. 7). In the 

diagram on the left-hand side of Fig. 7, although the solid particles are loosely packed and the 

pores are saturated with water, the particles touch each other. Because there is contact between 

the particles, the load (the weight of particles or other materials above the particles shown on the 

left-hand side of Fig. 7), is carried by the solid particles. The load is also partially borne by the 

water due to the water pressure. The term permeability refers to the ability of water to flow 

through the pores. A mix of coarse and fine particles will have low permeability because the finer 

particles will fill in the pores between the coarser particles and, thus, restrict the pore space for 

water flow.  

Loose-packing means that the soil is in a contractive (or contractile) state, so that the 

solid particles will tend to compact to a more densely packed state following an increase in load 

or a disturbance (such as an earthquake). If the water cannot escape (due to low permeability or 

the speed of the disturbance), the solids cannot compact so that the additional stress is converted 

into an increase in pore water pressure (see right-hand side of Fig. 7). The increased water 

pressure can decrease the effective stress almost to zero or to the point where the particles no 

longer ñtouchò each other (see Fig. 6). At this point, the soil mass has undergone liquefaction in 

which the water supports the entire load and the mass of particles and water behaves like a 

liquid.  
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Figure 7. In the diagram on the left, although the solid particles are loosely packed and the pores are saturated with 

water, the particles touch each other, so that the load is supported by the particles (and partially by the water). 

Loose-packing means that the soil is in a contractive state, so that the solid particles will tend to compact to a more 

densely-packed state following an increase in load or a disturbance (such as an earthquake). If the water cannot 

escape (due to low permeability or the speed of the disturbance), the solids cannot compact so that the additional 

stress is converted into an increase in pore water pressure (see the diagram on the right). The increased water 

pressure can decrease the effective stress almost to zero or to the point where the particles no longer ñtouchò each 

other (see Fig. 6). At this point, the soil mass has undergone liquefaction in which the water supports the entire load 

and the mass of particles and water behaves like a liquid. This phenomenon of liquefaction is promoted by saturated 

pores and loosely-packed particles. If the pores are unsaturated prior to the disturbance, some compaction can occur 

(decreasing the size of the pores), so that the pores become saturated. Any further contractive behavior will then 

convert the additional stress into increased pore water pressure. On that basis, liquefaction is possible even if the 

pores are only 80% saturated. Figure from DoITPoMS (2025). 

 

The phenomenon of liquefaction is promoted by saturated pores and loosely packed 

particles. Conventional tailings storage facilities are especially susceptible to liquefaction 

because the tailings are very loosely packed due to the hydraulic discharge into the tailings 

storage facility without compaction. Even thickened and paste tailings storage facilities are 

susceptible to liquefaction because the tailings are still too wet to be mechanically compacted. If 

the pores are unsaturated prior to the disturbance, some compaction can occur (decreasing the 

size of the pores), so that the pores become saturated. Any further contractive behavior will then 

convert the additional stress into increased pore water pressure. On that basis, liquefaction is 

possible even if the pores are only 80% saturated. There is a considerable literature on methods 

for evaluating the susceptibility of soil or tailings to liquefaction (Fell et al., 2015). For example, 

incomplete gravity separation during hydraulic discharge could lead to a mix of coarse and fine 

tailings, which could make the tailings more susceptible to liquefaction by reducing their 

permeability. 

Soil that is already in a densely packed state is said to be in a dilative (or dilatant) state, 

so that the solid particles will tend to expand following a disturbance. In this case, disturbance 

causes a strengthening, rather than a weakening of the soil, due to the resulting decrease in pore 

water pressure. A soil in which the particles will neither compact nor expand following a 

disturbance is said to be in the critical state. The basis of Critical State Soil Mechanics is the 

principle that, following a disturbance, all soils will tend to approach the critical state of packing, 

in which the critical void ratio (ratio of volume of pore space to volume of solid particles) 

depends upon the effective vertical stress. The role of liquefaction in the failure of tailings dams 

is further developed in the following subsection.   
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Mechanisms of Failure of Tailings Dams 

 

The principal mechanisms of failure of tailings dams are, in no particular order (ICOLD 

and UNEP, 2001): 

1) overtopping 

2) slope instability 

3) seismic liquefaction 

4) static liquefaction 

5) foundation failure 

6) internal erosion 

The preceding mechanisms will be reviewed in this subsection. 

 Overtopping occurs when a tailings pond contains an excessive amount of water, so that 

additional precipitation or flow of surface water into the pond causes water to flow over the face 

of the outer embankment. Any water flowing over an earthen embankment will tend to erode 

away the embankment, and the resulting gullies could progress to the breach of the embankment 

or its complete disappearance (see Fig. 8). Whether an overtopping event will progress to 

catastrophic failure depends upon the rate and duration of flow and whether the embankment has 

any protective layer, such as a layer of rock armor. The sliding or slumping of a slope can have 

the same effect and could progress to the breach or the complete disappearance of an 

embankment once water starts to flow over the slump. Slope instability can be promoted by an 

increase in pore water pressure within the dam or by a rise in the water table.  

 

 
Figure 8. Overtopping of an embankment dam often results in the erosion and breach of the dam. The photos above 

show the overtopping and breach of the Glash¿tte embankment dam in Germany on August 23, 2002. Photos from 

Association of State Dam Safety Officials (2025). 

   

Seismic activity could lead to liquefaction of either the tailings or the dam material. It has 

already been mentioned that conventional, thickened, and paste tailings are all deposited without 

compaction and cannot be compacted because they are too wet. In addition, the dam material 

could have been compacted during dam construction, but the compaction could have been 

inadequate. In any case, seismic activity could promote a sudden consolidation of the tailings or 

dam material, which could lead to liquefaction if the tailings are saturated. Other cyclic 

disturbances, such as drilling or vehicular activity, could also promote a sudden consolidation of 
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the tailings or dam material, so that the phenomenon is referred to as either seismic liquefaction 

or cyclic liquefaction.   

If the liquefaction is not initiated by cyclic motion, such as in an earthquake, the failure 

mechanism is called static liquefaction. Static liquefaction can be initiated by any non-cyclic 

event that can promote a sudden attempt at consolidation of the solid particles without an 

opportunity for water to escape. Examples of non-cyclic events could be any sudden increases of 

stress on the uncompacted solid particles, such as heavy rainfall or adding new tailings so fast 

that the tailings cannot settle out of water and consolidate. Failure of the foundation beneath a 

tailings dam or tailings pond can also be a type of static liquefaction. Liquefaction typically 

proceeds to catastrophic failure of the tailings facility.  

Internal erosion is the phenomenon in which the seepage of water through the dam or its 

foundation is fast enough to entrain fine particles, which can lead to a loss of structural integrity, 

followed by a breach of the dam (see Figs. 9-10). The flow rate of water is proportional to the 

hydraulic gradient, which is the difference between the water levels on the upstream and 

downstream sides divided by the length of the hydraulic pathway. The appearance of muddy 

water emerging from a tailings or earthen dam (see Fig. 10) is a dangerous sign because it 

indicates that internal erosion has progressed to the point where the seepage is entraining small 

particles, which could be fine-grained tailings or the dam construction material or both. Internal 

erosion does not necessarily proceed to catastrophic failure because it develops at a slower rate 

than either overtopping or liquefaction. Thus, the appearance of muddy seepage could indicate a 

last chance to take corrective action, which could mean immediate lowering of the water level 

behind the dam or the emergency construction of a buttress at the toe of the dam to increase the 

length of the hydraulic pathway, both of which could reduce the flow rate of seepage.  

 

 
Figure 9. Internal erosion (also called piping) is a common mechanism of tailings dam failure. Internal erosion 

occurs when the seepage of water through the dam or its foundation is fast enough to entrain fine particles, which 

can lead to a loss of structural integrity, followed by a breach of the dam. Figure from Bentaher (2012). 

 

The most important method of designing dams so as to prevent internal erosion is to 

reduce the rate of water flowing through the dam as much as possible. The hydraulic gradient can 

be reduced by maintaining a low water level on the upstream side of the tailings dam, which 

would also reduce the likelihood of overtopping of the dam. Another approach to reducing the 

hydraulic gradient is lengthening the hydraulic pathway, for example, by decreasing the slope of 
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the outer embankment. From a theoretical standpoint, the maximum critical angle to avoid 

internal erosion is 1V:1H (1 meter vertical for 1 meter horizontal) (Holtz et al., 2011). Such a 

steep embankment would leave no margin for error and is not recommended.  

 

 
Figure 10. Internal erosion (also called piping) is a common mechanism of tailings dam failure. Internal erosion 

occurs when the seepage of water through the dam or its foundation is fast enough to entrain fine particles, which 

can lead to a loss of structural integrity, followed by a breach of the dam. The photos show the failure by internal 

erosion of the Tunbridge dam in Tasmania, Australia, in 2005. Figure from Fisher et al. (2017). 

 

The U.S. Army Corps of Engineers recommends that slopes be no steeper than 1V:5H 

(11Á from the horizontal) to avoid internal erosion in earthen dams or levees. According to 

USACE (2000), ñFor sand levees, a 1V on 5H landside slope is considered flat enough to prevent 

damage from seepage exiting on the landside slope.ò Safety First: Guidelines for Responsible 

Mine Tailings Management concurs in writing, ñThe slope of the outer embankment of the 

tailings dam must be low enough to keep the annual probability of failure due to piping (also 

called internal erosion) below an acceptable level. New outer embankments must be constructed 

with slopes 1V:5H or less, and additional fill must be added to existing outer embankments with 

a slope steeper than 1V:5H in order to reduce the slope to 1V:5H, as per guidance from the 

USACE. A proposal to construct or maintain an outer embankment steeper than 1V:5H must be 

justified in writing to both regulators and the public. The justification cannot be based solely on 

economic considerations, but must demonstrate that, for a particular design, failure by internal 

erosion is still sufficiently unlikely even with a steeper slopeò (Morrill et al., 2022).  

Gentle slopes can also prevent failure by seismic activity or slope instability. Moreover, a 

gentle embankment slope could reduce the likelihood of foundation failure by distributing the 

weight of the dam over a greater area. According to the textbook Geotechnical Engineering for 

Mine Waste Storage Facilities, ñConsidering the requirement that the storage capacity for tailings 
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solids of a given site must be maximized, together with the requirements for overall shear 

stability and the requirement to limit rates of surface erosion, as well as the practical advantage 

of a slope that can be worked mechanically, an acceptable slope angle for tailings slopes appears 

to lie in the range of 15-20Á. A round figure of 1 vertical on 3 horizontal or 18Á appears to be a 

good compromiseò (Blight, 2010). The Ministry of Energy, Mines and Low Carbon Innovation 

(British Columbia) (2024) specifies a downstream slope no steeper than 1V:2H (26.5Á from the 

horizontal) for tailings dams. In line with the regulations in British Columbia, the above quote 

from Safety First continues, ñIn all instances, a dam slope must not be steeper than 1V:2Hò 

(Morrill et al., 2022).  

With regard to the preceding quote from Blight (2010), it should be emphasized that the 

maximum slope of 1V:3H was not intended to maximize the protection of the environment, but 

to strike a balance between a need to protect the environment and a need to store the maximum 

volume of tailings (which might entail reducing the space occupied by the dam in order to create 

more space for storage behind the dam). By contrast, recommendations from the U.S. Army 

Corps of Engineers or Safety First are intended to maximize public safety and the safety of the 

environment. According to the U.S. Army Corps of Engineers, ñSince óLife Safety is Paramount,ô 

it is not appropriate to refer to balancing or trading off public safety with other project benefits. 

Instead, it is after tolerable risk guidelines are met that other purposes and objectives will be 

consideredò (USACE, 2014). In the same way, Guideline 1 of Safety First: Guidelines for 

Responsible Mine Tailings Management is ñMake safety the guiding principle in design, 

construction, operation, and closureò (Morrill et al., 2022). 

The standards of Blight (2010) and Morrill et al. (2022) refer to tailings dams in general, 

while the standard of USACE (2000) refers to earthen dams in general. There are also 

international standards related to the slopes of upstream tailings dams in particular. According to 

the European Commission, ñKey design features to help ensure upstream dam stability include: 

é Å a slope angle of 3:1 (H:V) or flatter, depending on the other measures incorporated into the 

long-term design; steeper slopes, without an appropriately drained and/or compacted beach, 

create the potential for spontaneous static liquefaction (Davies et al. 2002)ò (Gabarino et al., 

2018). An older industry standard (Martin et al., 2002) that the maximum slope for upstream 

dams should be 1V:4H (14Á from the horizontal) along with the current industry standard that 

upstream dams should be avoided entirely will be further considered in the subsection ñDangers 

of the Upstream Construction Method.ò 

The European Commission further called for maximum slopes of 1V:3H not only for 

upstream dams, but for all tailings dams. According to the European Commission, ñIn the long 

term, damage by erosion, temperature and vegetation can be avoided by using stable materials in 

the construction of the dam and by constructing slopes of a sufficiently low angle. A repose angle 

of 3:1 (H:V) for the outer surface of the dam is for example considered stable in the long term as 

such slopes naturally occur in the landscape, according to the MTWR BREF [Management of 

Tailings and Waste Rock - Best Available Techniques Reference Document]ò (Garbarino et al., 

2018). An example given in the guidance document of the European Commission is that, 

following the failure of the tailings dam at the Los Frailes mine in Aznalc·llar, Spain, in 1998, 

the remaining portion of the dam was reconstructed to achieve a slope angle of 1V:3H in order to 

prevent further failure (Garbarino et al., 2018). The Brazilian regulations do not specify a 

maximum slope, but the slope is taken into account as one of the Technical Characteristics that 

determine the Risk Category. This subject is discussed further in the subsection ñBrazilian 

Tailings Dam Regulations.ò 
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As an additional note, MRN claims that their tailings dams are exceptionally safe because 

the tailings deposits are completely surrounded by artificially constructed embankments with no 

reliance on confinement by natural topography. According to MRN (2025b), ñIn addition, the 

structures do not rely on natural topography, such as valleys, to contain tailings. Instead, they are 

artificially constructed on flat terrain, providing greater stability, control and safety.ò There may 

be some circumstances under which the natural topography would be unstable, but the industry 

practice is to rely on confinement by natural topography as much as possible, since long dam 

perimeters simply result in more opportunities for failure. According to the textbook Planning, 

Design, and Analysis of Tailings Dams, ñThe general aim is to identify sites where the maximum 

storage capacity can be achieved with the least amount of embankment fill material, within the 

limits of the storage volume required. This usually involves identifying natural valleys, basins, or 

other topographic depressions on suitably scaled maps, and sketching preliminary trial 

embankment-impoundment configurations for each potential siteò (Vick, 1990).  

Along similar lines, it has already been mentioned that, with 30 tailings dams, the MRN 

mine has an unusually large number of tailings dams in comparison to any other major bauxite 

mine (see Table 1). Such a large number of tailings dams maximizes the total length of dam 

perimeter for a given total volume of tailings, especially when the dams completely encircle the 

tailings with no confinement by natural topography. As stated above, the maximization of dam 

perimeter maximizes the opportunities for failure. There is no document available to the author 

that explains why MRN has chosen this unusual strategy. One possibility is that the construction 

material that is available on the mine site is too weak to support a tall embankment, so that the 

alternative is to construct a long perimeter of short embankments. The tallest tailings dam at the 

MRN site is 31.7 meters (SP7C), while six tailings dams (SP-24A, SP-24B, SP-24C, SP-25A, 

SP-25B, SP-25C) are only 7 meters high (see Table 2a).  

 

Dangers of the Upstream Construction Method 

 

The failure of the upstream tailings dam at the C·rrego do Feij«o mine near Brumadinho, 

Brazil, on January 25, 2019, which resulted in 272 deaths, including the deaths of 258 

mineworkers (see Fig. 11; Robertson et al., 2019), was a watershed moment in the global 

awareness of the danger of the upstream construction method. However, in the five decades 

preceding the Brumadinho disaster, there were already numerous cautions and prohibitions 

regarding the use of the upstream method in guidance documents and regulations. The subject is 

discussed in some detail, since this material is not generally available in a single location.  

Based upon the engineering principles discussed in the subsection ñMethods of Tailings 

Dam Constructionò and the historical record at the time, the U.S. Environmental Protection 

Agency (USEPA, 1994) concluded that ñA tailings pond that is expected to receive high rates of 

water accumulation (due to climatic and topographic conditions) should be constructed using a 

method other than upstream construction é upstream construction is not appropriate in areas 

with a potential for high seismic activity.ò The International Commission on Large Dams 

(ICOLD) and the United Nations Environment Programme (UNEP) came to the same conclusion 

in writing, ñIn general, dams built by the downstream or centreline method are much safer than 

those built by the upstream method, particularly when subject to earthquake shaking é Dams 

built by the upstream method are particularly susceptible to damage by earthquake shaking. 

There is a general suggestion that this method of construction should not be used in areas where 

there is risk of earthquakeò (ICOLD and UNEP, 2001). The recommendation to UNEP in 2017 
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was to ñadopt a presumption against the use of é upstream and cascading tailings dams unless 

justified by independent reviewò (Roche et al., 2017). Finally, the European Commission 

concurred in writing, ñThe main disadvantage of the upstream method is the risk of physical 

instability of the dam and its susceptibility to liquefaction é In general, downstream dams are 

much safer than those built using the upstream method, particularly when subject to seismic 

loads é [Upstream dams are] not applicable when the slightest risk of liquefaction has been 

identified after seismic evaluation é Upstream: this option has the highest risk associated to 

dam wall breakingò (Garbarino et al., 2018).  

 

 
Figure 11. The failure of the upstream tailings dam at the C·rrego do Feij«o mine near Brumadinho, Brazil, on 

January 25, 2019, which resulted in 272 deaths, including the deaths of 258 mineworkers, was a watershed moment 

in the global awareness of the danger of the upstream construction method. However, in the five decades preceding 

the Brumadinho disaster, there were already numerous cautions and prohibitions regarding the use of the upstream 

method in guidance documents and regulations. Photo from Robertson et al. (2019). 

 

Even before the Brumadinho disaster, the upstream construction method for tailings dams 

was prohibited under all circumstances in Chile and Peru (Ministerio de Miner²a (Chile) 

[Ministry of Mining (Chile)], 2007; Sistema Nacional de Informaci·n Ambiental (Per¼) 

[National System of Environmental Information (Peru)], 2014). The prohibition against upstream 

dams in Chile has been in place for over 55 years (since 1970) and was motivated by the major 

earthquake in 1965 that caused the failure of 17 tailings dams, 16 of which had been constructed 

using the upstream method (Villavicencio et al., 2013; Valenzuela, 2016). The same pattern was 

repeated in the major earthquake in 1997, in which four tailings dams failed, three of which had 

been constructed using the upstream method and one of which combined upstream and centerline 

raises. By contrast, Chile has 757 tailings dams, including 465 tailings dams for which the 
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method of construction is known. Out of the dams with a known construction method, 213 (46%) 

were constructed using the upstream method, all of which are now closed (SNGM, 2020).  

Again long before the Brumadinho disaster, the upstream construction method was 

thoroughly critiqued in the two available textbooks on tailings dams. The first textbook was 

Planning, Design, and Analysis of Tailings Dams (Vick, 1990), which was first published in 1983 

and reprinted without revision in 1990. According to Vick (1990), ñUse of the upstream raising 

method, however, is limited to very specific conditions and incorporates a number of inherent 

disadvantages. Factors that constrain the application of the upstream method include phreatic 

surface [water table] control, water storage capacity, and seismic liquefaction susceptibility. The 

location of the phreatic surface is a critical element in determining embankment stability. For 

upstream embankments constructed by tailings spigotting, there are few structural measures for 

control of the phreatic surface within the embankment é Many if not most failures of upstream 

embankments can be attributed to inadequate separation distance between the decant pond and 

the embankment crest é For this reason, upstream embankments are poorly suited to conditions 

where water accumulation is anticipated due to flooding, long-term accumulation of seasonal 

runoff, or high rates of mill water accumulation. In general, upstream embankments cannot be 

used for water retention é The susceptibility of upstream embankments to liquefaction under 

severe seismic ground motion is well documented (Dobry and Alvarez, 1967). The low relative 

density and generally high saturation within the tailings deposit can result in liquefaction-

induced flow of the tailings, with disastrous consequences. Upstream raising methods are clearly 

inappropriate in areas of high seismic potential é Upstream embankments, while providing the 

simplest and least costly raising method, are subject to a number of very critical constraints. 

Proper use of the method can be justified only when these constraints are thoroughly investigated 

and satisfied é The fact that so many variables cannot be controlled or easily predicted in 

advance of operation cannot help but inspire a certain feeling of helplessness among those who 

would attempt to predict the phreatic surface location within upstream embankments. This 

uneasiness is often manifested by a preference for other embankment types whose seepage and 

stability characteristics are more easily predicted and controlled.ò It should be noted that the 

susceptibility of upstream dams to failure due to seismic liquefaction had already been 

established by the mid-1960s (Dobry and Alvarez, 1967) and was the basis for the prohibition 

against upstream dams in Chile in 1970. The second textbook was Geotechnical Engineering for 

Mine Waste Storage Facilities (Blight, 2010), which was published 20 years after Vick (1990). 

Blight (2010) believed that upstream dams were already disappearing and wrote, ñThis particular 

method of construction is no longer used in many parts of the world, although it is still used in 

areas having an arid climate and no seismicity.ò 

Following the Brumadinho disaster, two additional countries prohibited the use of the 

upstream construction method (ANM, 2019a; Ministerio de Energ²a y Recursos Naturales No 

Renovables [Ministry of Energy and Non Renewable Natural Resources] (Ecuador), 2020a), so 

that upstream dams are now prohibited in the four Latin American countries of Brazil, Chile, 

Ecuador and Peru. Ecuador went further than the other countries in preferring the downstream 

method and permitting the centerline method only under special circumstances. According to 

Ministerio de Energ²a y Recursos Naturales No Renovables (2020a), ñSe proh²be la utilizaci·n 

del m®todo hacia aguas arriba. De manera estandarizada el m®todo de construcci·n ser§ hacia 

aguas abajo, incluyendo la presa de arranque. El m®todo de construcci·n de eje central se 

aprobar§ en los casos en que la morfolog²a o espacio del terreno no permitan el crecimiento 

hacia aguas abajo, siempre y cuando se cumpla con condiciones favorables para la estabilidad 
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f²sica del dep·sito de relavesò [The use of the upstream method is prohibited. In a standardized 

way, the construction method will be downstream, including the starter dike. The centerline 

construction method will be approved in cases where the morphology or space of the land does 

not allow for downstream growth, only and when it meets favorable conditions for the physical 

stability of the tailings deposit]. Brazil also required the safe closure of existing upstream tailings 

dams by August 2020 (ANM, 2019a), but  advanced the deadline for tailings dams storing less 

than 12 million cubic meters of tailings, 12-30 million cubic meters of tailings, and greater than 

30 million cubic meters of tailings to September 2022, September 2025, and September 2027, 

respectively (ANM, 2019b). The meaning of ñsafe closureò is explained in detail in the 

subsection ñBrazilian Tailings Dam Regulations.ò 

Some post-Brumadinho guidance documents reinforced previous cautions regarding 

upstream tailings dams, but did not explicitly call for a prohibition on the upstream construction 

method. According to Canadian Dam Association (2019), ñIt is recommended that upstream 

constructed tailings dams not be built in high seismic areas.ò According to ICOLD (2021), 

ñICOLD Bulletin B 121 [ICOLD and UNEP, 2001] discusses a key risk inherent in upstream 

construction being the potential for tailings in the structural zone to remain saturated at low 

density, resulting in tailings being in a contractive state, susceptible to static or dynamic 

liquefaction é The stability of the upstream slope is dependent upon the strength of the 

impounded tailings [as opposed to dependence only upon the strength of the dikes], which form 

part of the upstream section é The extent of saturation is sometimes difficult to determine with 

perched water tables being common due to segregation and layering. Piezometers cannot be 

relied on to give an accurate picture of the phreatic surface, particularly if vertical drainage is 

occurring and/or perched water tables are present. Caution should be applied when considering 

upstream construction, particularly when using fine tailings that have poor drainage 

characteristics and in climates where drying effects might be limited and/or in areas of moderate 

seismicity.ò  

Finally, the SME (Society for Mining, Metallurgy and Exploration) Tailings Management 

Handbook: A Life-Cycle Approach reinforced earlier critiques of the upstream method and even 

the centerline method in writing, ñUpstream construction, and to a lesser degree centerline 

construction, with the placement of the embankment crest raising on tailings, introduces stability 

concerns because of the potentially low strength of the saturated tailings during initial covering 

and the potential for seismically induced strength degradation é Instability and earthquake-

related incidents have generally been predominant at upstream and centerline facilities é [The 

upstream method is] typically more susceptible to instability particularly under earthquake 

loadingò (Snow, 2022). The SME Surface Mining Handbook also concurred in writing, 

ñUpstream dams have a high probability (58%) for damage (Lyu et al., 2019). Historically, 

downstream and centerline dams are typically more stable and are associated with fewer dam 

failure events. Downstream or centerline construction is the preferred and recommended method 

of dam constructionò (Mohanty et al. 2023).  

On the other hand, Safety First: Guidelines for Responsible Mine Tailings Management 

(Morrill et al., 2022) followed the regulations in the four Latin American countries and did call 

for a prohibition on new upstream tailings dams and the safe closure of existing upstream dams. 

According to Morrill et al. (2022), ñBecause of the demonstrated risk associated with upstream 

dam construction, upstream dams must not be built at any new facilities. Upstream construction 

is especially problematic in areas with moderate or high seismic risk, or in wet climate areas with 

net precipitation (more precipitation than evaporation), especially as weather events become 
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increasingly severe with climate change é Expansion of existing upstream tailings facilities 

must cease, and these facilities must be safely closed as soon as possible. This includes dams 

where companies have been approved for permits that have not begun or are just beginning 

construction. The deadline for safe closure must depend on engineering and the safety of affected 

communities, rather than economic considerations.ò 

One of the most significant post-Brumadinho developments has been the development of 

the Global Tailings Portal (UNEP et al., 2025) and its analysis by Franks et al. (2021). For the 

first time, this analysis quantified the greater risk posed by upstream dams and the gradual 

disappearance of the upstream construction method for new tailings storage facilities. According 

to Franks et al. (2021), ñControversy has surrounded the safety of tailings facilities, most notably 

upstream facilities, for many years but in the absence of definitive empirical data differentiating 

the risks of different facility types, upstream facilities have continued to be used widely by the 

industry and a consensus has emerged that upstream facilities can theoretically be built safely 

under the right circumstances.ò Franks et al. (2021) showed that the retreat from the upstream 

construction method was well underway, even by the 1970s (see Fig. 12). According to Franks et 

al. (2021), ñWhile upstream facilities make up 37 per cent of the total, they have declined from a 

peak of 85 per cent of new facilities in 1920ï1929 to 19 per cent of new facilities in 2010ï2019ò 

(see Fig. 12). In addition, upstream facilities made up 45%, 41%, and 32% of total new facilities 

for the decades 1960-1969, 1970-1979, and 1980-1989, respectively, indicating that it was 

generally known even in those decades that the benefits of upstream construction did not 

outweigh the risks. According to Franks et al. (2021), ñOwing to their historical popularity, 

upstream facilities make up 43 per cent of facilities that are inactive, closed or reclaimed. 

However, in the past twenty years, the number of new downstream and in-pit/natural landform 

facilities have risen sharply é At present, the number of active downstream facilities (230) 

marginally exceeds the number of active upstream facilities (224)ò (see Fig. 12). At the present 

time, ñUpstream facilities represent a relatively low number of active facilities in North and 

South America when compared to Africa and Oceaniaò (Franks et al., 2021). The conclusions by 

Franks et al. (2021) reinforced the general impression by Blight (2010) and the earlier statement 

by USEPA (1994) that ñmost recent dike dams have been built using downstream or centerline 

methods rather than the upstream methodò (USEPA, 1994). 

Among other information, the Global Tailings Portal includes the history of stability 

concerns. The history of stability concerns is a yes or no answer to the question ñHas this facility, 

at any point in its history, failed to be confirmed or certified as stable, or experienced notable 

stability concerns, as identified by an independent engineer (even if later certified as stable by 

the same or a different firm)?ò (UNEP et al., 2025) with the clarification ñWe note that this will 

depend on factors including local legislation that are not necessarily tied to best practice. As 

such, and because remedial action may have been taken, a óYesô answer may not indicate 

heightened risk. Stability concerns might include toe seepage, dam movement, overtopping, 

spillway failure, piping etc. If yes, have appropriately designed and reviewed mitigation actions 

been implemented? We also note that this question does not bear upon the appropriateness of the 

criteria, but rather the stewardship levels of the facility or the damò (UNEP et al., 2025). Franks 

et al. (2021) used these responses to establish that upstream dams have increased stability issues, 

even in cases where the stability issues did not proceed to dam failure (see Fig. 13). According to 

Franks et al. (2021), ñOur findings reveal that in practice active upstream facilities report a 

higher incidence of stability issues (18.3%) than other facility types, and that this elevated risk 

persists even when these facilities are built in high governance settings é The likelihood of a 
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stability issue in active upstream facilities is twice that of active downstream facilities é The 

control tests [age, height, volume, seismic hazard, wind speed, and rainfall] showed that the 

properties of the upstream samples (notably their distribution of age), have a small effect on the 

incidence of stability, however the estimated effect is only about one standard error, and is not 

sufficient to account for their higher than average incidence.ò  

 

 
Figure 12. According to Franks et al. (2021), ñwhile upstream facilities make up 37 per cent of the total, they have 

declined from a peak of 85 per cent of new facilities in 1920ï1929 to 19 per cent of new facilities in 2010ï2019 

(Fig. 1B).ò In addition, upstream facilities made up 45%, 41%, and 32% of total new facilities for the decades 1960-

1969, 1970-1979, and 1980-1989, respectively, indicating that it was generally known by the 1970s that the benefits 

of upstream construction did not outweigh the risks. Figure from Franks et al. (2021). 
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Figure 13. According to Franks et al. (2021), ñOur findings reveal that in practice active upstream facilities report a 

higher incidence of stability issues (18.3%) than other facility types, and that this elevated risk persists even when 

these facilities are built in high governance settings é The likelihood of a stability issue in active upstream facilities 

is twice that of active downstream facilities é The control tests [age, height, volume, seismic hazard, wind speed, 

and rainfall] showed that the properties of the upstream samples (notably their distribution of age), have a small 

effect on the incidence of stability, however the estimated effect is only about one standard error, and is not 

sufficient to account for their higher than average incidence.ò The stability issue was an answer to the particular 

question ñHas this facility, at any point in its history, failed to be confirmed or certified as stable, or experienced 

notable stability concerns, as identified by an independent engineer (even if later certified as stable by the same or a 

different firm)?ò with the clarification ñWe note that this will depend on factors including local legislation that are 

not necessarily tied to best practice. As such, and because remedial action may have been taken, a óYesô answer may 

not indicate heightened risk. Stability concerns might include toe seepage, dam movement, overtopping, spillway 

failure, piping etc. If yes, have appropriately designed and reviewed mitigation actions been implemented? We also 

note that this question does not bear upon the appropriateness of the criteria, but rather the stewardship levels of the 

facility or the damò (Franks et al., 2021). Figure from Franks et al. (2021). 

 

In addition to greater stability issues, Piciullo et al. (2022) have documented the 

disproportionately large representation of upstream tailings dams among tailings dam failures 

(see Fig. 14). According to Piciullo et al. (2022), ñJoining the databases on failures and existing 

dams, the fraction of failures as a function of the dam construction method has been computed 

é we observe that for a relatively high fraction of the incidents in the failure database the 

construction method was not known é For the tailings dam failures with a documented 

construction method, a higher frequency (relative to total number of dams in the catalogue of 

tailings dams) is observed for the upstream method (0.13), followed by the centreline 

construction method (0.11) and the downstream construction method (0.07) é An analysis with 

the failure database only é suggests that the downstream method is second in terms of number 

of failures é The analysis presented in Fig. 13 [Fig. 14 in this report], using failure and 

nonfailure databases, shows that the frequency of failures is lower for the downstream method 

compared to the centreline. This result agrees with the survey carried out by Franks et al., 2021, 
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who highlighted that active upstream facilities show a higher incidence of stability issues than 

other construction methods.ò  

 

 
Figure 14. By comparing datasets on global tailings dam failures (Center for Science in Public Participation, 2025) 

with global tailings dams (Franks et al., 2021; UNEP et al., 2025), Piciullo et al. (2022) showed a disproportionately 

large representation of upstream tailings dams among tailings dam failures. DT = Dam Type, US = Upstream, DS = 

Downstream, CL = Centerline. Figure from Piciullo et al. (2022).   

 

Set against all of the preceding cautions and prohibitions has been a persistent apology in 

the mining literature that upstream tailings dams can be safe if they are constructed and operated 

under ideal conditions (low seismicity and precipitation) and by high-quality personnel who do 

not make mistakes. The classic paper in this literature is Martin et al. (2002) who wrote, 

ñUpstream dams are not necessarily inherently unstable and dangerous. They can be as safe as 

other types of dams provided site conditions are favorable and that the rules for their safe design, 

construction and operation are followed é Conventional upstream dams cannot be considered 

for areas of moderate to high seismicity. Improved upstream construction, involving a 

combination of compaction of the outer shell and good internal drainage, can be used in such 

areas.ò Martin et al. (2002) then presented ten rules for the safe construction of upstream dams. 

Of particular note is the rule that ñupstream dams should be raised at slopes of 4H:1V or flatter 

é If an upstream constructed dam is raised at a slope steeper than 4H:1V, the likelihood of a 

static undrained failure due to minimal trigger is increasedò (Martin et al., 2002; see Fig. 15). To 

the list of rules, Martin et al. (2002) added the warning, ñOf the 10 rules, a óscoreô of 9/10 will 
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not necessarily have a better outcome than 2/10, as any omission creates immediate candidacy 

for an upstream tailings dam to join the list of facilities that have failed due to ignoring some or 

all of the rulesò (emphasis added by Hopkins and Kemp (2021)).  

 

 
Figure 15. Martin et al. (2002) listed ten rules for the safe construction of upstream dams with the warning that ñof 

the 10 rules, a óscoreô of 9/10 will not necessarily have a better outcome than 2/10, as any omission creates 

immediate candidacy for an upstream tailings dam to join the list of facilities that have failed due to ignoring some 

or all of the rules.ò It should be noted that, at the present time, ñThere is broad consensus within the engineering 

community, especially in high-risk industries such as aviation and pipelines, that engineered structures should be 

robust, with multiple back-ups and defense mechanisms. The need to obey ten rules with no margin for error does 

not constitute a basis for safe designò (Morrill et al., 2022). Some of the ten rules by Martin et al. (2002) are 

illustrated in the above figure, which is intended to show an off-the-shelf design that fulfills four out of the ten rules. 

In particular, the embankment slope of 3H:1V violated the rule that ñupstream dams should be raised at slopes of 

4H:1V or flatterò (Martin et al., 2002). Figure from Martin et al. (2002). 

 

Hopkins and Kemp (2021) reacted to the warning by Martin et al. (2002) by writing, 

ñThis is a slightly obscure statement that may need to be read twice to reveal its true meaning.ò 

(The interpretation by the author is that, from the perspective of Hopkins and Kemp (2021), 

Martin et al. (2002) described upstream dam construction as if it were a kind of ice climbing 

expedition in which everything would be fine as long as no mistakes were made.) Morrill et al. 

(2022) further advanced the critique by writing,  ñIt is theoretically possible to safely construct 

and operate an upstream tailings dam under the limited conditions of low seismicity, low 

precipitation and highly-trained personnel. Even under those limited conditions, a very 

influential tailings industry paper, with many antecedents, has argued that there are ten rules for 

upstream dams and not a single one can be violated without substantial risk of failure. There is 

broad consensus within the engineering community, especially in high-risk industries such as 

aviation and pipelines, that engineered structures should be robust, with multiple back-ups and 

defense mechanisms. The need to obey ten rules with no margin for error does not constitute a 

basis for safe design.ò 

In March 2023 the mining industry strongly denounced the upstream method in the SME 

Surface Mining Handbook and SME Underground Mining Handbook, with no allowance for 

rules. According to the SME Surface Mining Handbook, ñNot mentioned in Table 4 [Tailings 

storage facility failures by decade from 1950 to December 16, 2020] is the fact that the upstream 

method of raising the level of the dams has been utilized in many of the most serious failures. 
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This is in spite of the fact that the dangers of failure inherent with the upstream method have 

been recognized for many decades - see for example, Klohn (1972), who states that the óhistory 

of this method of dam construction is plagued with failures, some of them catastrophicôò (Turek, 

2023). According to the SME Underground Mining Handbook, ñThe industry has only itself to 

blame because the issues with upstream lifts have been known for decades (Klohn 1972) éò 

(Darling, 2023). 

The insistence that the danger of the upstream construction method has been well-known 

for over five decades cannot be overemphasized. According to Klohn (1972), ñThere is a limiting 

height to which such a dam [constructed using the upstream method] can be raised before a shear 

failure occurs and the tailings flow out. In regions subject to seismic shocks, failure of this type 

of dam by liquefaction can occur at very low heights. In fact, the history of this method of dam 

construction is plagued with failures, some of them catastrophic.ò According to Klohn (1972), 

the upstream construction method was ñthe old methodò and was already out-of-date. Klohn 

(1972) elaborated, ñA comparison between a typical water storage dam and two types of tailings 

dam, one built using the old upstream method of construction and the other built using the 

downstream method of construction, is most enlightening. An examination of Figure 3, which 

presents a comparison between a water storage dam and the old, upstream-construction type of 

tailings dam, shows that this type of tailings dam does not meet conventional requirements for 

slope stability, seepage control (internal drainage) and resistance to earthquake shocks. The 

factor of safety of the tailings dam is obviously very low even under normal, static conditions of 

loading. Any change in conditions that would result in saturation of the outer sand dyke could 

quickly lead to failure by piping or sliding. Potential causes of saturation include such items as: a 

rise in water levels in the pond, freezing of seepage outlets on the downstream face of the dam, 

and torrential rainfall. Under earthquake loading the fine, loose tailings in the pond would tend to 

liquefy and the subsequent high lateral pressures would likely burst the thin, sand-dyke shell. In 

fact, if, at the time of the earthquake, part of the sand dyke were saturated it would likely fail 

without the thrust from the liquefied tailings it retains é All upstream methods of tailings dam 

construction suffer the disadvantage of being built on top of previously deposited, 

unconsolidated tailings. These tailings have limited shear strength, are loose and usually are 

saturated. Under static loading conditions there is a limiting height to which such a dam can be 

built without danger of a shear failure occurring in the downstream direction. This height will 

depend on the strength of the tailings within the zone of shearing, the downstream slope of the 

tailings dam and the location of the phreatic line within the dam. Under earthquake loading, this 

type of dam may be subject to failure by liquefaction, at any height é Upstream dam building is 

unsuitable for areas where the dam must be designed to resist earthquake shocks. Even in non-

seismic areas this method of construction is generally unsuitable for all but very minor 

tailings dams é Downstream dam building is the only procedure that permits design and 

construction of tailings dams to conventionally acceptable engineering standards é All tailings 

dams located in seismic areas, and all major tailings dams, regardless of their location should be 

constructed using some form of the downstream methodò (emphasis added).  

 

Deterministic vs. Empirical Dam Break Analyses 

 

 Computational methods for dam break analysis using software such as HEC-RAS or 

FLO-2D are now well-established in the mining industry. These computational methods can 

produce very detailed predictions, such as flow depths, flow velocities, and the arrival times of 
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the tailings flood. The disadvantage of these computational methods is that they require a very 

large number of input parameters, including detailed topography, the details of the dam breach 

(such as the dimensions and rate of growth of the breach), and the rheology (flow behavior) of 

the tailings. Many of these parameters are poorly known, especially the rheology, so that they 

could be subject to manipulation, which could be intentional or unintentional. 

 The standard method in engineering for building confidence in models that are based on a 

very large number of parameters, some of which are poorly known, is to validate and then 

calibrate the model. Model validation refers to the comparison of model predictions with 

observations. For example, a city might have a model for its stormwater management system. 

The model should make predictions regarding, for example, the flow velocities or flow depths in 

some stormwater channel, during a particular precipitation event that can also be observed. If the 

predictions are completely different from what is observed during that particular precipitation 

event, then the model needs to be completely re-considered. However, most typically, the 

predictions are somewhat close to, but not exactly the same, as the observations. In that case, the 

model is calibrated, meaning that the most poorly-known parameters are adjusted until the 

predictions match the observations. In the ideal circumstances, these types of computational 

models are continually updated through calibration as more observations become available that 

can be compared with predictions.  

 The problem with computational models for tailings dam break analyses is that the 

models are never calibrated. Such models could be calibrated only if a minor failure had already 

occurred for a particular tailings dam and the observations from that minor failure were being 

used to calibrate a model for a future major failure. The author is not aware of any computational 

model that has ever been calibrated under the preceding circumstances. Thus, in all cases, 

computational models for tailings dam failures are uncalibrated because there are no 

observations (no flow depths, flow velocities or tailings flood arrival times) to compare with 

predictions. In other words, computational tailings dam break analyses should have a low level 

of confidence almost by definition. 

 The process of validation/calibration should not be confused with a more basic kind of 

testing called verification. The process of verification is a means of demonstrating that the 

software is a correct implementation of the methodology. In other words, it has been widely 

demonstrated that the FLO-2D software is correctly solving the flow equations. However, a 

model developed for a particular dam constructed in a particular way in a particular location with 

particular tailings characteristics cannot be used to calibrate a model for a different dam 

constructed in a different way in a different location with different tailings characteristics.  

In the absence of any means of calibration, an appropriate sensitivity analysis is crucial to 

building some confidence in a model. In a sensitivity analysis, each input parameter is varied 

within its reasonable range and the model is re-run for the complete range of reasonable input 

parameters. A sensitivity analysis is a key feature of either establishing confidence in the 

predictions of a model or in exposing the true lack of confidence. Thus, if the model predictions 

vary widely for reasonable choices of input parameters, the predictions of a model should be 

regarded with great suspicion. Because of the lack of calibration of dam break analyses for 

tailings dams, the sensitivity analysis is a crucial step. According to the Canadian Dam 

Association Technical Bulletin: Tailings Dam Breach Analysis, ñThere are uncertainties inherent 

in every step of the TDBA [Tailings Dam Breach Analysis] and sensitivity analysis should be 

undertaken for each critical step to account for some of these uncertainties and to evaluate the 

impact on the TDBA results. Recognizing the complex nature of dam breach modelling and flood 
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wave routing, it is important to examine a plausible range of outflow behaviours and satisfy that 

a reasonably conservative estimate of the runout path is definedò (Canadian Dam Association, 

2021). According to the SME Tailings Management Handbook, ñIn nearly every step of the TBA 

[Tailings Breach Analysis], there is some uncertainty. To reflect this lack, a sensitivity analysis 

should be considered on all TBAs é The sensitivity analysis should show the uncertainty in the 

input parameters and model limitations to provide reasonably conservative downstream flood 

routing and inundation resultsò (Clohan and Kidner, 2022).  

 An alternative to the reliance on computational models with their intensive input 

parameters is the use of empirical or statistical models developed from past tailings dam failures. 

The most recent statistical model of past tailings dam failures was developed by Larrauri and 

Lall (2018). The statistical model predicts the initial runout of tailings following dam failure. The 

initial runout is the distance covered by the tailings due to the release of gravitational potential 

energy as the tailings fall out of the tailings deposit. After the cessation of the initial runout, 

normal fluvial processes could transport the tailings downstream indefinitely until the tailings 

reach a major lake or the ocean. When the initial runout reaches a major river, it can be difficult 

to separate the initial runout from the subsequent normal fluvial processes. For example, the 

failure of the tailings dam at the Samarco mine in Minas Gerais, Brazil, spilled tailings into the 

Doce River, so that the initial runout extended 637 kilometers to the Atlantic Ocean (Larrauri and 

Lall, 2018). 

According to Larrauri and Lall (2018), the best predictor of the initial runout of released 

tailings is the dam factor Hf, defined as 
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where H is the height of the dam (meters), VT is the total volume of confined tailings and water 

(millions of cubic meters), and VF is the volume of the spill (millions of cubic meters). The most-

likely predictions for the volume of the spill and the initial runout Dmax (kilometers) are then  

 

 ὠ πȢσσςὠȢ  (2) 

 

 Ὀ σȢπτὌȢ  (3) 

 

It should be noted that Eqs. (2)-(3) express the most-likely consequences of dam failure. In 

particular, the most-likely consequence is that dam failure will result in the release of about one-

third of the stored tailings (see Eq. (2)). However, the worst-case scenario is that dam failure will 

result in the release of 100% of the stored tailings, for which there are at least four examples 

(Larrauri and Lall, 2018; Center for Science in Public Participation, 2025). Therefore, the worst-

case runout (VF = VT) should be calculated using Eq. (3) with 
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Eqs. (2)-(3) will be updated using more recent data in the ñResponsesò section.  
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The disadvantage of the empirical or statistical method is that it provides only the spill 

volume and the runout, in place of the two-dimensional detail of flow depths, flow velocities, 

and arrival times of the tailings flood that is provided by a computational model. Of course, 

another disadvantage is that the statistical method takes into account only the dam height and 

storage volume and no other characteristics of the tailings dam, the tailings, or the downstream 

topography (although those characteristics can be poorly known). The best approach is usually a 

comparison of the results of a statistical model and a computational model. If a computational 

model makes predictions that are very different from a statistical model, the computational 

model should be viewed with great suspicion. Another means of testing a computational model is 

a comparison of the predicted tailings flow velocities with flow velocities that have been 

measured from past tailings dam failures. If a computational model makes predictions that are 

roughly consistent with past tailings dam failures, then it is appropriate to use the computational 

model to make predictions that are more detailed than can be obtained from empirical models.  

 

Brazilian Tailings Dam Regulations 

 

The most important Brazilian tailings dam regulations are Resolution No. 13 of August 8, 

2019 (ANM, 2019b), which superseded Resolution No. 4 of February 15, 2019 (ANM, 2019a), 

and Resolution No. 95 of February 7, 2022 (ANM, 2022), which superseded Ordinance No. 

70.389 of May 17, 2017 (ANM, 2017). Resolution No. 95 of February 7, 2022 (ANM, 2022) was 

amended in 2023 and 2024 and no new tailings dam regulations have appeared since then. This 

subsection focusses on the precise meaning of closure of a tailings dam constructed using the 

upstream method and the precise rules for calculating the Risk Category and Potential Associated 

Harm. The requirements for the Emergency Action Plans for Mining Dams (PAEBM) will be 

discussed in the ñResponsesò section.   

According to ANM (2022), ñArt. 2Ü Fica proibida a utiliza­«o do m®todo de alteamento 

de barragens de minera­«o denominado "a montante" em todo o territ·rio nacional ... Para fins 

desta Resolu­«o, entende-se por: I - m®todo óa montanteô: a metodologia construtiva de 

barragens onde os maci­os de alteamento, se apoiam sobre o pr·prio rejeito ou sedimento 

previamente lan­ado e depositado, estando tamb®m enquadrados nessa categoria os maci­os 

formados sobre rejeitos de reservat·rios j§ implantadosò [The use of the ñupstreamò method for 

raising mining dams is prohibited throughout the national territory ... For the purposes of this 

Resolution, the following definitions apply: I ï ñupstreamò method: the dam construction 

methodology where the dam embankments rest on the tailings or sediment previously released 

and deposited, also including embankments formed on tailings from already established 

reservoirs]. Resolution No. 95 of February 7, 2022 continues, ñArt. 8Ü Com vistas a minimizar o 

risco de rompimento, em especial por liquefa­«o, das barragens alteadas pelo m®todo a 

montante ou por m®todo declarado como desconhecido, o empreendedor dever§:  ...  III - 

concluir a descaracteriza­«o da barragem nos seguintes prazos: i. At® 15 de setembro de 2022, 

para barragens com volume Ò 12 milh»es de metros c¼bicos, conforme Cadastro Nacional de 

Barragens de Minera­«o do SIGBM; ii. At® 15 de setembro de 2025, para barragens com 

volume entre 12 milh»es e 30 milh»es de metros c¼bicos, conforme Cadastro Nacional de 

Barragens de Minera­«o do SIGBM; e iii. At® 15 de setembro de 2027, para barragens com 

volume Ó 30 milh»es de metros c¼bicos, conforme Cadastro Nacional de Barragens de 

Minera­«o do SIGBMò [Article 8. In order to minimize the risk of rupture, especially due to 

liquefaction, of dams raised by the upstream method or by a method declared as unknown, the 
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developer must: ... III - complete the decharacterization of the dam within the following 

deadlines: i. By September 15, 2022, for dams with a volume Ò  12 million cubic meters, 

according to the National Mining Dam Registry of SIGBM; ii. By September 15, 2025, for dams 

with a volume between 12 million and 30 million cubic meters, according to the National Mining 

Dam Registry of SIGBM; and iii. By September 15, 2027, for dams with a volume Ó  30 million 

cubic meters, according to the National Mining Dam Registry of SIGBM]. SIGBM (Sistema 

Integrado de Gest«o de Barragens de Minera­«o [Integrated System of Management of Mining 

Dams] is publicly available in Brazil on the ANM website (ANM, 2025).  

In summary, existing upstream tailings dams are supposed to be ñdecharacterized.ò The 

word ñdecharacterizationò requires careful consideration in terms of what it does and does not 

mean, since the concept does not really exist outside of Brazilian tailings dam regulations. 

According to the Brazilian regulations, a ñBarragem de minera­«o descaracterizadaò 

[Decharacterized mining dam] is a ñestrutura que n«o recebe, permanentemente, aporte de 

rejeitos e/ou sedimentos oriundos de sua atividade fim, a qual deixa de possuir caracter²sticas 

ou de exercer fun­«o de barragem, de acordo com projeto t®cnico, compreendendo, mas n«o se 

limitando, ¨s seguintes etapas conclu²das:  

a) Descomissionamento: encerramento das opera­»es com a remo­«o das infraestruturas 
associadas, tais como, mas n«o se limitando: a espigotes e tubula­»es, exceto aquelas 

destinadas ¨ garantia da seguran­a da estrutura;  

b) Controle hidrol·gico e hidrogeol·gico: ado­«o de medidas efetivas para reduzir ou 
eliminar o aporte de §guas superficiais e subterr©neas para o reservat·rio, bem como a 

redu­«o controlada da linha fre§tica no interior do reservat·rio;  

c) Estabiliza­«o: execu­«o de medidas tomadas para garantir a estabilidade f²sica e 
qu²mica de longo prazo das estruturas que permanecerem no local; e  

d) Monitoramento: acompanhamento pelo per²odo m²nimo de 2 (dois) anos ap·s a 
conclus«o das obras de descaracteriza­«o, objetivando assegurar a efic§cia das medidas 

de estabiliza­«oò  

[structure that no longer receives, on a permanent basis, an input of tailings and/or sediments 

originating from its primary activity, which ceases to possess the characteristics or function of a 

dam, according to the technical project, comprising, but not limited to, the following completed 

stages: 

a) Decommissioning: termination of operations with the removal of associated 
infrastructure, such as, but not limited to: spigots and pipelines, except those intended to 

guarantee the safety of the structure; 

b) Hydrological and hydrogeological control: adoption of effective measures to reduce or 
eliminate the input of surface and groundwater into the reservoir, as well as the controlled 

reduction of the water table within the reservoir; 

c) Stabilization: execution of measures taken to guarantee the long-term physical and 

chemical stability of the structures that remain on site; and 

d) Monitoring: follow-up for a minimum period of 2 (two) years after the completion of the 

decharacterization works, aiming to ensure the effectiveness of the stabilization 

measures] (ANM, 2022).  

In further summary, ñdecharacterizationò does not necessarily mean moving the tailings 

to a safe location (such as an abandoned open pit) and then physically destroying the dam, nor 

does ñdecharacterizationò necessarily mean putting the tailings facility into a state in which there 

are no remaining credible failure modes. Decharacterization requires only ñstabilization,ò that is 
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ñexecution of measures taken to guarantee the long-term physical and chemical stability of the 

structures that remain on siteò (ANM, 2022). Unfortunately, the Brazilian regulations do not 

define ñphysical and chemical stability,ò nor is it clear as to how physical and chemical stability 

could ever be guaranteed. In other words, ñdecharacterizationò as defined in the Brazilian 

tailings dam regulations is very different from the conditions under which long-term monitoring, 

inspections, maintenance and review could cease (corresponding to the elimination of all 

credible failure modes), as stated in Safety First: Guidelines for Responsible Mine Tailings 

Management (Morrill et al., 2022). In fact, ñdecharacterizationò does not even necessarily mean 

that the deposition of tailings has completely ceased. According to the Brazilian regulations, a 

ñdecharacterized tailings damò is a ñestrutura que n«o recebe, permanentemente, aporte de 

rejeitos e/ou sedimentos oriundos de sua atividade fimò [structure that no longer receives, on a 

permanent basis, an input of tailings and/or sediments originating from its primary activity] 

(ANM, 2022). Thus, a decharacterized tailings storage facility could continue to receive tailings 

at any stage of the decharacterization process, as long as the deposition of new tailings was not 

ñpermanent.ò 

From another perspective, the concept of ñdecharacterization,ò as it is defined in 

Brazilian regulations, is inconsistent with mining industry standards on the closure of tailings 

storage facilities. It was explained in the subsection ñTailings Dams vs. Water-Retention Damsò 

that, according to both the SME Tailings Management Handbook (Morrison and Lammers, 2022) 

and the U.S. Forest Service (Werner, 2025), tailings storage facilities require perpetual 

maintenance, which is completely different from ñstabilizationò followed by two years of 

monitoring, as described in the above four steps of decharacterization. Moreover, according to 

the Global Industry Standard on Tailings Management (GISTM), all tailings storage facilities in 

ñpassive closureò or ñpassive care,ò must be able to withstand a flood with a return period of 

10,000 years (annual exceedance probability of 0.01%), regardless of the consequences of failure 

during the operational phase (ICMM-UNEP-PRI, 2020). Glencore, South32, and Rio Tinto are 

all Company Members of ICMM and are, thus, obligated to fully comply with the requirements 

of the GISTM for all tailings storage facilities by August 5, 2025 (ICMM, 2021, 2025). In 

addition, Association Members of ICMM include the Aluminum Association, the Australasian 

Institute of Mining and Metallurgy (AusIMM), Eurometaux, Euromines, Instituto Brasileiro de 

Minera­«o (IBRAM), the International Aluminum Institute (IAI), and the Minerals Council of 

Australia (MCA), so that compliance with the GISTM is widely recognized within Australia, 

Brazil, Europe, and the aluminum industry. By contrast, the Brazilian regulations are devoid of 

any concept of a ñdesign floodò for a ñdecharacterizedò tailings storage facility. The concept of 

the ñdesign floodò is discussed in greater detail in the ñResponsesò section.  

As a final note, even though the Brazilian regulations list ñdescomissionamentoò 

[decommissioning] as only the first step in decharacterization, the English word 

ñdecommissioningò has a very different meaning in English-language tailings dam safety 

guidance documents, in which ñdecommissioningò means that the tailings have been relocated 

and the tailings dam has been removed. According to Canadian Dam Association (2019), ñThe 

term ódecommissioningô is often used when referring to closure of mining dams. In this Bulletin, 

the term ódecommissioningô is used when referring to removal or breach of a dam so that it no 

longer retains tailings or water that may pose safety or environmental concerns. Partial breaching 

of a dam is considered rehabilitation not decommissioning.  The portion of the dam that remains 

in place holding tailings back will still need to function as a tailings retaining dam (if the tailings 

can flow). In general, water retaining dams can be decommissioned by breaching. 



48 

 

Decommissioning of a tailings retaining dam will typically require complete removal of the 

dam and relocation of tailings it retainsò (emphasis added). ICOLD (2022) states more 

succinctly, ñFor dams that can be breached and removed from service, where they no longer 

contain water or flowable tailings, this is referred to as decommissioning.ò Canadian Dam 

Association (2019) continues to explain that decommissioning is not always possible for tailings 

storage facilities, which is consistent with the industry and U.S. Forest Service position that 

perpetual maintenance is necessary. According to Canadian Dam Association (2019), ñFrom an 

environmental perspective, dams that contain noncontaminated solids are easier to breach than 

dams that contain contaminated solids. When there is no practical option to decommission the 

dam, the dam must be designed and maintained as a long term and possibly permanent 

structure.ò 

This review of Brazilian tailings dam regulations now turns to the scoring system for 

assigning a tailings dam to a Risk Category and a Potential Associated Harm (DPA). For each 

tailings dam, scores are assigned for ten Technical Characteristics (CT) (see Tables 6a-b), five 

aspects of the Conservation Status (EC) (see Table 7), and five aspects of the Dam Safety Plan 

(PS) (see Table 8). For the Risk Category, the total score (CRI) is the sum CT + EC + PS. Scores 

are also assigned for four aspects of Potential Associated Harm, resulting in a total score (DPA) 

(see Table 9). Each tailings dam is then assigned to a Risk Category (Low, Medium, High), 

depending upon the value of CRI (see Table 10a). The exception is that a score of 10 in any 

Conservation Status (EC) column automatically assigns a dam to Risk Category High (see Table 

10a). In a similar way, each tailings dam is assigned to a Potential Associated Harm (Low, 

Medium, High), depending upon the value of DPA (see Table 10b).  

For this report, three aspects of the Risk Category of particular interest are the average 

slope of the embankments in the main section (see Table 6a), the construction method (see Table 

6b), and the design documentation (see Table 8). The Brazilian regulations do not require any 

particular maximum slope, but any slopes steeper than 1V:2H are given the highest score 

(highest risk category) for that particular characteristic. Out of the 30 tailings dams at the MRN 

mine, 24 have the highest score for the embankment slope (see Table 2a). Three more tailings 

dams (SP-25A, SP-25B, SP25-C) have intermediate slopes, corresponding to slopes in the range 

1V:3H to 1V:2H (compare Tables 2a and 6a). Three more tailings dams (SP-24A, SP-24B, SP-

24C) with intermediate slopes are not currently storing tailings (see Table 2a).  

The four possible choices for the construction method are, in order of increasing danger, 

single stage, downstream, centerline, and upstream or unknown (see Table 6b). Thus, tailings 

dams that were constructed using the upstream method and tailings dams for which the 

construction method is unknown are regarded as equally risky. It should be noted that the 

requirement to decharacterize upstream dams also applies to dams for which the construction 

method is unknown (ANM, 2022). The construction method could be unknown because a 

tailings dam was abandoned and there is no existing company that would have the design 

documentation or because a mining company purchased a mine with one or more tailings dams 

for which there was no design documentation. In any event, it would certainly be poor 

engineering for a mining company to not know the construction method for a tailings dam that it 

had constructed or commissioned.  
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Table 6a.  Classification in terms of Risk Category (waste and tailings)ðTechnical 

Characteristics (CT)1,2 

Height 

(a) 

Average slope of 

the embankments 

in the main section 

(b) 

Length 

(c) 

Design Flood 

(d) 

Compaction 

control (e) 

Height Ò 15 m 

(0) 

Gentle (Ò 1V:3H) or 

concrete dam 

(0) 

Length Ò 50 m 

(0) 

PMF (Probable 

Maximum Flood) or 

10,000-year Flood 

(0) 

Documents exist 

that verify the 

control of 

compaction in 

accordance with the 

design and that 

verify the 

technological 

monitoring and 

control during 

execution 

(0) 

15 m < Height < 30 

m 

(1) 

Intermediate 

(1V:2H Ó Slope > 

1V:3H) 

(3) 

50 m < Length < 

200 m 

(1) 

1000-year Flood 

(2) 

Geotechnical 

studies exist that 

verify the degree of 

compaction in 

accordance with the 

design 

(4) 

30 m Ò Height Ò 60 

m 

(4) 

Steep (> 1V:2H) 

(6) 

200 m Ò Length Ò 

600 m 

(2) 

500-year Flood 

(5) 

There was no 

technological 

control and/or there 

is no information 

and/or compaction, 

which is 

contradictory to the 

design 

(10) 

Height > 60 m 

(7) 

 Length > 600 m 

(3) 

Return period less 

than 500 years or 

unknown/ 

Unreliable study 

(10) 

 

1Table redrawn from ANM (2022) 
2Continued in Table 6b. 
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Table 6b. Classification in terms of Risk Category (waste and tailings)ðTechnical 

Characteristics (CT)1,2 

Existence of 

internal drainage 

(f) 

Foundation 

(g) 

Construction 

Method 

(h) 

Instrumentation 

(i) 

Age of dam 

 (j) 

Drainage 

constructed 

In accordance with 

the design or there 

no drainage in the 

design 

(0) 

Foundation 

investigated in 

accordance with the 

design 

(0) 

 

Single stage 

(0) 

Instrumentation 

exists in accordance 

with the technical 

design 

(0) 

 

Between 5 and 15 

years 

(1) 

Corrective drainage 

constructed after the 

completion of the 

dam 

(4) 

 

 

Foundation partially 

investigated  

(6) 

 

 

Downstream 

(2) 

 

 

Instrumentation 

exists that is not in 

accordance with the 

design, however, the 

process of installing 

instruments to bring 

them into 

compliance with the 

design is underway 

(2) 

Between 15 and 30 

years 

(2) 

 

 

Drainage system 

that would 

correspond to the 

design to the design, 

is nonexistent, is 

unknown, or the 

study is unreliable 

or inoperative 

(10) 

Foundation 

unknown/ Study 

unreliable (10) 

Centerline 

(5) 

 

 

Instrumentation 

exists that is not in 

accordance with the 

design, without a 

process of installing 

instruments to bring 

them into 

compliance with the 

design 

(6) 

<5 years or > 30 

years or without 

information 

(3) 

  Upstream or 

unknown 

(10) 

Dam not 

instrumented, which 

is contradictory to 

the design  

(8) 

 

CT = Ɇ (a to j) 
1Table redrawn from ANM (2022) 
2Continuation of Table 6a 
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Table 7. Classification matrix in terms of Risk Category (waste and tailings)ð

Conservation Status (EC)1 

Reliability of 

Spillway 

Infrastructure 

(k) 

Seepage 

(l) 

Deformations and 

Settlements 

 (m) 

Deterioration of 

Slopes / Surfaces 

 

(n) 

Surficial Drainage 

(o) 

Civil infrastructure 

well maintained and 

in normal operation/ 

dam without the 

need for spillway 

infrastructure 

(0) 

Seepage totally 

controlled by the 

drainage system 

(0) 

 

 

There are no 

deformations or 

settlements with the 

potential to 

compromise the 

safety of the 

structure 

(0) 

Deterioration of 

slopes and surfaces 

does not exist 

 

(0) 

 

Surficial drainage 

existing and 

operating 

(0) 

Infrastructure with 

identified problems 

and corrective 

measures 

under 

implementation 

(3) 

Moisture or 

upwelling in 

downstream areas, 

stable and 

monitored surfaces, 

slopes, and 

abutments 

(3) 

Existence of cracks 

and subsidences 

with corrective 

measures in 

implementation 

(2) 

Failures in the 

protection of slopes 

and surfaces, 

presence of shrub 

vegetation 

(2) 

Existence of cracks 

and/or silting and/or 

subsidence with 

corrective measures 

under 

implementation 

(2) 

Infrastructure with 

identified problems 

and without 

implementation of 

the necessary 

corrective measures, 

without operational 

restrictions and 

spillway at full 

capacity 

(6) 

Moisture or 

upwelling in 

downstream areas, 

surfaces, slopes, or 

abutments without 

the implementation 

of necessary 

corrective measures 

(6) 

 

 

Existence of cracks 

and subsidences 

without 

implementation of 

the necessary 

corrective measures 

(6) 

Surface erosion, 

exposed rebar, 

presence of trees, 

without 

implementation of 

the necessary 

corrective measures. 

(6) 

Existence of cracks 

and/or silting and/or 

subsidence without 

corrective measures 

under 

implementation  

(4) 

Infrastructure with 

identified problems, 

with reduced 

spillway capacity 

and without 

corrective measures. 

(10) 

Upwelling in 

downstream areas 

with material 

transport or with 

increasing flow or 

seepage of the 

contained material, 

with the potential to 

compromise the 

safety of the 

structure 

(10) 

Existence of cracks, 

subsidences, or 

landslides, with the 

potential to 

compromise the 

safety of the 

structure 

(10) 

Pronounced 

depressions in the 

slopes, landslides, 

deep erosion gullies, 

with the potential to 

compromise the 

safety of the 

structure. 

(10) 

Surficial drainage 

non-existent 

(5) 

EC = Ɇ (k to o) 
1Table redrawn from ANM (2022) 
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Table 8. Classification matrix in terms of Risk Category (waste and tailings)ðDam Safety 

Plan (PS)1 

Design 

Documentation 

(p) 

Organizational 

Structure and 

Qualifications of 

Professionals in the 

Dam Safety Team 

(q) 

Procedure 

Manuals for Safety 

Inspections and 

Monitoring  

(r) 

Emergency Action 

Plan PAE (when 

required by the 

regulatory body) 

(s) 

Inspection and 

monitoring reports 

for 

instrumentation 

and Safety 

Analysis 

(t) 

Detailed design and 

ñas builtò 

documentation 

(0) 

 

 

Possesses 

administrative unit 

with a qualified 

technical professional 

responsible for dam 

safety, or is a dam not 

classified under items 

I, II, III, or IV of the 

sole paragraph of 

Article 1 of Law No. 

12.334/2010 

(0) 

Possesses procedure 

manuals for 

inspection, monitoring 

and operation, or is a 

dam not classified 

under items I, II, III or 

IV, sole paragraph of 

article 1 of Law No. 

12.334/2010 

(0) 

 

Possesses PAE 

(0) 

Regularly issues 

inspection and 

monitoring reports 

based on 

instrumentation and 

Safety Analysis or is a 

dam not classified 

under items I, II, III or 

IV, sole paragraph of 

article 1 of Law No. 

12.334/2010 

(0) 

Detailed design or ñas 

builtò documentation 

(2) 

 

 

Possesses a qualified 

technical professional 

(either in-house or 

contracted) 

responsible for dam 

safety 

(1) 

Possesses only 

procedures manual for 

monitoring 

(2) 

Does not possess a 

PAE (not required by 

the regulatory body). 

(2) 

Regularly issues only 

Safety Analysis 

reports 

(2) 

 

ñAs-isò design 

(reconstructed design 

based on current 

conditions) 

(3) 

 

 

Possesses an 

administrative unit 

without a qualified 

technical professional 

responsible for dam 

safety 

(3) 

Possesses only 

procedures manual for 

inspection 

(4) 

PAE in preparation 

(4) 

Regularly issues only 

inspection and 

monitoring reports. 

(4) 

Preliminary design 

(5) 

 

 

Possesses neither an 

administrative unit nor 

a qualified technical 

manager responsible 

for dam safety 

(6) 

Possesses neither 

manuals nor formal 

procedures for 

monitoring and 

inspection 

(8) 

Does not possess a 

PAE (when required 

by the regulatory 

body) 

 (8) 

Regularly issues only 

visual inspection 

reports 

(6) 

 

 

Conceptual design 

(8) 

 

 

   Regularly issues 

neither inspection and 

monitoring reports nor 

Safety Analysis 

reports. 

(8) 

There is no design 

documentation 

(10) 

    

PS = Ɇ (p to t) 
1Table redrawn from ANM (2022) 
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Table 9. Classification in terms of Potential Associated Harm - DPA (waste and tailings)1  

Total Volume of 

Reservoir 

(a) 

Existence of downstream 

population 

(b) 

Environmental Impact 

(c) 

Socioeconomic Impact 

(d) 

Very Small 

Ò 500 thousand 

m3 

(1) 

NON-EXISTENT 

(There are no 

permanent/resident or 

temporary/transiting people in 

the affected area downstream 

of the dam) 

(0) 

INSIGNIFICANT 

(The affected area downstream 

of the dam has been 

completely stripped of its 

natural characteristics, and the 

structure stores only Class II B 

- Inert waste, according to 

ABNT NBR 10004) 

(0) 

NON-EXISTENT 

(There are no facilities in the 

affected area downstream of 

the dam) 

(0) 

 

Small 

500 thousand to 5 

million m3 

(2) 

INFREQUENT 

(There are no people 

permanently occupying the 

affected area downstream of 

the dam, but there is a local 

access road) 

(3) 

LOW SIGNIFICANCE 

(area affected downstream of 

the dam does not present an 

area of relevant environmental 

interest or protected areas in 

specific legislation, excluding 

Permanent Preservation Areas 

(APPs), and stores only Class 

II B - Inert waste, according to 

ABNT NBR 10004) 

(2) 

LOW 

(There is a small concentration 

of residential, agricultural, 

industrial, or infrastructure 

facilities of socioeconomic 

and cultural importance in the 

affected area downstream of 

the dam) 

(1) 

Medium 

5 million to 25 

million m3 

(3) 

FREQUENT 

(There are no people 

permanently occupying the 

affected area downstream of 

the dam, but there is a 

municipal, state, or federal 

highway or other location 

and/or enterprise where people 

may occasionally stay and 

could be affected) 

(5) 

SIGNIFICANT 

(The affected area downstream 

of the dam presents an area of 

relevant environmental 

interest or protected areas 

under specific legislation, 

excluding Permanent 

Preservation Areas (APPs), 

and stores only Class II B - 

Inert waste, according to 

ABNT NBR 10.004) 

(6) 

MEDIUM 

(There is a moderate 

concentration of residential, 

agricultural, industrial, or 

infrastructure facilities of 

socioeconomic and cultural 

importance in the affected area 

downstream of the dam) 

(3) 

Large 

25 million to 50 

million m3 

(4) 

EXISTING 

(There are people permanently 

occupying the affected area 

downstream of the dam; 

therefore, human lives may be 

affected) 

 (10) 

VERY SIGNIFICANT 

(dam stores tailings or solid 

waste classified as Class II A - 

Non-Inert, according to ABNT 

NBR 10004) 

(8) 

HIGH 

(There is a high concentration 

of residential, agricultural, 

industrial or infrastructure 

facilities of socioeconomic 

and cultural importance in the 

affected area downstream of 

the dam) 

(5) 

Very Large 

Ó 50 million m3 

(5) 

 AGGRAVATED VERY 

SIGNIFICANT  

(dam stores tailings or solid 

waste classified as Class I - 

Hazardous according to ABNT 

NBR 10.004) 

(10) 

 

DPA = Ɇ (a to d) 
1Table redrawn from ANM (2022) 
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Table 10a. Classification for mining damsðRisk Category1 
 Risk Category CRI2 

CLASSIFICATION 

RANGES 

HIGH Ó 80 or EC = 10 (*) 

MEDIUM 40 < CRI < 80 

LOW Ò 40 

(*) A score of (10) in any Conservation Status (EC) column automatically implies a HIGH 

RISK CATEGORY and the need for immediate action by the entity responsible for the dam 
1Table redrawn from ANM (2022) 
2Total Score (CRI) = Technical Characteristics (CT) + Conservation Status (EC) + Dam Safety Plan (PS) 

 

Table 10b. Classification for mining damsðPotential Associated Harm 
 Potential Associated Harm DPA 

CLASSIFICATION 

RANGES 

HIGH Ó 13 

MEDIUM 7 < DPA< 13 

LOW Ò 7 
1Table redrawn from ANM (2022) 

 

Along the above lines, there are six possible choices for the design documentation. The 

safest tailings dams are those for which both the ñprojeto executiveò [detailed design] and ñcomo 

constru²doò [as-built] documentation are available (see Table 8). An ñas-builtò document 

compares the original design with what was actually constructed and accounts for any 

discrepancies. ñAs-builtò documentation has been standard in dam construction since the 1970s 

(Fell et al., 2015). The next level of danger corresponds to tailings dams for which the company 

possesses either the detailed design or the as-built documentation, but not both (see Table 8). A 

higher level of danger is assigned to tailings dams for which the company possesses neither the 

detailed design nor the as-built documentation, but does possess the ñprojeto ócomo est§ô,ò 

literally meaning the ñas-is design,ò which refers to a document that reconstructs the design 

based on the current conditions (see Table 8). Successive higher levels of danger are assigned to 

tailings dams for which there is only a preliminary design, only a conceptual design, or no design 

documentation at all (see Table 8).  

 

SUMMARY OF TAILINGS DAMS AT MRN MINE 

 

Dam Break Analyses and Emergency Action Plans 

 

 This subsection largely reviews the consequences of failure of the tailings dams at the 

MRN mine, based the succession of computational dam break analyses and Emergency Action 

Plans that were available to the author (BVP Engenharia, 2018a-c; DAM, 2020a-c; Pimenta de 

Ćvila Consultoria, 2020ab, 2021, 2023, 2024, 2025; Golder, 2021a-b). For the analysis of the 

consequences of failure of tailings dams TP1 and TP2, BVP Engenharia (2018c) considered three 

scenarios. Scenario A calculated the flooding that will result from a flood with a 100-year return 

period (annual exceedance probability of 1%) in the waterways downstream from the tailings 

dam without failure of any of the tailings dams (see Fig. 16a and Table 11a). Scenario A thus 

establishes a baseline for comparison with the flooding resulting from failure of a tailings dam. 

Of particular interest is the location of the community of Sapucu§ southeast of the grid 

intersection of 9800000 N and 580000 E (see Fig. 16a), which is not consistently repeated 
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throughout the flooding maps for the other scenarios. In any event, Fig. 16a shows that a 100-

year flood in the waterways downstream from the tailings dams will result in flooding of the 

community of Sapucu§, even without any contribution from the tailings dams. The blue color in 

Fig. 16a probably indicates the limit of flooding to a depth of 2 feet (0.61 meters) (a common 

choice for the limit of flooding), but this was not clarified in BVP Engenharia (2018c). The same 

lack of clarity applies to all of the subsequent flooding maps from BVP Engenharia (2018c) that 

are discussed in this report.  

 Scenario B is the flooding that will result from failure of a tailings dam during a ñsunny 

day,ò meaning normal streamflow in the downstream waterways and failure resulting from some 

mechanism other than overtopping. Fig. 16b and Table 11b show the flooding that will result 

from failure of the north wall of tailings dam TP1 under Scenario B. The calculation assumed 

that the tailings flood would pond behind a railroad embankment with a controlled flow through 

the culvert. According to BVP Engenharia (2018a-b), ñRecomenda-se que seja realizado um 

estudo com intuito de verificar a integridade do aterro da rodoferroviaò [It is recommended that 

a study be conducted to verify the integrity of the road-rail embankment]. However, there is no 

indication that such a study was ever carried out and the same assumption was made in later dam 

break analyses and Emergency Action Plans (DAM, 2020b; Pimenta de Ćvila Consultoria, 

2020ab, 2021, 2023; Golder, 2021a-b). Just as with the blue color, the meaning of the cross-

hatched pattern was not clarified in BVP Engenharia (2018c). The cross-hatched pattern does not 

indicate the extent of ponding behind the railroad embankment, since it also occurs on the 

downstream side of the embankment (see Fig. 16b). The same lack of clarity (for both the blue 

color and the cross-hatched pattern) applies to all of the subsequent flooding maps from BVP 

Engenharia (2018c) that are discussed in this report. A similar source of confusion is that only 

stations ST-08 through ST-12 include the footnote ñQuando o hidrograma de ruptura atinge o 

aterro da rodoferrovia ® amortecido e as vaz»es a jusante s«o regularizadasò [When the rupture 

hydrograph reaches the railway embankment, it is dampened and downstream flows are 

regulated] (see Table 11b), even though stations ST-05, ST-06, and ST-07 are all downstream 

from the railroad embankment (see Fig. 16b). In fact, stations ST-10 through ST-12 are even off 

the map (see Fig. 16b). The important conclusion is that the most southeasterly grid intersection 

in Fig. 16b is 9810000 N, 575000 E, so that the tailings flood from a ñsunny dayò failure of the 

north wall of TP1 will not reach the community of Sapucu§ (compare Figs. 16a and 16b).   

BVP Engenharia (2018c) also calculated the flooding that will result from failure of the 

south wall of tailings dam TP1 under Scenario B (a ñsunny dayò with no precipitation and 

normal streamflow in the downstream waterways) (see Fig. 16c and Table 11c). This version of 

the computational dam break analysis showed the tailings flood just barely reaching the 

community of Sapucu§ (see Fig. 16c). There are two caveats regarding the preceding conclusion, 

which seems to show that the community of Sapucu§ would be safe during a ñsunny dayò failure 

of TP1. The first caveat is that the red triangle in Fig. 16c indicates the approximate center of 

Sapucu§ (compare with Fig. 16a), while Fig. 16a shows that the community of Sapucu§ extends 

approximately 3500 meters to the northwest (closer to the tailings dams). The second caveat is 

that, just as for failure of the north wall of TP1, Table 11c includes the footnote ñQuando o 

hidrograma de ruptura atinge o aterro da rodoferrovia ® amortecido e as vaz»es a jusante s«o 

regularizadasò [When the rupture hydrograph reaches the railway embankment, it is dampened 

and downstream flows are regulated] for stations ST-08 through ST-12. However, Fig. 16c shows 

the pathway of the tailings flood passing far south of the railroad embankments (compare with 

Fig. 16b).    
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Figure 16a. BVP Engenharia (2018c) calculated the flooding that will result from a flood with a 100-year return 

period in the waterways downstream from the tailings dam without failure of any of the tailings dams (called 

Scenario A). Since analyses of the failures of tailings dams TP1 and TP2 during a flood with a return period of 

10,000 years (called Scenario C) assumed a flood with a return period of 100 years in the downstream waterways 

(an illogical contradiction), the above map shows the base case for flooding with no additional contribution from the 

tailings storage facilities (compare with Figs. 16d-f). The blue color probably indicates the limit of flooding to a 

depth of 0.61 meters, but this was not clarified in BVP Engenharia (2018c). Note the location of the community of 

Sapucu§ southeast of the grid intersection of 9800000 N and 580000 E. See selection of flooding parameters from 

inset table in Table 11a of this report. Figure from BVP Engenharia (2018c) with overlay of labels in English. 
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Table 11a. Flooding values for floods with 100-year return period without tailings dam 

breach1,2 

SCENARIO A ï NATURAL FLOOD  

Section Bottom 

Elevation of the 

Waterway in 

the Section (m)  

Maximum 

Depth Attained 

in the Section  

(m) 

Maximum 

Elevation 

Attained in the 

Section  

(m) 

Maximum 

Velocity 

Attained in the 

Section  

(m/s) 

STN-01 81.00 3.28 84.28 1.15 

STN-02 74.98 10.10 85.08 1.14 

STN-03 72.86 11.00 83.86 0.50 

STN-04 68.70 15.00 83.70 0.40 

STN-05 65.56 2.40 67.96 2.26 

STN-06 62.08 3.10 65.18 1.12 

STN-07 59.82 3.10 62.92 1.59 

STN-08 56.48 3.40 59.88 0.96 

STS-01 73.39 1.54 74.93 1.46 

STS-02 70.71 1.83 72.54 1.13 

STS-03 67.48 2.49 69.96 1.19 

STS-04 65.95 1.70 67.65 1.35 

STS-05 62.95 1.50 64.44 1.10 

STS-06 58.93 1.87 60.80 0.86 

STS-07 60.84 1.60 62.44 0.94 

STS-08 56.40 1.89 58.29 1.19 

ST-09 53.91 2.39 56.30 0.90 

ST-10 47.48 3.15 50.63 1.01 

ST-11 44.63 4.02 48.64 0.69 

ST-12 44.88 3.40 48.28 0.55 
1Table redrawn from BVP Engenharia (2018c) 
2 See map in Fig. 16a. 
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Figure 16b. BVP Engenharia (2018c) calculated the flooding that will result from failure of the north wall of 

tailings dam TP1 during a ñsunny day,ò assuming no precipitation and normal flow in the downstream waterways 

(called Scenario B). The calculation assumed that the tailings flood would pond behind a railroad embankment with 

a controlled flow through the culvert. According to BVP Engenharia (2018a-b), ñRecomenda-se que seja realizado 

um estudo com intuito de verificar a integridade do aterro da rodoferroviaò [It is recommended that a study be 

conducted to verify the integrity of the road-rail embankment]. However, there is no indication that such a study was 

ever carried out. The blue color probably indicates the limit of flooding to a depth of 0.61 meters, but this was not 

clarified in BVP Engenharia (2018c), which also did not clarify the meaning of the cross-hatched pattern. Note the 

location of the community of Sapucu§ southeast of the grid intersection of 9800000 N and 580000 E (compare with 

Fig. 16a). See selection of flooding parameters from inset table in Table 11b of this report. Figure from BVP 

Engenharia (2018c) with overlay of labels in English. 
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Table 11b. Flooding values for breach of north wall of TP1 in the ñSunny Dayò scenario1,2 

TP01 - SCENARIO B ï BREACH OF THE NORTH WALL 

Section 

 

Distance in 

Relation to 

the Dam 

Axis  

(km) 

Maximum 

Increase in 

the Water 

Level 

Attained in 

the Section 

(m) 

Arrival 

Time of the 

Rupture 

Wave ï  

2 feet 

(hh:mm) 

Arrival 

Time of the 

Rupture 

Wave ï 

Peak 

(hh:mm) 

Maximum 

Flow Rate 

Attained in 

the Section 

(m3/s) 

ST-01 1.57 3.80 00:46 01:06 657 

ST-02 2.50 4.55 00:56 01:09 655 

ST-03 3.82 3.55 01:07 01:17 637 

ST-04 4.85 3.48 01:18 01:33 410 

ST-05 7.40 6.90 02:09 02:36 90 

ST-06 9.60 1.90 07:15 09:00 8.5 

ST-07 11.90 0.35 13:28 13:28 7.8 

ST-08* 13.97 0.60 20:13 21:00 6.34 

ST-09* 16.60 (**) (*) (*) (**) 

ST-10* 22.03 (**) (*) (*) (**) 

ST-11* 26.06 (**) (*) (*) (**) 

ST-12* 28.80 (**) (*) (*) (**) 

(*) When the rupture hydrograph reaches the railway embankment, it is dampened and 

downstream flows are regulated. 

(**) Attained the stopping criterion of 0.61 m  
1Table redrawn from BVP Engenharia (2018c) 
2 See map in Fig. 16b. 
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Figure 16c. BVP Engenharia (2018c) calculated the flooding that will result from failure of the south wall of tailings 

dam TP1 during a ñsunny day,ò assuming no precipitation and normal flow in the downstream waterways (called 

Scenario B). The calculation assumed that the tailings flood would pond behind a railroad embankment with a 

controlled flow through the culvert (compare with Fig. 16b). According to BVP Engenharia (2018a-b), ñRecomenda-

se que seja realizado um estudo com intuito de verificar a integridade do aterro da rodoferroviaò [It is 

recommended that a study be conducted to verify the integrity of the road-rail embankment]. However, there is no 

indication that such a study was ever carried out. The blue color probably indicates the limit of flooding to a depth 

of 0.61 meters, but this was not clarified in BVP Engenharia (2018c), which also did not clarify the meaning of the 

cross-hatched pattern. Note the location of the community of Sapucu§ at the red triangle southeast of the grid 

intersection of 9800000 N and 580000 E (compare with Fig. 16a). Thus, the map clarifies that the tailings flood 

from a ñsunny dayò failure of TP1 will reach the community of Sapucu§. See selection of flooding parameters from 

inset table in Table 11c of this report. Figure from BVP Engenharia (2018c) with overlay of labels in English. 
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Table 11c. Flooding values for breach of south wall of TP1 in the ñSunny dayò scenario1,2 

TP01 - SCENARIO B ï BREACH OF THE SOUTH WALL 

Section 

 

Distance in 

Relation to 

the Dam 

Axis  

(km) 

Maximum 

Increase in 

the Water 

Level 

Attained in 

the Section 

(m) 

Arrival 

Time of the 

Rupture 

Wave ï  

2 feet 

(hh:mm) 

Arrival 

Time of the 

Rupture 

Wave ï 

Peak 

(hh:mm) 

Maximum 

Flow Rate 

Attained in 

the Section 

(m3/s) 

ST-01 0.50 3.55 00:29 00:53 688 

ST-02 1.37 3.59 00:38 01:14 617 

ST-03 2.50 3.92 00:52 01:20 592 

ST-04 3.00 2.71 01:12 01:34 535 

ST-05 4.10 2.25 01:30 01:47 484 

ST-06 5.40 2.21 01:45 02:12 428 

ST-07 6.51 2.37 02:01 02:25 390 

ST-08* 7.55 1.87 02:28 02:55 334 

ST-09* 11.00 1.16 03:25 03:55 229 

ST-10* 16.52 1.49 06:35 07:04 118 

ST-11* 20.56 1.06 10:05 10:55 56 

ST-12* 23.27 0.63 15:17 20:05 17 

(*) When the rupture hydrograph reaches the railway embankment, it is dampened and 

downstream flows are regulated. 
1Table redrawn from BVP Engenharia (2018c) 
2 See map in Fig. 16c. 

 

Scenario C is the flooding that will result from failure of a tailings dam due to 

overtopping during a storm with a return period of 10,000 years (annual exceedance probability 

of 0.01%). For example, Fig. 16d and Table 11d show the flooding that was calculated by BVP 

Engenharia (2018c) as the result of failure of the north wall of tailings dam TP1 under Scenario 

C. The computational dam break analysis under Scenario C assumed moreover that, although a 

storm with a return period of 10,000 years was assumed at the tailings dam, a flood with a return 

period of only 100 years would occur for the waterways downstream of the tailings dam, which 

is an illogical contradiction. The return period of the flood in the downstream waterways 

(corresponding to the magnitude of the flood) is an important assumption because it determines 

the rate at which the tailings released from the tailings dam will propagate downstream. 

According to Canadian Dam Association (2021), ñThe pre-breach flood event in the drainage 

network immediately downstream of the TSF [Tailings Storage Facility] should be the same 

flood event that was assumed for the breach and then prorated with distance from the TSF.ò In 

other words, while it cannot necessarily be assumed that a 10,000-year storm will simultaneously 

occur at a tailings dam at the MRN mine and at the community of Sapucu§, the assumption that 

the storm magnitude will drop from a 10,000-year flood to a 100-year flood from the upstream to 

the downstream side of the embankment of a tailings dam is close to the least conservative 

assumption, that is, the assumption that minimizes the downstream impacts from the failure of 

the tailings dam. The tailings flood would also encounter the railroad embankment (compare 

Figs. 16d and 16b), so that the additional assumption that the railroad embankment would 
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survive the extreme storm and would fulfill the function of regularizing the tailings flood by 

forcing it to flow through the culvert is another non-conservative assumption that minimizes the 

downstream impact. In any event, despite the assumption of a reduced flow in the downstream 

waterways and the survival of the railroad embankment, BVP Engenharia (2018c) calculated that 

the tailings flood from an overtopping failure of the north wall of TP1 will reach and flow past 

the community of Sapucu§ (red triangle in Fig. 16d and extending 3500 meters to the northwest 

and southeast), potentially obliterating the community.  

In the case of the failure of the south wall of TP1 under Scenario C, BVP Engenharia 

(2018c) calculated that the tailings flood will barely reach the center of the community of 

Sapucu§ (see Fig. 16e and Table 11e). In this case, it should be borne in mind that the community 

of Sapucu§ extends 3500 meters to the northwest (see Fig. 16a), as well as the preceding 

assumptions that only a 100-year flood would occur in the downstream waterways and that the 

railroad embankment would survive the storm, all of which minimize the downstream impacts. It 

is also difficult to understand why stations ST-07 and ST-08 would be affected by the railroad 

embankment (compare Table 11e with Fig. 16e and note location of railroad embankment in Fig. 

16b). Only the northern branch of the waterway (which would not receive tailings from the 

failure of the south wall of TP1) would encounter the railroad embankment (compare Figs. 16d 

and 16a) and only stations ST-09 through ST-12 are downstream of the confluence of the 

northern branch with the southern branch (which would receive tailings from the failure of the 

south wall of TP1). Along the same lines, it is confusing as to why the calculation of the flooding 

that would result from a 100-year flood with no tailings dam failure (see Fig. 16a and Table 11a) 

did not show any impact of the encounter with the railroad embankment (note the lack of the 

footnote ñWhen the rupture hydrograph reaches the railway embankment, it is dampened and 

downstream flows are regulatedò in Table 11a).  

As a final example, BVP Engenharia (2018c) showed that, under Scenario C, a failure of 

the north wall of tailings dam TP2 will flow past and potentially obliterate the community of 

Sapucu§ (see Fig. 16f and Table 11f). Just as with the consequences of failure of TP1, the 

consequences of failure of TP2 could have been underestimated due to the assumption of only a 

100-year flood in the downstream waterways and the assumption that the railroad embankment 

and culvert will survive an extreme storm. In summary, for both tailings dams TP1 and TP2, 

there is a credible failure mode (overtopping of some wall in response to a storm with a return 

period of 10,000 years) that will result in the tailings flood reaching the community of Sapucu§ 

with potentially disastrous consequences. No dam break analysis for tailings dam TP3 is 

available to the author.   

In terms of the four aspects of the Potential Associated Harm (see Table 9), for both 

tailings dams TP1 and TP2, MRN assessed the ñExist°ncia de popula­«o a jusanteò [Existence 

of downstream populationsò as ñExistenteò [Existing], the ñImpacto Ambientalò [Environmental 

impact] as ñSignificativoò [Significant], and the ñImpacto socioecon¹micoò [Socioeconomic 

impact] as ñMedioò [Medium] (see Tables A5 and B5). The Brazilian regulations (ANM, 2022) 

clarify that ñExistingò means ñexistem pessoas ocupando permanentemente a §rea afetada a 

jusante da barragem, portanto, vidas humanas poder«o ser atingidasò [there are people 

permanently occupying the affected area downstream from the dam; therefore, human lives may 

be at risk] (see Table 9). Since the reservoirs of TP1 and TP2 both contain a volume of tailings in 

the range 5 to 25 million cubic meters (see Tables 2a, A5, and B5), total scores for both TP1 and 

TP2 are DPA = 22 (see Tables A5 and B5), placing TP1 and TP2 well into the range of DPA High 
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(see Tables 2b and 10b). It should be noted that all other tailings dams, including TP3, are in the 

classification DPA Medium (see Table 2b).  

 

 
Figure 16d. BVP Engenharia (2018c) calculated the flooding that will result from failure of the north wall of 

tailings dam TP1 due to overtopping during a flood with a return period of 10,000 years (called Scenario C), but 

with a flood with a return period of 100 years in the downstream waterways (an illogical contradiction). The 

calculation assumed that the tailings flood would pond behind a railroad embankment with a controlled flow through 

the culvert (compare with Fig. 16b). According to BVP Engenharia (2018a-b), ñRecomenda-se que seja realizado 

um estudo com intuito de verificar a integridade do aterro da rodoferroviaò [It is recommended that a study be 

conducted to verify the integrity of the road-rail embankment]. However, there is no indication that such a study was 

ever carried out. The blue color probably indicates the limit of flooding to a depth of 0.61 meters, but this was not 

clarified in BVP Engenharia (2018c), which also did not clarify the meaning of the cross-hatched pattern. Note the 

location of the community of Sapucu§ at the red triangle southeast of the grid intersection of 9800000 N and 580000 

E (compare with Fig. 16a). Thus, the map clarifies that the tailings flood from an overtopping failure of TP1 will 

reach and flow past the community of Sapucu§, potentially obliterating the community. See selection of flooding 

parameters from inset table in Table 11d of this report. Figure from BVP Engenharia (2018c) with overlay of labels 

in English. 
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Table 11d. Flooding values for breach of north wall of TP1 for the scenario of a flood with a 

return period of 10,000 years1.2 

TP01 - SCENARIO C ï BREACH OF THE NORTH WALL 

Section 

 

Distance in 

Relation to 

the Dam 

Axis  

(km) 

Maximum 

Increase in 

the Water 

Level 

Attained in 

the Section 

(m) 

Arrival 

Time of the 

Rupture 

Wave ï  

2 feet 

(hh:mm) 

Arrival 

Time of the 

Rupture 

Wave ï 

Peak 

(hh:mm) 

Maximum 

Flow Rate 

Attained in 

the Section 

(m3/s) 

ST-01 1.57 4.76 00:22 00:30 1032 

ST-02 2.50 5.55 00:29 00:35 980 

ST-03 3.82 4.04 00:36 00:41 890 

ST-04 4.85 14.00 00:45 00:59 1555 

ST-05 7.40 14.80 01:11 01:19 598 

ST-06 9.60 3.80 02:00 02:27 440 

ST-07* 11.90 2.17 02:41 03:05 473 

ST-08* 13.97 2.07 02:56 03:35 518 

ST-09* 16.60 1.87 04:09 04:48 831 

ST-10* 22.03 2.90 08:13 09:02 825 

ST-11* 26.06 3.20 13:22 13:25 808 

ST-12* 28.80 2.88 19:33 19:50 784 

(*) When the rupture hydrograph reaches the railway embankment. it is dampened and 

downstream flows are regulated. 
1Table redrawn from BVP Engenharia (2018c) 
2 See map in Fig. 16d. 
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Figure 16e. BVP Engenharia (2018c) calculated the flooding that will result from failure of the south wall of tailings 

dam TP1 due to overtopping during a flood with a return period of 10,000 years (called Scenario C), but with a flood 

with a return period of 100 years in the downstream waterways (an illogical contradiction). The calculation assumed 

that the tailings flood would pond behind a railroad embankment with a controlled flow through the culvert 

(compare with Fig. 16b). According to BVP Engenharia (2018a-b), ñRecomenda-se que seja realizado um estudo 

com intuito de verificar a integridade do aterro da rodoferroviaò [It is recommended that a study be conducted to 

verify the integrity of the road-rail embankment]. However, there is no indication that such a study was ever carried 

out. The blue color probably indicates the limit of flooding to a depth of 0.61 meters, but this was not clarified in 

BVP Engenharia (2018c), which also did not clarify the meaning of the cross-hatched pattern. Note the location of 

the community of Sapucu§ at the red triangle southeast of the grid intersection of 9800000 N and 580000 E 

(compare with Fig. 16a). Thus, the map clarifies that the tailings flood from an overtopping failure of TP1 will reach 

the community of Sapucu§. See selection of flooding parameters from inset table in Table 11e of this report. Figure 

from BVP Engenharia (2018c) with overlay of labels in English. 
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Table 11e. Flooding values for breach of south wall of TP1 for the scenario of a flood with a 

return period of 10,000 years1.2 

TP01 - SCENARIO C ï BREACH OF THE SOUTH WALL 

Section 

 

Distance in 

Relation to 

the Dam 

Axis  

(km) 

Maximum 

Increase in 

the Water 

Level 

Attained in 

the Section 

(m) 

Arrival 

Time of the 

Rupture 

Wave ï  

2 feet 

(hh:mm) 

Arrival 

Time of the 

Rupture 

Wave ï 

Peak 

(hh:mm) 

Maximum 

Flow Rate 

Attained in 

the Section 

(m3/s) 

ST-01 0.50 4.81 00:13 00:19 1321 

ST-02 1.37 4.00 00:18 00:31 801 

ST-03 2.50 4.24 00:27 00:40 731 

ST-04 3.00 2.96 00:41 00:52 630 

ST-05 4.10 2.48 00:57 01:19 573 

ST-06 5.40 2.41 01:10 01:32 522 

ST-07* 6.51 2.58 01:24 01:50 473 

ST-08* 7.55 2.14 01:44 02:02 459 

ST-09* 11.00 2.26 02:33 03:33 386 

ST-10* 16.52 3.01 04:40 10:33 881 

ST-11* 20.56 3.84 05:40 14:18 874 

ST-12* 23.27 3.25 08:35 14:29 840 

(*) When the rupture hydrograph reaches the railway embankment. it is dampened and 

downstream flows are regulated. 
1Table redrawn from BVP Engenharia (2018c) 
2 See map in Fig. 16e. 
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Figure 16f. BVP Engenharia (2018c) calculated the flooding that will result from failure of the north wall of tailings 

dam TP2 due to overtopping during a flood with a return period of 10,000 years (called Scenario C), but with a flood 

with a return period of 100 years in the downstream waterways (an illogical contradiction). The calculation assumed 

that the tailings flood would pond behind a railroad embankment with a controlled flow through the culvert 

(compare with Fig. 16b). According to BVP Engenharia (2018a-b), ñRecomenda-se que seja realizado um estudo 

com intuito de verificar a integridade do aterro da rodoferroviaò [It is recommended that a study be conducted to 

verify the integrity of the road-rail embankment]. However, there is no indication that such a study was ever carried 

out. The blue color probably indicates the limit of flooding to a depth of 0.61 meters, but this was not clarified in 

BVP Engenharia (2018c), which also did not clarify the meaning of the cross-hatched pattern. Note the location of 

the community of Sapucu§ at the red triangle southeast of the grid intersection of 9800000 N and 580000 E 

(compare with Fig. 16a). Thus, the map clarifies that the tailings flood from an overtopping failure of TP1 will reach 

and flow past the community of Sapucu§, potentially obliterating the community. See selection of flooding 

parameters from inset table in Table 11f of this report. Figure from BVP Engenharia (2018c) with overlay of labels 

in English. 
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Table 11f. Flooding values for breach of north wall of TP2 for the scenario of a flood with a 

return period of 10,000 years1.2 

TP02 - SCENARIO C ï BREACH OF THE NORTH WALL 

Section 

 

Distance in 

Relation to 

the Dam 

Axis  

(km) 

Maximum 

Increase in 

the Water 

Level 

Attained in 

the Section 

(m) 

Arrival 

Time of the 

Rupture 

Wave ï  

2 feet 

(hh:mm) 

Arrival 

Time of the 

Rupture 

Wave ï 

Peak 

(hh:mm) 

Maximum 

Velocity 

Attained in 

the Section 

(m/s) 

ST-01 0.78 10.00 00:08 00:11 2.14 

ST-02 2.83 9.70 00:14 00:18 1.50 

ST-03 5.29 11.40 00:26 00:31 1.10 

ST-04 7.74 14.30 00:47 01:05 0.13 

ST-05 10.29 15.20 01:18 01:44 0.04 

ST-06 12.45 4.00 02:00 02:27 0.90 

ST-07* 14.74 2.30 02:41 03:05 0.18 

ST-08* 16.87 2.18 02:56 03:35 0.10 

ST-09* 19.54 1.90 04:09 04:48 0.50 

ST-10* 24.94 2.90 08:13 09:57 0.50 

ST-11* 28.95 3.30 11:22 13:02 0.40 

ST-12* 31.72 3.00 17:42 18:04 0.20 

(*) When the rupture hydrograph reaches the railway embankment. it is dampened and 

downstream flows are regulated. 
1Table redrawn from BVP Engenharia (2018c) 
2 See map in Fig. 16f. 

 

There is no available document that explains how the judgement was made that, for TP1 

and TP2, the ñExistence of downstream populationsò is ñExistenteò [Existing], the 

ñEnvironmental impactò is ñSignificant,ò and the ñSocioeconomic impactò is ñMedium.ò In the 

absence of other information, it should be assumed that the key factor is the arrival of the tailings 

flood in the community of Sapucu§, especially, in terms of an ñExistingò population. The 

ñResponsesò section will consider the available dam break analyses for the SP tailings dams and 

the assignment of those dams to the range DPA Medium.   

 

Status of Decharacterization 

 

This subsection reviews the status of decharacterization of tailings dams SP1, SP2_3, 

SP6, and SP9A, all of which are designated as ñin decharacterizationò on the ANM (2025) 

website (see Table 2a). Since SP2_3 and SP6 are both listed as upstream dams with storage 

volumes less than 12 million cubic meters (see Table 2a), according to Brazilian tailings 

regulations (ANM, 2022), the decharacterization of these dams should have been complete by  

September 15, 2022. However, the ñprojeto executiveò [detailed design] reports for 

decharacterization were submitted only December 31, 2022, for SP2_3 and August 31, 2023, for 

SP6. No available document has explained the delay in decharacterization or described any 

consequences for the mining company. For tailings dams SP9A and SP1, which are listed as 
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single-stage dams with no requirements for decharacterization, the detailed design reports were 

submitted on July 1, 2023, and September 30, 2022, respectively (ANM, 2025).  

  For SP2_3, the stabilization works began on June 30, 2023, and were completed on 

December 31, 2023. The required 24 months of monitoring were scheduled to begin on the same 

day as the completion of stabilization, so that SP2_3 could be fully decharacterized at the present 

time. The required 24 months of monitoring were also scheduled to begin for SP6 on December 

31, 2023, so that SP6 might also be fully decharacterized at the present time. However, the ANM 

(2025) website further reports that a 26-month period of stabilization works for SP6 commenced 

on November 3, 2021, or nearly two years before submission of the detailed design for 

stabilization. It is in no way clear how to resolve the preceding contradiction. For SP9A, 30 

months of stabilization works began on July 31, 2023, with no information about when 

monitoring was scheduled to begin. For SP1, ANM (2025) indicated a projected start of 12 

months of stabilization works beginning in May 2024. In summary, SP2_3 may be fully 

decharacterized (although not verified), while the other three tailings dams are most likely still in 

some stage of decharacterization.  

 It is important to note that tailings have not been removed from behind the dams for any 

of the tailings dams listed as ñin decharacterization.ò In each case, the ñsolu­«oò [solution] is 

described as ñestrutura remanescenteò [remaining structure]. The most detailed description of 

the solution is provided for SP2_3, which states, ñDe acordo com o projeto executivo, as obras 

consistem na conforma­«o da estrutura existente para revegeta­«o da superf²cie do reservat·rio, 

implanta­«o de dispositivos de drenagem superficial de descaracteriza­«o e fechamento (micro 

e macrodrenagem) para condu­«o do fluxo da drenagem pluvial incidente e monitoramento e 

acompanhamento de indicadoresò [According to the detailed design, the works consist of 

reshaping the existing structure to enable revegetation of the reservoir surface; installing surface 

drainage devices for decommissioning and closure purposes (micro- and macro-drainage) to 

channel incoming stormwater flow; and monitoring and tracking key indicators].  

 

QUESTIONS 

 

Based upon the preceding sections, the objective of this report can be subdivided into the 

following questions regarding the tailings dams at the MRN mine: 

1) Have the tailings dams been constructed in accordance with industry standards? 

2) Have the tailings dams been correctly classified in terms of the method of construction? 

3) Have the classification ranges for the Risk Category been correctly stated? 

4) Are the results of the computational dam break analyses consistent with past failures of 
tailings dams? 

5) Have the classification ranges for the Potential Associated Harm been correctly stated? 

6) Do the tailings dams have adequate Emergency Action Plans? 

The methodology for answering each question is discussed in the corresponding subsection of 

the ñResponsesò section. 
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RESPONSES 

 

1: Tailings Dams are not Constructed According to Industry Standards 

 

In comparison to industry standards, all of the tailings dams at the MRN mine are 

excessively steep. With regard to all of the tailings dams at the MRN mine, DAM (2020b) wrote, 

ñEm geral, os taludes de jusante e montante apresentam inclina­«o de 1V:1,5Hò [In general, the 

downstream and upstream slopes have a slope of 1V:1.5H (34Á from the horizontal)] (see sample 

cross-section of tailings dam SP9 in Fig. 17). The preceding quote is even more alarming than 

the information on the ANM web site that 24 of the tailings dams have slopes steeper than 1V:2H 

(compare Tables 2a and 6a). Although a slope steeper than 1V:2H is not prohibited in Brazil, it is 

listed as the most dangerous choice (see Table 6a). 

 

 
Figure 17. In comparison to industry standards, all of the tailings dams at the MRN mine are excessively steep. 

With regard to all of the tailings dams at the MRN mine, DAM (2020b) wrote, ñEm geral, os taludes de jusante e 

montante apresentam inclina­«o de 1V:1,5Hò [In general, the downstream and upstream slopes have a slope of 

1V:1.5H]. The above cross-section shows an example from tailings dam SP9. By contrast, for earthen dams, the U.S. 

Army Corps of Engineers (2000) requires slopes no steeper than 1V:5H. For tailings dams, the European 

Commission requires slopes no steeper than 1V:3H (Garbarino et al., 2018), which is echoed in a standard textbook 

on tailings dams (Blight, 2010). Although Brazil has no regulations regarding maximum slopes, a slope steeper than 

1V:2H corresponds to the highest score (highest likelihood of failure) in terms of the Risk Category (see Table 6a). 

Figure from DAM (2020b) with overlay of labels in English. 

 

In fact, the outer embankment of the tailings dam at Brumadinho that failed in 2019, 

resulting in 272 fatalities, had a slope of 1V:2H, which was regarded as the principal cause of 

failure. According to the expert panel that investigated the failure, ñThe initial design of the dam 

established a relatively steep slope é In a slope, the shear stresses driving potential instability 

are also due to the weight of the ground above. The steeper the slope and the heavier the soils in 

the slope, the larger the driving shear stresses é The upstream and downstream slopes of the 

berms constructed in each raising varied from 1.5 horizontal to 1 vertical (1.5H:1V) to 2.5H:1V; 

however, slopes of 2H:1V were used in most cases é The following history created the 
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conditions for instability in Dam I: Å A design that resulted in a steep upstream constructed 

slopeò (Robertson et al., 2019). 

For contrast with the slopes of the tailings dams at the MRN mine, the range of industry 

and regulatory standards for slopes of outer embankments of tailings dams was reviewed in the 

ñTutorialò section. These standards are briefly listed below, starting with the most conservative: 

1) For all earthen dams and levees, the U.S. Army Corps of Engineers recommends a 
maximum slope of 1V:5H (11Á from the horizontal) to avoid internal erosion (USACE, 

2000). 

2) For all tailings dams, Safety First: Guidelines for Responsible Tailings Management 

requires a maximum slope of 1V:5H (Morrill et al., 2022). 

3) The old mining industry standard for upstream dams was a maximum slope of 1V:4H 
(14Á from the horizontal) (Martin et al., 2002). This is the old standard because the 

mining industry has now denounced the use of the upstream construction method 

(Darling, 2023; Turek, 2023).  

4) The textbook Geotechnical Engineering for Mine Waste Storage Facilities recommends a 

maximum slope of 1V:3H (18Á from the horizontal) as a compromise between the need to 

prevent collapse and the need to store the maximum volume of tailings (Blight, 2010). 

5) The European Commission recommends a maximum slope of 1V:3H for both upstream 
tailings dams and for all tailings dams in general (Gabarino et al., 2018).   

6) The Ministry of Energy, Mines and Low Carbon Innovation (British Columbia) (2024) 

requires a maximum slope of 1V:2H (26.5Á from the horizontal) for tailings dams.   

7) A slope of 1V:1H (45Á from the horizontal) is recognized as the theoretical maximum 

slope to prevent failure by internal erosion (Holtz et al., 2011).  

In summary, the typical slope of 1V:1.5H (34Á from the horizontal) that is used for the outer 

embankments of the tailings dams at the MRN mine is far out-of-line with industry standards.  

 

2: Many Tailings Dams are Actually Upstream Dams 

 

Although the current ANM website lists only two tailing dams (SP2_3 and SP6) as 

constructed using the upstream method (see Table 2a), a 2021 consulting report for Minera­«o 

Rio do Norte indicated that the upstream method was the generic method for all tailings dams at 

the MRN mine. According to Pimenta de Ćvila Consultoria (2021), ñConforme apresentado no 

documento QD5-JPA-26-24-109-AT, a Pimenta de Ćvila entende que uma barragem pode ser 

considerada, do ponto de vista estrutural, como alteada por linha de centro, mesmo se em 

alguma etapa de alteamento o eixo tiver sido deslocado para montante, desde que a por­«o da 

mesma, apoiada somente em aterro compactado ou funda­«o competente, independente da 

resist°ncia dos rejeitos, seja suficiente para garantir a estabilidade do maci­oò [As presented in 

document QD5-JPA-26-24-109-AT, Pimenta de Ćvila understands that a dam can be considered, 

from a structural point of view, as raised by the centerline method, even if at some stage of 

raising the axis has been shifted upstream, provided that the portion of the dam supported only 

on compacted fill or competent foundation, regardless of the strength of the tailings, is sufficient 

to guarantee the stability of the structure] (see Fig. 18a).  

Fig. 18a clearly shows dam construction material placed on top of uncompacted tailings, 

which is the essential characteristic of the upstream construction method (compare with Fig. 5a). 

Thus, the consultants are essentially arguing that upstream dams are really centerline dams, 

which has no basis in Brazilian regulations nor in industry standards, but which could explain 
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why eight upstream dams were re-classified as centerline dams, although two were later re-

classified as upstream dams (see Table 3). On the above basis, it should be assumed that all seven 

tailings dams listed as centerline dams (see Table 2a) are actually upstream dams. Pimenta de 

Ćvila Consultoria (2021) continues, ñEste conceito ® tamb®m defendido pelo consultor 

internacional Andrew Robertson (Robertson Geoconsultants)ò [This concept is also supported by 

international consultant Andrew Robertson (Robertson Geoconsultants)]. In other words, 

Pimenta de Ćvila Consultoria (2021) defends the re-classification of upstream dams not by 

reference to any Brazilian regulations or industry standards, but only by reference to a single 

individual, and not even to any publication by that individual.  

Pimenta de Ćvila Consultoria (2021) continues, ñA Figura 8 ilustra a delimita­«o entre a 

por­«o do maci­o estruturalmente independente dos rejeitos (¨ direita do eixo em vermelho) da 

por­«o estruturalmente dependente dos rejeitos (¨ esquerda do eixo em vermelho), para o caso 

t²pico da MRN. Esta ®, portanto, uma situa­«o diferente do conceito cl§ssico de alteamento por 

montante, onde os aterros de alteamentos est«o completamente apoiados no rejeito e, logo, a 

estabilidade da estrutura ® totalmente dependente da resist°ncia do rejeito. Para a comprova­«o 

de que a condi­«o de estabilidade das estruturas da MRN ® independente da resist°ncia do 

rejeito e dos materiais sobrejacentes ao mesmo, foram realizadas an§lises de estabilidade, 

desconsiderando-se a resist°ncia do rejeito e dos materiais nele apoiados (aterro submerso e 

parte do aterro de alteamento). Os fatores de seguran­a obtidos s«o satisfat·rios (FS>1,5), 

indicando que a seguran­a das estruturas n«o ® dependente da resist°ncia dos rejeitosò [Figure 

8 [Fig. 18b in this report] illustrates the delimitation between the portion of the structural mass 

that is structurally independent of the tailings (to the right of the red axis) and the portion that is 

structurally dependent on the tailings (to the left of the red axis), for the typical case of MRN. 

This is therefore a different situation from the classic concept of upstream raising, where the 

raising embankments are completely supported on the tailings and, therefore, the stability of the 

structure is entirely dependent on the strength of the tailings. To demonstrate that the stability 

condition of the MRN structures is independent of the strength of the tailings and the materials 

overlying them, stability analyses were performed, disregarding the strength of the tailings and 

the materials supported on them (submerged embankment and part of the raising embankment). 

The factors of safety obtained are satisfactory (FS>1.5), indicating that the safety of the 

structures is not dependent on the strength of the tailings]. The expression ño caso t²pico da 

MRNò [ the typical case of MRN] further confirms that the generic tailings dam at the MRN 

mine has been raised using the upstream method (compare Figs. 18a-b with Figs. 5a). The 

remainder of the quote essentially states that the tailings dams are not really upstream dams, 

since they have an acceptable factor of safety, an exception that has no basis in Brazilian 

regulations nor in industry standards. As in Fig. 18a, the cross-section in Fig. 18b clearly shows 

dam construction material on top of uncompacted tailings, indicating that the tailings dam has 

been raised using the upstream method (compare with Fig. 5a).  
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Figure 18a. A consulting report for Minera­«o Rio do Norte clearly shows that the generic tailings dam at the MRN 

mine has been raised using the upstream method, since dam construction material has been placed on top of 

uncompacted tailings (compare with Fig. 5a). According to Pimenta de Ćvila Consultoria (2021), ñConforme 

apresentado no documento QD5-JPA-26-24-109-AT, a Pimenta de Ćvila entende que uma barragem pode ser 

considerada, do ponto de vista estrutural, como alteada por linha de centro, mesmo se em alguma etapa de 

alteamento o eixo tiver sido deslocado para montante, desde que a por­«o da mesma, apoiada somente em aterro 

compactado ou funda­«o competente, independente da resist°ncia dos rejeitos, seja suficiente para garantir a 

estabilidade do maci­oò [As presented in document QD5-JPA-26-24-109-AT, Pimenta de Ćvila understands that a 

dam can be considered, from a structural point of view, as raised by the centerline method, even if at some stage of 

raising the axis has been shifted upstream, provided that the portion of the dam supported only on compacted fill or 

competent foundation, regardless of the strength of the tailings, is sufficient to guarantee the stability of the 

structure]. Thus, the consultants are essentially arguing that upstream dams are really centerline dams, which has no 

basis in Brazilian regulations nor in industry standards, but which could explain why eight upstream dams were re-

classified as centerline dams, although two were later re-classified as upstream dams (see Table 3). On the above 

basis, it should be assumed that all seven tailings dams listed as centerline dams (see Table 2a) are actually upstream 

dams. Pimenta de Ćvila Consultoria (2021) continues, ñEste conceito ® tamb®m defendido pelo consultor 

internacional Andrew Robertson (Robertson Geoconsultants)ò [This concept is also supported by international 

consultant Andrew Robertson (Robertson Geoconsultants)]. Thus, Pimenta de Ćvila Consultoria (2021) defends the 

re-classification of upstream dams not by reference to any Brazilian regulations or industry standards, but only by 

reference to a single individual, and not even to any publication by that individual. Figure from Pimenta de Ćvila 

Consultoria (2021) with overlay of labels in English.  
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Figure 18b. According to Pimenta de Ćvila Consultoria (2021), ñA Figura 8 ilustra a delimita­«o entre a por­«o do 

maci­o estruturalmente independente dos rejeitos (¨ direita do eixo em vermelho) da por­«o estruturalmente 

dependente dos rejeitos (¨ esquerda do eixo em vermelho), para o caso t²pico da MRN. Esta ®, portanto, uma 

situa­«o diferente do conceito cl§ssico de alteamento por montante, onde os aterros de alteamentos est«o 

completamente apoiados no rejeito e, logo, a estabilidade da estrutura ® totalmente dependente da resist°ncia do 

rejeito. Para a comprova­«o de que a condi­«o de estabilidade das estruturas da MRN ® independente da 

resist°ncia do rejeito e dos materiais sobrejacentes ao mesmo, foram realizadas an§lises de estabilidade, 

desconsiderando-se a resist°ncia do rejeito e dos materiais nele apoiados (aterro submerso e parte do aterro de 

alteamento). Os fatores de seguran­a obtidos s«o satisfat·rios (FS>1,5), indicando que a seguran­a das estruturas 

n«o ® dependente da resist°ncia dos rejeitosò [Figure 8 illustrates the delimitation between the portion of the 

structural mass that is structurally independent of the tailings (to the right of the red axis) and the portion that is 

structurally dependent on the tailings (to the left of the red axis), for the typical case of MRN. This is therefore a 

different situation from the classic concept of upstream raising, where the raising embankments are completely 

supported on the tailings and, therefore, the stability of the structure is entirely dependent on the strength of the 

tailings. To demonstrate that the stability condition of the MRN structures is independent of the strength of the 

tailings and the materials overlying them, stability analyses were performed, disregarding the strength of the tailings 

and the materials supported on them (submerged embankment and part of the raising embankment). The factors of 

safety obtained are satisfactory (FS>1.5), indicating that the safety of the structures is not dependent on the strength 

of the tailings]. The expression ño caso t²pico da MRNò [the typical case of MRN] further confirms that the generic 

tailings dam at the MRN mine has been raised using the upstream method (compare with Figs. 5a and 18a). The 

remainder of the quote essentially states that the tailings dams are not really upstream dams, since they have an 

acceptable factor of safety, an exception that has no basis in Brazilian regulations or industry standards. The above 

cross-section clearly shows dam construction material on top of uncompacted tailings, indicating that the tailings 

dam has been raised using the upstream method (compare with Fig. 5a). Figure from Pimenta de Ćvila Consultoria 

(2021) with overlay of labels in English. 
 

Cross-sections are not available for all tailings dams at the MRN mine, but they are 

available for SP2_3, SP4 Norte, SP5 Leste, and SP5 Oeste. The cross-section of tailings dam 

SP2_3 (see Fig. 19a) clearly shows the placement of dam construction material on top of 

uncompacted tailings, indicating that SP2_3 has been raised using the upstream method. Thus, 

tailings dam SP2_3 has been correctly classified as an upstream dam (see Table 2a). By contrast, 

the cross-sections of SP4 Norte, SP5 Leste, and SP5 Oeste clearly show the placement of dam 

construction material on top of uncompacted tailings, indicating that all three tailings dams have 
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been raised using the upstream method (compare Figs. 19b-d with Fig. 5a). Thus, tailings dams 

SP4 Norte, SP5 Leste, and SP5 Oeste have all been incorrectly classified as centerline dams (see 

Table 2a). The cross-section for SP9 (see Fig. 17), as well as the cross-sections for SP1, SP8, 

SP10, SP11, and SP16 (see Figs. 20a-e) all show that the dams have not been raised so that they 

have all been correctly classified as single-stage dams (see Table 2a). The excessively steep 

embankments of all ten tailings dams with available cross-sections  (SP2_3, SP4 Norte, SP5 

Leste, SP5 Oeste, SP9, SP1, SP8, SP10, SP11, SP16) should also be noted (see Figs. 17, 19a-d, 

20a-e). There are no cross-sections available to the author for the other 20 tailings dams.  

 

 
Figure 19a. The cross-section of tailings dam SP2_3 clearly shows the placement of dam construction material on 

top of uncompacted tailings, indicating that SP2_3 has been raised using the upstream method (compare with Figs. 

5a and 18a-b). Thus, tailings dam SP2_3 has been correctly classified as an upstream dam (see Table 2a). The 

excessively steep embankments should also be noted (compare with Fig. 17). Figure from DAM (2020c) with 

overlay of labels in English.  

 

It can now be considered as to how many tailings dams at the MRN mine are most likely 

upstream dams. Two tailings dams (SP2_3 and SP6) are listed as upstream dams on the ANM 

website (see Table 2a). An additional three tailings dams (SP4 Norte, SP5 Leste, SP5 Oeste) are 

upstream dams based on the cross-sections (see Figs. 19b-d). The likely assumption that all of 

the seven tailings dams that are listed as centerline dams (see Table 2a) are really upstream dams 

includes an additional four tailings dams (SP4 Sul, SP7A, SP7B, SP7C), for a total, thus far, of 

nine upstream dams. 
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Figure 19b. The cross-section of tailings dam SP4 Norte clearly shows the placement of dam construction material 

on top of uncompacted tailings, indicating that SP4 Norte has been raised using the upstream method (compare with 

Figs. 5a and 18a-b). Thus, tailings dam SP4 Norte has been incorrectly classified as a centerline dam (see Table 2a). 

The excessively steep embankments should also be noted (compare with Fig. 17). Figure from Pimenta de Ćvila 

Consultoria (2020b) with overlay of labels in English.  

 

 
Figure 19c. The cross-section of tailings dam SP5 Leste clearly shows the placement of dam construction material 

on top of uncompacted tailings, indicating that SP5 Leste has been raised using the upstream method (compare with 

Figs. 5a and 18a-b). Thus, tailings dam SP5 Leste has been incorrectly classified as a centerline dam (see Table 2a). 

The excessively steep embankments should also be noted (compare with Fig. 17). Figure from Pimenta de Ćvila 

Consultoria (2020b) with overlay of labels in English.  
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Figure 19d. The cross-section of tailings dam SP5 Oeste clearly shows the placement of dam construction material 

on top of uncompacted tailings, indicating that SP5 Oeste has been raised using the upstream method (compare with 

Figs. 5a and 18a-b). Thus, tailings dam SP5 Oeste has been incorrectly classified as a centerline dam (see Table 2a). 

The excessively steep embankments should also be noted (compare with Fig. 17). Figure from Pimenta de Ćvila 

Consultoria (2020b) with overlay of labels in English.  

 

 
Figure 20a. The cross-section of tailings dam SP1 shows that the dam has not been raised, so that it has been 

correctly classified as a single-stage dam (see Table 2a). However, the excessively steep embankments should be 

noted (compare with Fig. 17). Figure from DAM (2020b) with overlay of labels in English.  
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Figure 20b. The cross-section of tailings dam SP8 shows that the dam has not been raised, so that it has been 

correctly classified as a single-stage dam (see Table 2a). However, the excessively steep embankments should be 

noted (compare with Fig. 17). Figure from Pimenta de Ćvila Consultoria (2020b) with overlay of labels in English.  

 

 
Figure 20c. The cross-section of tailings dam SP10 shows that the dam has not been raised, so that it has been 

correctly classified as a single-stage dam (see Table 2a). However, the excessively steep embankments should be 

noted (compare with Fig. 17). Figure from Pimenta de Ćvila Consultoria (2020b) with overlay of labels in English. 
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Figure 20d. The cross-section of tailings dam SP11 shows that the dam has not been raised, so that it has been 

correctly classified as a single-stage dam (see Table 2a). However, the excessively steep embankments should be 

noted (compare with Fig. 17). Figure from Pimenta de Ćvila Consultoria (2020b) with overlay of labels in English.  

 

 
Figure 20e. The cross-section of tailings dam SP16 shows that the dam has not been raised, so that it has been 

correctly classified as a single-stage dam (see Table 2a). However, the excessively steep embankments should be 

noted (compare with Fig. 17). Figure from DAM (2020a) with overlay of labels in English. 

 

The last category of potential upstream dams is the list of 10 additional tailings dams 

(TP1, TP2, SP8, SP9, SP9A, SP12, SP13, SP14, SP15, SP16) that were once listed as upstream 

dams, but for which the listed construction method was changed to single stage (see Table 3). It 

should be clear that there is no logical sense in which an upstream dam could be converted into a 

single-stage dam in reality (as opposed to description), since an upstream dam has the raises 

constructed on top of uncompacted tailings and a single-stage dam has no raises (see Fig. 

5a).  Moreover, it is difficult to reconcile changes in the declared construction method on the 

ANM website in July 2019 (see Table 3) with the current declarations that the mining company 
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possesses both the original detailed design documentation and the original ñas builtò 

documentation (which should describe and explain any changes between the original design and 

what was actually constructed). The preceding combination applies especially to TP2, SP9A, 

SP14, and SP15 (see Appendices B4, P4, U4, and V4), which have been operational since 

January 2002, June 2007, January 2012, and February 2014, respectively (ANM, 2025).  

It is theoretically possible that the description of the construction method could be 

changed from upstream to single-stage because, although the original intention was to construct 

the raises using the upstream method, no raises were ever constructed, so that the starter dike was 

simply renamed as a single-stage dam. The preceding explanation is highly unlikely for the 

following reasons: 

1) An example of a tailings dam for which the construction method was changed from 
upstream to single-stage is TP1 (see Table 3), which has been operational since June 1, 

1989, a very long time to operate a tailings dam without any raises. 

2) Pimenta de Ćvila Consultoria (2021) describe the upstream construction method as the 
generic construction method at the MRN mine (see Figs. 18a-b). 

3) Before any raise had been constructed, any tailings dam should have been reported as a 

single-stage dam.  

Tailings dams SP9 and SP16 do appear to be single-stage dams based on the available 

cross-sections (see Figs. 17 and 20e), although it should be noted that the cross-sections were not 

developed from original design documentation nor from ñas-builtò documentation, but from ñas-

isò documentation (reconstructed designs based on current conditions) (see Appendices O4 and 

W4). In summary, based on available cross-sections and on changes in the information in the 

ANM website, it is most likely that at least 17 of the tailings dams at the MRN mine (SP2_3, 

SP6, SP4 Norte, SP5 Leste, SP5 Oeste, SP4 Sul, SP7A, SP7B, SP7C, TP1, TP2, SP8, SP9A, 

SP12, SP13, SP14, SP15) were constructed using the upstream method, including 13 that are still 

actively receiving tailings (all except SP2_3, SP4 Sul, SP6, and SP9A) (compare Tables 2a and 

12).  
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Table 12. Tailings dams at the Minera­«o Rio do Norte mine: Corrected information based 

on analysis by the author1,2 

Name Construction Method Risk Category 

  Classification Range Score (CRI) 

Conventional Tailings 

TP1 Single stage Ÿ Upstream MEDIUM 42 Ÿ 62 

TP2 Single stage Ÿ Upstream MEDIUM 48 Ÿ 68 

TP3 Downstream LOW 23 Ÿ 33 

Thickened Tailings 

SP1 Single stage LOW Ÿ MEDIUM 31 Ÿ 41 

SP2_3 Upstream LOW Ÿ MEDIUM 38 Ÿ 48 

SP4 Norte Centerline Ÿ Upstream MEDIUM 43 Ÿ 58 

SP4 Sul Centerline Ÿ Upstream LOW Ÿ MEDIUM 35 Ÿ 50 

SP5 Leste Centerline Ÿ Upstream LOW Ÿ MEDIUM 33 Ÿ 48 

SP5 Oeste Centerline Ÿ Upstream LOW Ÿ MEDIUM 31 Ÿ 51 

SP6 Upstream LOW 30 Ÿ 40 

SP7A Centerline Ÿ Upstream MEDIUM 43 Ÿ 58 

SP7B Centerline Ÿ Upstream LOW Ÿ MEDIUM 34 Ÿ 49 

SP7C Centerline Ÿ Upstream MEDIUM 43 Ÿ 58 

SP8 Single stage Ÿ Upstream LOW Ÿ MEDIUM 33 Ÿ 53 

SP9 Single stage LOW 29 Ÿ 39 

SP9A Single stage Ÿ Upstream LOW Ÿ MEDIUM 24 Ÿ 44 

SP10 Single stage LOW 27 Ÿ 37 

SP11 Single stage LOW 27 Ÿ 37 

SP12 Single stage Ÿ Upstream LOW Ÿ MEDIUM 23 Ÿ 43 

SP13 Single stage Ÿ Upstream LOW Ÿ MEDIUM 22 Ÿ 42 

SP14 Single stage Ÿ Upstream LOW Ÿ MEDIUM 23 Ÿ 43 

SP15 Single stage Ÿ Upstream LOW 19 Ÿ 39 

SP16 Single stage LOW 19 Ÿ 29 

SP19 Downstream LOW 22 Ÿ 32 

SP-24A Single stage LOW 12 Ÿ 22 

SP-24B Single stage LOW 15 Ÿ 25 

SP-24C Single stage LOW 15 Ÿ 25 

SP-25A Single stage LOW 9 Ÿ 19 

SP-25B Single stage LOW 9 Ÿ 19 

SP-25C Single stage LOW 9 Ÿ 19 
1Information to the left of the arrow is taken from the ANM website (see Tables 2a-b). Information to the right of the 

arrow is based on the analysis by the author. 

 

3: Risk Categories have been Incorrectly Downgraded 

 

There are two aspects of the Technical Characteristics (see Table 6a-b) that suggest that 

the Risk Categories for the tailings dams at the MRN mine have been incorrectly assessed (see 

Table 2b). The first aspect is the construction method, which was discussed in the previous 

subsection. For the seven centerline dams (all of which were argued to be actually upstream 

dams), all Risk Category scores (CRI) should be increased by five points (see Tables 2b and 6b). 
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For the eight single-stage dams that were argued to be actually upstream dams, all Risk Category 

scores (CRI) should be increased by ten points (see Tables 2b and 6b). Based on the change in 

the construction method alone, the only change in the total Risk Category is SP8, for which the 

Rick Category increases from Low (CRI = 33) to Medium (CRI = 43) (see Tables 2b and 10a).  

The second aspect is the design flood, for which all tailings dams at the MRN mine were 

assigned a score of zero, corresponding to design for either the Probable Maximum Flood (PMF) 

or the flood with a return period of 10,000 years (annual exceedance probability of 0.01%) (see 

Table 6a). Bulletin 194 Tailings Dam Safety of the International Commission on Large Dams 

(ICOLD) defines the Probable Maximum Precipitation (PMP) as ñThe greatest depth of 

precipitation for a given duration, meteorologically possible for a given size storm area at a 

particular time of year, with no allowance made for long-term climatic trendsò and then defines 

the Probable Maximum Flood (PMF) as ñThe largest flood that could conceivably occur. Usually 

estimated from probable maximum precipitation, and where applicable, snow melt, coupled with 

the worst flood-producing catchment conditionsò (ICOLD, 2022). According to the U.S. Army 

Corps of Engineers ñthe PMF does not incorporate a specific exceedance probability, but is 

generally thought to be well beyond the 10,000 year recurrence intervalò (USACE-HCE, 2003).  

The design flood is the largest flood that a dam should be able to withstand without 

failure, generally expressed as either a flow rate or as the return period corresponding to a given 

flow rate. The only definition of the expression in Brazilian regulations is found in the most 

recent dam safety regulations. According to Di§rio Oficial da Uni«o [Official Gazette of the 

Union] (2024), the ñvaz«o de projetoò [design flood or design flow rate] is the ñvaz«o utilizada 

para o dimensionamento das estruturas da barragem, definida em fun­«o do tempo de retorno 

estabelecido em projeto ou em documento t®cnico mais atualò [flow rate used for the sizing of 

the dam structures, defined based on the return period established in the design or in the most 

current technical document]. Although the preceding definition is technically correct, it could be 

more informative in terms of why the concept of a design flood exists or how the design flood is 

selected.  

 Other definitions in tailings dam safety guidance documents are in general agreement 

with the definition of ñdesign floodò in this report. According to ICOLD (2022), ñThe 

IDF [Inflow Design Flood] is the flood used for design of the TSF and its appurtenant works, 

particularly for sizing the spillway and outlet works and for determining extreme flood storage 

and freeboard requirements. The tailings facility must be capable of withstanding the flood 

conditions, accepting some damage and a temporary reduction in factors of safety, but without 

causing failure of the dam ...  The inflow design flood (IDF) is the most severe inflow flood 

(peak, volume, shape, duration, timing) for which the tailings dam and associated facilities 

(spillway) are designed to protect the dam from overtopping.ò According to the (US) FEMA 

(Federal Emergency Management Agency) Tailings Dam Safety Best Practices, ñThe TSF should 

be designed to withstand the Inflow Design Flood (IDF), as described in the next section, 

without resulting in failure of the dam or otherwise causing an uncontrolled release of tailings 

and/or process water into the downstream environment ... The IDF is the most severe inflow 

flood for which the TSF and the emergency spillway, in particular, are designed to protect the 

dam from overtopping.ò 

 Requirements in other tailings dam safety guidance documents express the same concept, 

but without explicit definitions of ñdesign flood.ò According to the Australian National 

Committee on Large Dams Guidelines on Tailings Dams,  ñAll storages must be designed with 

adequate freeboard to retain design floods, normally with spillways to pass higher floods without 
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damaging the damò (ANCOLD, 2012, 2019). According to the Canadian Dam Association 

Application of Dam Safety Guidelines to Mining Dams, ñManagement of water contained by 

mining dams has a number of major functions: ... (c) Storage and/or safe passage of the Inflow 

Design Flood (IDF) runoff to ensure the integrity of the containment damsò (Canadian Dam 

Association, 2019). 

 In the case of the MRN mine, all tailings storage facilities are completely surrounded by 

man-made embankments (MRN, 2025b; see Figs. 2-3). With no streams or surface runoff 

entering the tailings storage facilities, the design flood depends only upon the freeboard, that is, 

the difference in elevation between the dam crest and the water level in the tailings ponds (see 

Fig. 3). There is no available document that states the return period of the precipitation event that 

could result in overtopping of any of the tailings dams. Although it is not possible to measure the 

freeboard from the only available drone image (see Fig. 3), the lack of freeboard is a matter of 

concern. Another issue with regard to the design flood is the ability of the earthen embankments 

to withstand a storm with a given intensity and duration, which would also correspond to a 

particular return period. In the absence of any information on freeboard or the ability of the 

embankments to withstand high-intensity storms, the correct score for design flood should be 10, 

corresponding to an unknown design flood (see Table 6a).  

The consultants for MRN did carry out dam break analyses for floods with return periods 

of 10,000 years (see Figs. 16d-f). However, the flood that is assumed for a dam break analysis is 

not what is meant by ñdesign flood,ò as it is defined in both Brazilian regulations (Di§rio Oficial 

da Uni«o, 2024) and numerous tailings dam safety guidance documents (ANCOLD, 2012; 2019; 

Canadian Dam Association, 2019; ICOLD, 2022; FEMA, 2025). In fact, the assumption in the 

ñRainy Dayò dam break analyses that overtopping would occur in response to a flood with a 

return period of 10,000 years (see Figs, 16d-f) contradicts any claim that the design flood could 

have the same return period. 

If the scoring is changed to reflect an unknown design flood and the upstream 

construction method as appropriate, then 16 tailings dams should be in the Risk Category 

Medium with the remainder assigned to Risk Category Low (see Table 12). The tailings dam 

with the greatest likelihood of failure is TP2, which should have a CRI score of 68 after changing 

the construction method to upstream and the design flood to unknown (see Table 12). Tailings 

dam TP2 also has the highest CRI score of 48, according to the information on the ANM (2025) 

website (assuming single-stage construction and a design flood of either the PMF or the flood 

with a return period of 10,000 years) (see Tables 2b and 12). Given that tailings dam TP2 now 

has a score of 48 on the ANM (2025) website and since the minimum score for Risk Category 

Medium is 41 (see Table 10a), multiple aspects of degradation in the Conservation Status (see 

Table 7) must have occurred to change the Risk Category from Low to Medium in April 2024 

(see Table 4). By contrast, since tailings dam TP1 has a CRI score of 42 on the ANM (2025) 

website (see Table 2b), only a minor degradation in Conservation Status could have raised the 

Risk Category from Low to Medium in April 2024 (see Table 4). Note that changes in Technical 

Characteristics (see Tables 6a-b) are less likely to change from one inspection or review to 

another. Otherwise, there is no information as to why five tailings dams were re-classified from 

Risk Category Low to Risk Category Medium in March-April 2024.  
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4: Computational Dam Break Analyses are Inconsistent with Past Failures 

 

The purpose of this subsection is to assess the reliability of the computational dam break 

analyses in the Emergency Action Plans developed for the tailings dams at the MRN mine by 

comparing the predicted velocities of the tailings flood with measurements from 13 past tailings 

dam failures (see Table 13). Past tailings flood velocities are reviewed in some detail since this 

material has not previously been compiled in one location. The measurements from past tailings 

dam failures are grouped into three categories of the peak velocity, the mean velocity as averaged 

over the entire runout, and the mean velocities for particular sections of the runout (see Table 

13).  

Out of seven tailings storage facility failures for which peak velocities have been 

measured, most have exceeded 90 kilometers per hour, with the greatest peak velocity being 112 

kilometers per hour, as measured for the failure of the tailings storage facility at Stava, Italy, in 

1985 (see Table 13). The only exceptions have been the tailings flood at Aberfan, Wales, in 1966 

(peak velocity measured at 22 kilometers per hour) and the tailings flood at El Cobre, Chile, in 

1965 (measured at 47 kilometers per hour) (see Table 13). However, it should be noted there are 

disagreements among studies for the preceding peak velocities. Thus, for the tailings flood at 

Aberfan, while Jeyapalan (1981) claimed that the peak velocity was 22 kilometers per hour, 

Blight (2010) found that the average velocity could have been as high as 32 kilometers per hour 

(see Table 13). For the tailings flood at El Cobre, while Rana et al. (2021) claimed that the peak 

velocity was 47 kilometers per hour, Luino and De Graff (2012) found that the average velocity 

could have been as high as 50 kilometers per hour (see Table 13). Although no study has stated a 

peak velocity for the tailings storage facility failure at Jupille, Belgium, in 1973, Jeyapalan 

(1981) found a mean velocity in the range 110 to 160 kilometers per hour, which certainly 

implies a very large peak velocity (see Table 13). In the same way, Petley (2019) found an 

average velocity of 120 kilometers per hour for a section of the runout from the tailings storage 

facility failure at Brumadinho, which again implies a very large peak velocity (see Table 13). In 

summary, in the absence of other information, a peak velocity exceeding 100 kilometers per hour 

is a reasonable assumption for a tailings flood. 

Average velocities over the entire runout have ranged from 12 to 160 kilometers per hour 

with median and mean values of 36 and 52 kilometers per hour, respectively, when considered 

across all studies (see Table 13). Mean values over particular sections have ranged from 2.5 to 

120 kilometers per hour (see Table 13). The lower values of 2.5 and 6.8 kilometers per hour for 

particular sections that were found by Rana et al. (2021) for the tailings storage facility failure at 

Aznalc·llar, Spain, in 1998 are disputed by Kossof et al. (2014), who determined that the mean 

velocity over the entire runout was 60 kilometers per hour (see Table 13). In summary, in the 

absence of other information, an average velocity over the initial runout of 35 kilometers per 

hour is a reasonable assumption for a tailings flood. 
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Table 13. Empirical measurements of past tailings storage facility failure failures: Tailings 

flow velocities  

Site or Mine 

Country 

 

Year Peak Velocity 

(km/h) 

Mean Velocity over 

Entire Runout 

(km/h) 

Mean Velocities over 

Particular Sections 

(km/h) 

Barahona1 

Chile 

1928 108 ð ð 

Tlalpujahua2 

Mexico 

1937 >90 ð 25, 32, 36, 50, 72-90 

El Cobre 

Chile 

1965 471 503 

294 

ð 

Sgorigrad3 

Bulgaria 

1966 ð 30 ð 

Aberfan 

Wales 

1966 225 183 

16-324 

ð 

Fort Meade3 

USA 

1971 ð 30-36 ð 

Buffalo Creek3 

USA 

1972 ð 12 ð 

Jupille5 

Belgium 

1973 ð 110-160 ð 

Bafokeng 

South Africa 

1974 1085 <403 

361,4 

ð 

Stava 

Italy 

1985 1121 72-973 30, 901 

29, 35, 456 

Aznalc·llar 

Spain 

1998 ð 607 2.5, 6.81 

Samarco1 

Brazil 

2015 ð ð 7, 40 

Brumadinho 

Brazil 

2019 1088 

1011 

ð 72-86, 90-1088 

66, 1209 

65, <251 
1Rana et al. (2021) 
2Mac²as et al. (2015) 
3Luino and De Graff (2012) 
4Blight (2010) 
5Jeyapalan (1981) 
6Takahashi (1991) 
7Kossof et al. (2014) 
8Robertson et al. (2019) 
9Petley (2019) 

 

It is noteworthy that some regulations accept 20 kilometers per hour as a minimum 

average velocity for a tailings flood. In particular, in Minas Gerais (Brazil) and in Ecuador, the 

minimum velocity of 20 kilometers per hour is the basis for the minimum required separation 

distance of 10 kilometers between a tailings storage facility and a downstream community and a 

minimum separation time of 30 minutes. According to Assembleia Legislativa de Minas Gerais 

[Legislative Assembly of Minas Gerais] (2019), ñÄ 1 ï Para os fins do disposto nesta lei, 
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considera-se zona de autossalvamento a por­«o do vale a jusante da barragem em que n«o haja 

tempo suficiente para uma interven­«o da autoridade competente em situa­«o de emerg°ncia. Ä 

2Ü ï Para a delimita­«o da extens«o da zona de autossalvamento, ser§ considerada a maior 

entre as duas seguintes dist©ncias a partir da barragem: I ï 10km (dez quil¹metros) ao longo do 

curso do vale; II ï a por­«o do vale pass²vel de ser atingida pela onda de inunda­«o num prazo 

de trinta minutosò [Ä 1 ï For the purposes of the provisions of this law, the portion of the valley 

downstream of the dam in which there is not enough time for intervention by the competent 

authority in an emergency situation is considered a self-rescue zone. Ä 2 ï For the delimitation of 

the extent of the self-rescue zone, the greatest between the following two distances from the dam 

will be considered: I ï 10 km (ten kilometers) along the course of the valley; II - the portion of 

the valley that can be reached by the flood wave within thirty minutes]. The legislative act in 

Minas Gerais then stipulated that no one should have to live in a self-rescue zone. According to 

the legislation, ñFica vedada a concess«o de licen­a ambiental para constru­«o, instala­«o, 

amplia­«o ou alteamento de barragem em cujos estudos de cen§rios de rupturas seja 

identificada comunidade na zona de autossalvamento [It is forbidden to grant an environmental 

license for the construction, installation, expansion or elevation of a dam for which studies of 

rupture scenarios identify a community in the self-rescue zone] (Assembleia Legislativa de 

Minas Gerais, 2019). According to Ministerio de Energ²a y Recursos Naturales No Renovables 

[Ministry of Energy and Non Renewable Natural Resources] (Ecuador) (2020b), ñSe proh²be el 

dise¶o y construcci·n de dep·sitos de relave en los casos que se identifique una zona poblada 

ubicada aguas abajo del mismo que pudiera ser afectada por la onda de inundaci·n, la cual 

queda limitada por la mayor de las dos distancias: Å A diez (10) kil·metros de distancia aguas 

abajo del pie de la presa a lo largo del curso del valle, o; Å La porci·n de territorio que sea 

alcanzada por la onda de inundaci·n en un plazo de 30 minutosò [The design and construction 

of tailings deposits is prohibited in cases where a populated area located downstream of the same 

is identified that could be affected by the flood wave, which is limited by the greater of the two 

distances: Å Up to ten (10) kilometers downstream from the toe of the dam along the course of 

the valley, or; Å The portion of territory that could be reached by the flood wave within 30 

minutes]. The significance of the ñzona de autossalvamentoò [self-rescue zone] (ZAS) in the rest 

of Brazil (outside of Minas Gerais) will be discussed in  the subsection ñEmergency Action Plans 

are Inadequate.ò 

It was already mentioned that, subsequent to the initial runout, normal fluvial processes 

will continue to transport the tailings to the ocean or a major lake. Leopold (1994) found that, for 

US rivers, the mean flow velocity was 4.84 feet per second (5.31 kilometers per hour). In 

summary, in the absence of other information, based upon the empirical database, the following 

assumptions can be made about tailings floods in general: 

1) The peak velocity will exceed 100 kilometers per hour. 

2) The velocity averaged over the initial runout will be about 35 kilometers per hour. 

3) Following the initial runout, the tailings will travel at about 5 kilometers per hour until 
they reach the ocean or a major lake. 

Out of the available Emergency Action Plans and computational dam break analyses for 

the MRN mine (BVP Engenharia, 2018a-b; DAM, 2020b; Pimenta de Ćvila Consultoria, 

2020ab, 2021, 2023; Golder, 2021a-b), the only one that presents tailings flood velocities is BVP 

Engenharia (2018c) (see Figs. 16b-f and Tables 11b-f). Based on the first arrivals of the tailings 

flood at a depth of 2 feet (0.61 meters) at the closest station (ST-01), the farthest station, and the 

station just upstream from the railroad embankment, Table 14 compiles the peak tailings velocity, 
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the mean tailings velocity over the entire runout, the mean tailings velocity before the flow is 

regulated by the culvert through the railroad embankment, and the mean tailings velocity after 

the flow is regulated by the culvert through railroad embankment for the ñsunny dayò scenario 

(Scenario B) and the scenario of the 10,000-year flood (Scenario C) for tailings dams TP1 and 

TP2. The peak velocities range from 62-123 kilometers per hour during the ñsunny dayò scenario 

and 138-351 kilometers per hour during the scenario of the flood with a return period of 10,000 

years, which are reasonably consistent with the empirical observation that peak velocities will 

exceed 100 kilometers per hour. Thus, BVP Engenharia (2018c) seems to have correctly modeled 

the rupture and initial flow of tailings out of the tailings dams.   

 

Table 14. Peak and mean tailings velocities after dam failure1 

Dam and Wall Peak Tailings 

Velocity 

(km/h)2 

Mean Tailings 

Velocity 

(km/h)3 

Mean Tailings 

Velocity before 

Railroad 

Embankment 

(km/h)4 

Mean Tailings 

Velocity after 

Railroad 

Embankment 

(km/h)5 

 ñSunny Dayò Scenario 

TP1 North Wall 122.87 0.69 0.88 0.31 

TP1 South Wall 62.07 1.52 3.23 1.26 

 Scenario of 10,000-Year Flood 

TP1 North Wall 256.91 1.47 4.80 1.09 

TP1 South Wall 138.46 2.71 4.63 2.41 

TP2 North Wall 351.00 1.79 6.23 1.23 
1Calculated from data in Tables 11b-f 
2Based on first arrival of tailings flood at depth of 2 feet (0.61 m) at the closest station (ST-01) 
3Based on first arrival of tailings flood at depth of 2 feet (0.61 m) at the farthest station 
4Based on first arrival of tailings flood at depth of 2 feet (0.61 m) at the station just before the tailings flow is 

regulated by the culvert 
5Calculated as the difference between the distance to the farthest station and the distance to the station just before the 

tailings flow is regulated by the culvert divided by the difference between the first arrivals of the tailings flood at 

depth of 2 feet (0.61 m) at the above stations 

 

On the other hand, predicted mean tailings velocities resulting from failures of TP1 and 

TP2 were 0.69-1.52 kilometers per hour for failures on a ñsunny dayò and 1.47-2.71 kilometers 

per hour for failures due to a 10,000-year flood (see Table 14). Even for the flows upstream of 

the railroad embankment, predicted mean tailings velocities resulting from failures of TP1 and 

TP2 were 0.88-3.23 kilometers per hour for failures on a ñsunny dayò and 4.80-6.23 kilometers 

per hour for failures due to a 10,000-year flood (see Table 14). Thus, the predicted tailings 

velocities are far less than the empirical observation that the mean tailings velocity averaged over 

the initial runout is about 35 kilometers per hour (see Table 13). Even for the flow upstream from 

the railroad embankment during a flood with a return period of 10,000 years, the predicted 

tailings are hardly greater than the mean flow velocity during normal streamflow of about 5 

kilometers per hour. In other words, the computational dam break analyses should be regarded as 

highly unreliable for predicting the flow of tailings through the downstream channels. There is 

not enough information in BVP Engenharia (2018c) or any other available document about the 

input data for the model, which would make it possible to determine why the computational 

models are so unreliable. 
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An interesting contrast is that the computational model for the 100-year flood without 

tailings dam failure (see Fig. 16a and Table 11a) seems to be more reliable (consistent with 

empirical observations) than the computational models for tailings floods. The average of the 

maximum velocities attained in each section is 1.07 meters per second (3.87 kilometers per 

hour), while the greatest of the maximum velocities in all sections is 2.26 meters per second 

(8.14 kilometers per hour) (see Table 11a). Given a mean velocity as averaged over all streams of 

about 5 kilometers per hour (Leopold, 1994), the predicted water velocities seem to be on the 

low side, but not as detached from reality as the predicted velocities of the mixture of water and 

tailings (compare Tables 13 and 14). Thus, the computational models still seem deficient in their 

ability to model even the flow of water through the downstream channels. A comparison of 

normal streamflow with a flood with a return period of 100 years (for water alone and without 

tailings dam failure) could help to show where and in what way the computational models are 

failing to match reality. The significance of a comparison between normal streamflow and a 

flood with a return period of 100 years is further discussed in the subsection ñPotential 

Associated Harms have been Incorrectly Downgraded.ò 

In general, nothing is being done in any of the available dam break analyses to persuade 

the reader that the computational models are reliable. As was discussed in the ñTutorialò section, 

tailings dam break analyses are unreliable almost by definition, since they are never calibrated. 

As was also discussed, the standard industry practice is to carry out a sensitivity analysis that 

would either promote confidence in the predictions of a model or expose the true lack of 

confidence. However, in the case of the MRN mine, there are no sensitivity analyses in any of 

the available dam break analyses. Based on the discussion in this subsection, the obvious 

sensitivity analysis would be to determine how strongly the model predictions vary within the 

reasonable range of uncertainty of the Manning roughness coefficient (a measure of resistance to 

flow of water along the streambed) for the downstream waterways.     

As a final note, in a superficial way, it might seem that tailings floods should have lower 

velocities than water floods, which might explain why the tailings flood velocities are so much 

lower than the velocities predicted for the water flood with a 100-year return period (compare 

Tables 11a and 14). The reasoning is incorrect because the mixture of tailings and water in the 

three TP tailings ponds has an initial solids content of only 7-8% and thickens to only 18-25% 

before it is transferred to an SP tailings pond. Moreover, even in the ñsunny dayò scenario 

(assuming normal streamflow), additional water is contributed to the released mixture of tailings 

and water by the downstream waterways. During an overtopping event resulting from a flood 

with a return period of 10,000 years, an enormous amount of water will be added to the mixture 

of tailings and water both from precipitation onto the tailings pond and from mixing with the 

flood waters in downstream waterways. Finally, tailings floods actually do have higher velocities 

than floods of water alone. Based on nine tailings dam failures for which velocities have been 

measured as averaged over the entire runout, velocities have ranged from 12 to 160 kilometers 

per hour with median and mean values of 36 and 52 kilometers per hour, respectively (see Table 

13). By contrast, the highest stream velocity ever measured in the US was 22.4 feet per second 

(24.6 kilometers per hour) in 1932 (Leopold, 1994). The typical peak velocities of tailings floods 

in excess of 100 kilometers per hour (see Table 13) certainly has no analogue in floods of water 

alone. 
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5: Potential Associated Harms have been Incorrectly Downgraded 

 

The primary purpose of this subsection is to determine whether it is correct to assign all 

SP tailing dams, as well as TP3, to Potential Associated Harm (DPA) Medium, while TP1 and 

TP2 have been assigned to DPA High (see Table 2b). It was mentioned in the section ñSummary 

of Tailings Dams at MRN Mineò that TP1 and TP2 received the classification DPA High based 

on the storage volumes (see Table 2a) and the assessment of the ñExist°ncia de popula­«o a 

jusanteò [Existence of downstream populationsò as ñExistenteò [Existing], the ñImpacto 

Ambientalò [Environmental impact] as ñSignificativoò [Significant], and the ñImpacto 

socioecon¹micoò [Socioeconomic impact] as ñMedioò [Medium] (see Tables A5 and B5). 

Although no available document explains these assessments, in the absence of other information, 

it should be assumed that the key factor is the arrival of the tailings flood in the community of 

Sapucu§ (see Figs. 16d and 16f), especially, in terms of an ñExistingò population.  

By contrast with TP1 and TP2, for all other tailings dams except for SP9A and SP14, the 

assessment of ñExistence of downstream populationsò is stated as ñPouco Frequente (n«o 

existem pessoas ocupando permanentemente a §rea afetada a jusante da barragem, mas existe 

estrada vicinal de uso local)ò [Infrequent (There are no people permanently occupying the 

affected area downstream of the dam, but there is a local access road)] (see Table 9 and 

Appendices). For SP9A and SP14, the ñExistence of downstream populationsò is assessed as 

ñInexistente (n«o existem pessoas permanentes/residentes ou tempor§rias/transitando na §rea 

afetada a jusante da barragem) [Non-Existent (There are no permanent/resident or 

temporary/transiting people in the affected area downstream of the dam)] (see Tables 9, P5, and 

U5). 

Despite the assessment of the ñExistence of downstream populationsò as ñInfrequent,ò 

some of the available dam break analyses for SP tailings dams, such as SP8, SP9, and SP4 Norte,  

clearly show the tailings flood reaching the community of Sapucu§ during failure due to a flood 

with a return period of 10,000 years (see Figs. 21a-c). It should be noted that the center of 

Sapucu§ is southeast of the grid intersection of 9800000 N and 580000 E with the community 

extending approximately 3500 meters to the northwest and 3500 meters to the southeast 

(compare with Fig. 16a). Even so, the dam break analyses for the SP tailings dams seem to have 

assumed less extreme downstream flood conditions than the analyses for TP1 and TP2, so that 

the two sets of dam break analyses are not really comparable. In some ways, the flooding from 

the failure of tailings dams SP8, SP9, and SP4 Norte during a flood with a return period of 

10,000 years was less than the flooding resulting from a flood with a return period of 100 years 

in downstream waterways without any tailings dam failures (compare Figs. 21a-c with Fig. 16a). 

Thus, while the flooding map due to failures of tailings dams TP1 or TP2 during a 10,000-year 

flood assumed a flood with a return period of 100 years in downstream waterways (an illogical 

contradiction, as discussed earlier), the flooding map due to failure of tailings dams SP8, SP9, 

and SP4 Norte probably assumed the weaker condition of normal flow in downstream waterways 

(an even more illogical contradiction). In summary, the assignment of ñExistence of downstream 

populationsò to ñExistingò for TP1 and TP2, and to ñInfrequentò for at least SP8, SP9, and SP4 

Norte is entirely arbitrary. In fact, based on the available dam break analyses, TP1, TP2, SP8, 

SP9, and SP4 Norte should all receive the highest score for ñExistence of downstream 

populations.ò Then assuming that the tailings runout from SP8, SP9, and SP4 Norte would 

follow the same general pathway as TP1 and TP2 (compare Figs. 21a-c with Figs. 16b-f), all five 

tailings dams should receive a DPA classification of High.  
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Figure 21a. DAM (2020b) calculated the flooding that will result from failure of tailings dam SP8 due to 

overtopping during a flood with a return period of 10,000 years. Note the location of the community of Sapucu§ 

southeast of the grid intersection of 9800000 N and 580000 E (compare with Fig. 16a). Thus, the map clarifies that 

the tailings flood from an overtopping failure of SP8 will reach and flow past the community of Sapucu§, potentially 

obliterating the community, as was also shown for tailings dams TP1 (see Fig. 16d) and TP2 (see Fig. 16e). In other 

words, the assignment of ñExistence of downstream populationò to the category Existing for tailings dams TP1 and 

TP2 and the assignment to the category Infrequent for tailings dam SP8 (compare Tables A5, B5 and N5) was 

completely arbitrary. In the same way, the determination that tailings dams TP1 and TP2 had a Potential Associated 

Harm classification range of High, while tailings dam SP8 had a classification range of Medium was completely 

arbitrary (see Table 2b). Even so, in some ways, the flooding from the failure of tailings dam SP8 during a flood 

with a return period of 10,000 years was less than the flooding resulting from a flood with a return period of 100 

years in downstream waterways without any tailings dam failures (compare with Fig. 16a). Thus, while the flooding 

map due to failures of tailings dams TP1 or TP2 during a 10,000-year flood assumed a flood with a return period of 

100 years in downstream waterways (an illogical contradiction) (see Figs. 16d-f), the flooding map due to failure of 

tailings dam SP8 probably assumed the weaker condition of normal flow in downstream waterways (an even more 

illogical contradiction). The meaning of the colors was not clarified in DAM (2020b). Figure from DAM (2020b) 

with overlay of labels in English.  
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Figure 21b. DAM (2020b) calculated the flooding that will result from failure of tailings dam SP9 due to 

overtopping during a flood with a return period of 10,000 years. Note the location of the community of Sapucu§ 

southeast of the grid intersection of 9800000 N and 580000 E (compare with Fig. 16a). Thus, the map clarifies that 

the tailings flood from an overtopping failure of SP9 will reach and flow past the community of Sapucu§, potentially 

obliterating the community, as was also shown for tailings dams TP1 (see Fig. 16d) and TP2 (see Fig. 16e). In other 

words, the assignment of ñExistence of downstream populationò to the category Existing for tailings dams TP1 and 

TP2 and the assignment to the category Infrequent for tailings dam SP9 (compare Tables A5, B5 and O5) was 

completely arbitrary. In the same way, the determination that tailings dams TP1 and TP2 had a Potential Associated 

Harm rating of High, while tailings dam SP9 had a classification range of Medium was completely arbitrary (see 

Table 2b). Even so, in some ways, the flooding from the failure of tailings dam SP9 during a flood with a return 

period of 10,000 years was less than the flooding resulting from a flood with a return period of 100 years in 

downstream waterways without any tailings dam failures (compare with Fig. 16a). Thus, while the flooding map due 

to failures of tailings dams TP1 or TP2 during a 10,000-year flood assumed a flood with a return period of 100 years 

in downstream waterways (an illogical contradiction) (see Figs. 16d-f), the flooding map due to failure of tailings 

dam SP9 probably assumed the weaker condition of normal flow in downstream waterways (an even more illogical 

contradiction). The meaning of the colors was not clarified in DAM (2020b). Figure from DAM (2020b) with 

overlay of labels in English. 
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Figure 21c. Pimenta de Ćvila Consultoria (2020b) calculated the flooding that will result from failure of tailings 

dam SP4 Norte due to overtopping during a flood with a return period of 10,000 years. Note the location of the 

community of Sapucu§ southeast of the grid intersection of 9800000 N and 580000 E (compare with Fig. 16a). 

Thus, the map clarifies that the tailings flood from an overtopping failure of SP4 Norte will reach the community of 

Sapucu§, as was also shown for tailings dams TP1 (see Fig. 16d) and TP2 (see Fig. 16e). In other words, the 

assignment of ñExistence of downstream populationò to the category Existing for tailings dams TP1 and TP2 and the 

assignment to the category Infrequent for tailings dam SP4 Norte (compare Tables A5, B5 and F5) was completely 

arbitrary. In the same way, the determination that tailings dams TP1 and TP2 had a Potential Associated Harm 

classification range of High, while tailings dam SP4 Norte had a classification range of Medium was completely 

arbitrary (see Table 2b). Even so, in some ways, the flooding from the failure of tailings dam SP4 Norte during a 

flood with a return period of 10,000 years was less than the flooding resulting from a flood with a return period of 

100 years in downstream waterways without any tailings dam failures (compare with Fig. 16a). Thus, while the 

flooding map due to failures of tailings dams TP1 or TP2 during a 10,000-year flood assumed a flood with a return 

period of 100 years in downstream waterways (an illogical contradiction) (see Figs. 16d-f), the flooding map due to 

failure of tailings dam SP4 Norte probably assumed the weaker condition of normal flow in downstream waterways 

(an even more illogical contradiction). The meaning of the colors was not clarified in Pimenta de Ćvila Consultoria 

(2020b). Figure from Pimenta de Ćvila Consultoria (2020b) with overlay of labels in English. 
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The next step was to determine which of the other SP tailings dams could have 

consequences of failure that are at least as great as TP1 and TP2. The step was reframed as the 

question: Which of the SP tailings dams have predicted runout distances at least as great as the 

predicted runout distances for TP1 and TP2? The question was addressed by updating the 

empirical model of Larrauri and Lall (2018) with the data from five additional tailings dam 

failures (see Table 15). Based on the new data, Eqs. (2)-(3) are updated to   

 

 ὠ πȢσφσὠȢ  (5) 

 

 Ὀ ςȢψσὌȢ  (6) 

 

where VF is the most-likely volume of the spill (millions of cubic meters),  Hf  is the dam factor,  

VT is the total volume of confined tailings and water (millions of cubic meters), and Dmax is the 

most-likely runout distance (kilometers) (see Figs. 22a-b). Eq. (1), which defines the dam factor 

as a function of the dam height, spill volume, and storage volume, and Eq. (4), which predicts the 

worst-case runout distance, are unchanged. Except for tailings dams not yet storing any tailings, 

storage volumes at the MRN mine range from 0.30877 to 13.470794 million cubic meters (see 

Table 2a), while the most-likely dam factors at the MRN mine range from 0.3 to 38.0 m x 106 m3 

(see Table 16). Since the storage volumes and dam factors are in the middle of the range of the 

data used to develop the statistical model (see Figs. 22a-b), the model should be regarded as 

highly reliable for the MRN mine. 

 

Table 15. Empirical measurements of past tailings storage facility failures: Release volume 

and runout 

No. Mine Year Height 

(m) 

Storage 

Volume 

(Mm3) 

Release 

Volume 

(Mm3) 

Runout 

(km) 

Dataset of Larrauri and Lall (2018) 

1 (unidentified), Southwestern USA 1973 43 0.5 0.17 25 

2 Aitik mine, Sweden 

(Boliden Ltd.) 

2000 15 15 1.8 5.2 

4 Bafokeng, South Africa 1974 20 13 3 45 

5 Balka Chuficheva, Russia 1981 25 27 3.5 1.3 

6 Bellavista, Chile 1965 20 0.45 0.07 0.8 

7 Bonsal, North Carolina, USA 1985 6 0.038 0.011 0.8 

8 Cerro Negro No. (3 of 5) 1965 20 0.5 0.085 5 

9 Cerro Negro No. (4 of 5) 1985 40 2 0.5 8 

10 Churchrock, New Mexico, United 

Nuclear 

1979 11 0.37 0.37 110 

11 Cities Service, Fort Meade, Florida 1971 15 12.34 9 120 

12 Deneen Mica Yancey County, North 

Carolina, USA 

1974 18 0.3 0.038 0.03 

13 El Cobre New Dam 1965 19 0.35 0.35 12 

14 El Cobre Old Dam 1965 35 4.25 1.9 12 
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15 Fund«o-Santarem, Minas Gerais, Brazil 

(Samarco) 

2015 90 55 32 637 

18 Hokkaido, Japan 1968 12 0.3 0.09 0.15 

19 Imperial Metals, Mt Polley, British 

Columbia, Canada 

2014 40 74 23.6 7 

22 Los Frailes, near Seville, Spain (Boliden 

Ltd.) 

1998 27 15 6.8 41 

23 Los Maquis No. 3 1965 15 0.043 0.021 5 

24 Merriespruit, South Africa (Harmony)-

No. 4A Tailings Complex 

1994 31 7.04 0.6 4 

25 Mochikoshi No. 1, Japan (1 of 2) 1978 28 0.48 0.08 8 

27 Olinghouse, Nevada, USA 1985 5 0.12 0.025 1.5 

28 Omai Mine, No. 1, 2, Guyana (Cambior) 1995 44 5.25 4.2 80 

29 Prestavel Mine-Stava, North Italy, 2, 3 

(Prealpi Mineraria) 

1985 29.5 0.3 0.2 8 

30 Sgurigrad, Bulgaria 1996 45 1.52 0.22 6 

31 Stancil, Maryland, USA 1989 9 0.074 0.038 0.1 

32 Taoshi, Linfen City, Shanxi province, 

China (Tahsan Mining Co.) 

2008 50.7 0.29 0.19 2.5 

34 Tyrone, New Mexico (Phelps Dodge) 1980 66 2.5 2 8 

35 Veta de Agua (Chile) 1985 24 0.7 0.28 5 

Additional Data Points1 

 Williamson, Tanzania (Petra Diamonds) 2022 26 25.76 12.8 7.5 

 Jagersfontein, South Africa (De Beers) 2022 ð 22 6 63 

 Brumadinho, Mina C·rrego do Feij«o, 

Minas Gerais, Brazil (Vale) 

2019 87 12 9.57 600 

 Hector Mine Pit Pond, Minnesota, USA 2018 17 0.185 0.123  

 Dahegou Village, Luoyang, Henan 

Province, China (Luoyang Xiangjiang 

Wanji Aluminum Co., Ltd.) 

2016 45 2 2 2 

1Center for Science in Public Participation (2025) 

 

The use of Eqs. (1), (5) and (6) then predicts that, based upon the dam height and storage 

volume alone, SP4 Norte, SP5 Oeste, SP7C, SP8, SP9, and SP11 will have all greater runout 

distances than either TP1 or TP2 (see Table 16). The same equations predict that SP16 will have 

a greater most-likely release volume than either TP1 or TP2 (see Table 16). Seven other tailings 

dams (SP2_3, SP4 Sul, SP5 Leste, SP7B, SP10, SP12, SP15) have predicted most-likely runout 

distances exceeding 10 kilometers, so that their runouts are at least comparable with the 

predicted runouts for TP1 and TP2 of 14.2 and 13.7 kilometers, respectively (see Table 16).  
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Table 16. Most-likely and worst-case predictions for release volumes and runout distances 

resulting from failures of tailings dams at Minera­«o Rio do Norte mine1,2  

Name Most-Likely 

Release 

Volume 

(Mm3) 

Most-Likely 

Dam Factor 

(m ³ 106 m3) 

Most-Likely 

Runout 

Distance 

(km) 

Worst-Case 

Dam Factor 

(m ³ 106 m3) 

Worst-Case 

Runout 

Distance 

(km) 

Conventional Tailings 

TP1 2.80 21.27 14.2 176.99 43.2 

TP2 2.96 20.00 13.7 166.80 41.9 

TP3 0.15 0.92 2.7 6.68 7.7 

Thickened Tailings 

SP1 0.72 4.64 6.4 36.36 18.8 

SP2_3 2.07 16.76 12.5 137.58 37.8 

SP4 Norte 2.30 21.18 14.1 174.68 42.9 

SP4 Sul 1.94 16.65 12.4 136.27 37.7 

SP5 Leste 1.70 11.35 10.2 92.39 30.7 

SP5 Oeste 2.54 20.29 13.8 168.07 42.1 

SP6 0.17 1.02 2.9 7.47 8.2 

SP7A 1.19 8.83 8.9 70.70 26.7 

SP7B 2.15 16.96 12.6 139.46 38.1 

SP7C 2.94 32.24 17.6 268.80 53.9 

SP8 4.62 37.99 19.2 323.30 59.4 

SP9 3.58 32.73 17.8 275.34 54.5 

SP9A 0.81 6.07 7.3 47.75 21.7 

SP10 2.60 14.43 11.5 119.65 35.2 

SP11 2.50 20.79 14.0 172.16 42.6 

SP12 1.90 12.48 10.7 102.04 32.3 

SP13 1.03 5.49 6.9 43.67 20.7 

SP14 1.21 9.54 9.3 76.47 27.8 

SP15 1.81 12.97 10.9 105.86 33.0 

SP16 2.93 18.24 13.1 152.11 39.9 

SP19 0.57 4.60 6.3 35.69 18.6 

SP-24A 0.00 ð ð 0.00 0.0 

SP-24B 0.00 ð ð 0.00 0.0 

SP-24C 0.00 ð ð 0.00 0.0 

SP-25A 0.13 0.34 1.6 2.45 4.5 

SP-25B 0.12 0.30 1.5 2.16 4.2 

SP-25C 0.22 0.56 2.1 4.17 6.0 
1Predictions based on data in Table 2a and empirical model in Eqs. (1), (5), and (6), and Figs. 22a-b. 
2Red indicates most-likely run-out distances greater than for TP1 or TP2. Blue indicates most-likely run-out 

distances less than for TP1 or TP2, but most-likely release volumes greater than for TP1 or TP2. 
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Figure 22a. Based on 35 tailings dam failures, Laurrari and Lall (2018) found a power-law relationship between 

storage volume and release volume (see Table 15). This report updated the power-law relationship with five 

additional data points from Center for Science in Public Participation (2025) (see Table 15), resulting in an increase 

in the release volume for a given storage volume. Except for tailings dams not yet storing any tailings, storage 

volumes at the MRN mine range from 0.30877 to 13.470794 million cubic meters (see Table 2a). Since the storage 

volumes are in the middle of the range of the data used to develop the statistical model, the model should be 

regarded as highly reliable for the MRN mine. 

  


